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INTRODUCTION 
 

Generic OpenSim models such as the Rajagopal model 
[1] have questionable biofidelity as they are comprised 
of a single degree of freedom (dof) knee joint while the 
remaining five degrees are prescribed based on in vitro 
cadaver work. To enhance the validity of these models, 
magnetic resonance imaging (MRI) can be 
incorporated to satisfy appropriate patient-specific 
bone geometry, muscle wrapping, and ligament 
lengths. The purpose of this study was to evaluate 
kinematics and ligament lengths when adapting the 
Rajagopal model to include an MRI-based knee contact 
model. 
 
METHODS  
 

Eleven anterior cruciate ligament deficient patients 
were included in this study. The original Rajagopal 
model (RO) was compared to a three (R3) and six (R6) 
unprescribed knee dof adaptations of the same model 
as well as a six knee dof model that incorporated 
patient-specific MRIs (RM). This included segmenting 
MRIs to create three-dimensional femur, tibia, and 
fibula bones, from which ligament insertion points 
were obtained. The congruence motion of these 
articulating surfaces produced constant lengths [2] that 
were implemented in OpenSim as constraints during 
inverse kinematics. Results were subjected to statistical 
parametric mapping to identify significant differences 
between waveforms with significance set to p < 0.05. 
 
RESULTS 
 

RM produced knee abduction during the motion while 
the other three models led to knee adduction angles 
(Figure 1). The oscillations in knee joint translations 
derived in R6 were considerably reduced in the RM 
model. Ligament isometry was greatest in RO and least 
in R6 due to the unconstrained joint. RM produced 
ligament lengths most similar to R3 during the side cut 
movement 
 
DISCUSSION / CONCLUSIONS 
 

With the inclusion of MRIs to create patient-specific 
models and constant distance constraints, bone 
geometry (overlapping) was no longer violated and soft 
tissue artefact was greatly attenuated compared to the 
unconstrained six dof model. This was all done while 
still maintaining a valid motion in all six knee dof. 
These improved kinematics resulted in less volatile 
translations and ligament lengths. Ligament lengths 

produced by the RO, R3, and RM models exhibited 
similar patterns indicating that even though models 
produce significantly different kinematics, ligament 
lengths and in effect ligament stress and strain may be 
maintained. The unconstrained R6 model was found to 
produce ligament lengths that corresponded to forces 
approaching ultimate failure loads [3] and were thus 
deemed unrealistic during a routine side cut 
manoeuvre. This work exemplifies the weight 
associated with OpenSim model choices, especially 
when applying higher-level analyses such as static 
optimization. 
.

 
Figure 1: Knee kinematics with significance denoted 
by horizontal bars: Black (RM vs RO), Red (RM vs 
R3), Blue (RM vs R6). 
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INTRODUCTION

Three-dimensional (3D) bone and cartilage segmentation is a
necessary component to study in-vivo musculoskeletal structures
and joint interaction during the daily activities. Magnetic reso-
nance (MR) imaging can image the soft tissue as well as hard
tissue structures in a joint. Using this information with dual
fluoroscopy allows for measurements of both bone kinematics
and cartilage surface interactions in the joint. An important
step following MR imaging is to segment the desired tissues
(here, bones and cartilage surfaces) from the surrounding tis-
sues. A common practice is to use manual segmentation that is
time-consuming and suffers from human errors. Various meth-
ods are proposed in the literature to perform automatic segmen-
tation but a robust, fully automated, and reliable segmentation
methodology is still under development [1]. Recently using au-
tomatic segmentation via convolutional neural networks (CNNs)
has shown promising outcomes in medical image segmentation
applications [2]. The objective of this study is to apply a CNNs
approach to knee joint segmentation, compare the regional sur-
face acquired through the automatic approach to the baseline
(manual approach), and investigate the feasibility of using au-
tomatic method for in-vivo studies.

METHODS

MR scan of ten healthy male participants and a female cadaver
were collected at the Siemens Family MR Center at University
of Calgary used for training and evaluating (respectively) the
automatic knee segmentation method for MR images. These
scans were collected using a 3T 750 GE scanner (Steady State
Free Precision (SSFP); slice thickness (ST) 1 mm; between slice
spacing (SS) 0.5 mm; field of view (FOV) 24 x 24 cm2 with 512
x 512 acquired matrix; acquisition time (TA) 7 min 01 s). The
study was approved by the ethics committee at the University
of Calgary (IRB ID #REB15-0554). The tibia, femur, patella,
and fibula boundaries in MR scans were manually segmented
by an expert using AmiraTM Software (Mercury Computer Sys-
tems, Berlin, Germany). Since, the MR scan contains three 2D
slices from transverse, coronal, and sagittal planes, one CNN
was designed per plane (total of three CNNs). Nine segmented
images were used for training and one for deviation of the CNN.
The average outcome of three networks was used to calculate the
probability of belonging to a bony structure (per voxel). The 3D
bone model was constructed using voxels with probability above
a specified threshold. The 3D manual segmentation surface and
the 3D automatic surface were imported into AmiraTM software
in the same coordinate system and the surface distance between
the two models was calculated.

RESULTS

Using a personal laptop (MSI GT70, Graphics Card: GeForce
2G, GDDR5), testing images were segmented within 21 min-
utes. The results of the automatic and manual segmentation are
presented in Figure 1 (a and b). Also, the distance between these
two surfaces is shown Figure 1 (c) for qualitative assessment. In
this figure, the red and blue hues display under-estimation and
over-estimation by the algorithm compared to the manual seg-
mentation. Also the white hue shows the automatic segmentation
is similar to the baseline. This figure demonstrates that the au-
tomatic and manual segmentation show very similar outcomes.
The calculated differences between the surfaces are small with
difference mainly below 2.5 mm with a median of 0.78 mm (Fig-
ure 1 (d)).

Figure 1: Tibio-femoral joint (a) Manual segmentation (b) Automatic
segmentation (c) distance map (red and blue hues are under-estimation
and over-estimation by the algorithm) (d) Error distance distribution.

DISCUSSION / CONCLUSIONS

The CNN network was designed to successfully segment the
tibia femur bones with outcomes closely resembling the man-
ual segmentation in a short period of time. This provides am-
ple motivation to use the automatic MR image segmentation us-
ing CNNs for in-vivo joint biomechanics studies. Future works
will provide an automatic tibia femoral cartilage segmentation
method and to study the effect of automatic segmentation on
kinematic outcomes.
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INTRODUCTION 
It is notoriously challenging to measure the complex in vivo 
motion of the bones in the foot. Biplanar Videoradiography 
(BVR) is a well-established technology [3] that has potential 
to resolve the complex six-degree-of-freedom motion of 
individual foot bones during dynamic activities; however, 
occlusions from multiple foot bones in the x-ray images may 
limit accuracy compared to commonly studied long bones 
such as the femur or tibia, where accuracy is typically cited as 
less than 0.1 mm and 0.1 degrees [3].  
To determine the accuracy of this approach, in vivo ground 
truth data are required. It is often inappropriate to compare 
results from isolated or in vitro bones/joints to those in vivo: 
isolated bones are not surrounded by soft tissues, and markers 
may be placed in vitro that may assist the rotoscoping process. 
The purpose of this study was to evaluate foot bone tracking 
accuracy using scientific rotoscoping: a “motion analysis 
method that uses bone models to animate and quantify moving 
skeletons without markers” [1]. Here we describe an approach 
that produces ground truth from markers, which are removed 
using post-processing to create comparable in vivo data for 
scientific rotoscoping use. The learning effect associated with 
scientific rotoscoping will be investigated by comparing a 
novice operator and expert operator to the ground truth marker 
data. Furthermore, the operators will be “blinded” to the 
ground truth as to not influence their rotoscoping. 
Additionally, this may offer insight on poorly captured degrees 
of freedom, which could highlight areas for improvement. 
METHODS  
With IRB approval, CT images (0.4414x0.4414x0.625) of an 
individual with multiple 0.8 mm tantalum beads previously 
surgically implanted into their footbones were obtained. The 
images were segmented using Mimics (Materialize, Leuven, 
Belgium) to identify the 3D coordinates of the beads. 
Dynamic biplanar videoradiography (BVR) data of the same 
individual performing a hopping task were captured at 250 Hz. 
The images were processed and the bead features identified 
using XMALab [2] to determine the transforms for the tibia, 
talus, calcaneus, and navicular over a series of 77 frames. 
These bead marker transforms were considered the ground 
truth during analysis. 
Using the identified CT bead pixel locations, the CT images 
were post-processed using a custom script that performed 
Adobe® Photoshop®’s “Content-Aware Fill” function to 
remove the beads from the CT images. The same program 
used the corresponding BVR bead pixel locations to remove 
the beads from the dynamic hopping data. This generated two 
equivalent datasets, with the latter lacking the bead features. 
Two scientific rotoscoping operators, one with no experience 
(novice), the other with two years of expertise (expert), 
tracked the beadless hopping data using Autoscoper (v2; [3]). 

For each frame, an operator generated a transform for the CT 
model to the dynamic BVR data for each bone/joint, which 
were compared to the ground truth. To avoid bias, the 
operators were blinded to both the ground truth and other 
operator’s tracking. 
Anatomical Coordinate Systems (ACS) for each bone were 
derived from the CT bone models. The origin was placed at 
the centre of mass, and the primary axes were aligned with the 
medial/lateral (X), anterior/posterior (Y), and superior/inferior 
(Z) directions. Positional RMS and [min max] range were 
calculated as pools of 3D distances for each bone and relative-
to-tibia over all frames. Angular RMS ± SD was calculated for 
each anatomical axis: one pool for all bones, one pool for all 
the relative-to-tibia joint combinations (Table 1). 
RESULTS 
A small but statistically significant (p < 0.01) difference was 
found between the novice and expert (RMS 1.12, range [0.30 
2.86] mm; RMS 0.98, range [0.24 1.73] mm) operators for 
single bones; and a RMS 2.03, range [0.72 4.74] mm and RMS 
2.17, range [0.26 4.82] mm, respectively for the joints.  

 Xbones Ybones Zbones Xjoints Yjoints Zjoints 
Novice 2.23 ± 

1.90° 
3.01 ± 
2.43° 

1.80 ± 
1.71° 

2.65 ± 
2.21° 

3.12 ± 
2.64° 

2.40 ± 
2.26° 

Expert 2.05 ± 
1.73° 

1.06 ± 
0.95° 

1.31 ± 
1.16° 

2.42 ± 
2.04° 

1.43 ± 
1.35° 

1.69 ± 
1.66° 

p 0.41 < 0.01 0.68 0.83 < 0.01 < 0.01 
Table 1: Angular RMS + SD in degrees for Novice and Expert 
scientific rotoscoper operators relative to ground truth data. 
Two-tailed T tests were performed on the pooled data (α = 0.05). 
Bold-faced values denote significance. 
DISCUSSION / CONCLUSIONS 
These results are less accurate than the cited accuracy papers.  
Coupled with scientific rotoscoping, a known challenging task 
accompanied by a learning curve [1], it remains unknown if 
this approach may be able to provide similar accuracies during 
in vivo foot investigations. However, the most notable 
difference between the operators was in the Ab/Adduction 
axis, which is useful feedback for a new operator. 
It is unclear whether this is inherent to the foot or if the cited 
accuracy studies kept their scientific rotoscoping operators 
unaware of the marker data when handling frames with 
occlusion. However, even with the low magnitudes of the 
measurements, it is likely that these differences would have an 
effect on kinematic analysis, particularly if velocities were to 
be inferred from these data. 
REFERENCES 
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INTRODUCTION

We recently introduced a method to determine the three-
dimensional (3D) kinematics of deforming articular cartilage
(AC) at the micro-scale level using a multiphoton laser scanning
microscope in conjunction with a mechanical testing system [1].
The technique involves the photobleaching of a 3D grid onto the
tissue, which provides trackable features allowing for accurate
and robust deformable image registration. The measurement of
these micro-scale kinematics unveils many potential avenues for
additional investigation. One such avenue is to employ the im-
age data and kinematics to define boundary value problems of
tissue subregions. The images can provide pointwise material
information and the displacement boundary conditions can be
assigned directly from the measured kinematics. The boundary
value problem can then be solved numerically, e.g., via the Fi-
nite Element Method. In this study, we demonstrate such a pro-
cedure informed by the grid-marked images and an additional
image acquired in the reference configuration using second har-
monic generation (SHG). Type II collagen in AC emits a strong
SHG signal. SHG thus allows for measurement of local type II
collagen content and fibre orientation. These measures can then
be mapped to the elements of the model to define local material
properties providing a complete model definition.

METHODS

3D kinematics were determined for porcine AC under 30% nom-
inal strain at steady state. An SHG image was also acquired in
the reference configuration. The image-based simulation tech-
nique is briefly outlined as follows. 1) A coherence enhancing
anisotropic diffusion filter [3] was applied to the SHG image to
reduce noise and enhance aligned features (Figure 1A). 2) Ellip-
soidal probability density functions (PDFs) of collagen orienta-
tions were determined based on the eigenvalues and eigenvectors
of the Hessian of the image intensities at each voxel [4]. 3) Fi-
nite element meshes were defined in a region of the superficial
zone containing a cluster of cells. 4) The PDFs and intensities
were linearly interpolated from the image voxels to the centroids
of the finite elements (Figure 1B). 5) Material properties were
defined for each element based on these intensities and PDFs.
6) Displacement boundary conditions were determined and as-
signed by applying the transform calculated from the image reg-
istration to each model surface node. 7) To investigate the effect
of collagen anisotropy, a second model was generated for the
same region but all PDFs were replaced by spheres, reflecting
isotropy in the reference configuration. 8) Solutions were ob-
tained with FEBio v2.5 [5].

RESULTS AND DISCUSSION

While this was intended as a proof of method study, notable dif-
ferences were observed between the referentially isotropic (Fig-

ure 1C) and anisotropic model (Figure 1D). The first (maximum)
principal stress fields differed between cases in both magnitude
and direction. In particular, the image-based anisotropic model
had lower stresses in the cellular regions. Although the referen-
tially isotropic model does not have an initial preferred direction,
clear patterns arise during deformation. Conclusions, however,
cannot be drawn from a single specimen. Nevertheless, further
experimentation and simulation studies employing the demon-
strated technique may provide valuable insight into these cellular
scale mechanical questions.

Figure 1: A) The modelled region of the SHG image after filtering.
B) The PDFs of collagen fibre orientation mapped to the finite element
centroids. C) The 1st principal stresses calculated for the referentially
isotropic and D) anisotropic models.
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INTRODUCTION 
 
To facilitate the use of wobbling mass models in biomechanical 
research, accurate and reliable quantification of in-vivo soft and 
rigid tissue masses is required [1]. The reliability of upper and 
lower extremity tissue mass estimates has been reported to be 
good to excellent, following manual segmentation of Dual 
Energy X-ray Absorptiometry (DXA) scans [2]. The purpose of 
this study was to quantify the within- and between-measurer 
reliability of the head, neck, trunk, and pelvis tissue masses, 
using a comparable approach. 
 
METHODS  
 
Full body DXA scans (GE Lunar Prodigy Advance, GE 
Healthcare) were performed on 102 younger (Y) (51F, 51M; 16-
35 years) and 101 older (O) (50F, 51M; 36-65 years) 
participants while supine. DXA scans were manually 
segmented independently by four trained measurers (two per 
age group) twice each using custom regions of interest for the 
head, trunk and pelvis (Figure 1). Between- and within-
measurer reliability of segment lean mass (LM), fat mass (FM), 
wobbling mass (WM=LM+FM) and bone mineral content 
(BMC) were assessed using intra-class correlation coefficients 
(ICCs) (good to excellent: ICCs>0.75 [3]) and coefficients of 
variation (CVs) (good: CVs<10%) [3]). 
 
 

 
 
 
 
 
 
 
 

RESULTS 
 
Within- and between-measurer ICCs ranged from 0.595 (neck 
BMC) to 1.00 (trunk WM, FM, BMC; head BMC; pelvis 
BMC), and 0.523 (neck LM) to 1.000 (head BMC; trunk WM, 
FM), respectively. Over 95% of all CV values had magnitudes 
below 5%, and maximum between- and within-measurer CVs 
were only 7.34% (neck BMC) and 6.28% (neck FM). The 
reliability of segment tissue masses was comparable between 
the younger and older age groups (ICCs: range from 0.595 to 
1.000 and 0.523 to 1.000; CVs: range from 0.01% to 5.78% and 
0.00% to 7.34%).  
 
DISCUSSION / CONCLUSIONS 
 
All tissue mass estimates (across segments and age groups) had 
good to excellent reliability, except for LM, WM, and BMC for 
the neck and head. These very positive results are consistent 
with previous work for the extremities [2]. Lower reliability for 
the head and neck tissue masses may have been due to the lack 
of standardization in head position during the scanning process.  
In addition, misattribution of tissue mass between the head and 
neck was likely due to the limited view of the neck in the frontal 
plane of the scans (Figure 1).  Even better reliability might be 
realized for the tissue masses reported here with improved 
boundary identification between adjacent body regions (e.g., 
head/neck, neck/trunk, trunk/pelvis, and pelvis/thighs).  

Overall, manual segmentation of head, neck, trunk and pelvis 
segments from DXA scans is a very reliable approach for 
determining tissue mass estimates that can be used to advance 
person-specific wobbling mass models.  Future work should 
consider scanning in the sagittal plane to improve the reliability 
of head and neck tissue masses from manual segmentation of 
DXA scan images.   

REFERENCES 
 
[1] Gruber K. et al. (1998). J. Biomechanics Vol 31; p. 439-
44. 
[2] Burkhart TA. et al. (2009). J. Biomechanics Vol 42; p. 
1138-42. 
[3] Brydges E. et al. (2015). J. Sports Sciences Vol 33; p. 
1606-13. 
 
FUNDING 
 
This project was funded by the Natural Sciences and 
Engineering Research Council of Canada (NSERC). 

 

Figure 1: DXA scan images with custom regions of interest for 
head (1), neck (2), trunk (3), and pelvis segments (4). 

Scott Landry
W05



STANDARDIZATION OF MUSCULOSKELETAL IMAGING OF THE VASTUS LATERALIS AND RECTUS 
FEMORIS AT AN OPTIMAL KNEE ANGLE 

 

Brittany D. Bulbrook1, Jaclyn N. Chopp-Hurley2, Emily Wiebenga3, Anthony Gatti2, Peter J. Keir1, Monica R. Maly1,2,3 
1Department of Kinesiology and 2School of Rehabilitation Sciences, McMaster University, Hamilton, Canada 

3Department of Kinesiology, University of Waterloo, Waterloo, Canada 

Email: mrmaly@uwaterloo.ca  

 

INTRODUCTION 
Muscle thickness (MT), pennation angle (PA), and fascicle 

length (FL), can be measured from ultrasound images to 

describe a muscle’s architecture. Ultrasound can also facilitate 

subcutaneous fat tissue thickness (FT) quantification. While 

ultrasound can offer an accurate, non-invasive method to 

capture these properties, transducer orientation can affect the 

measurements. Typically, the transducer is held perpendicular 

to the skin for imaging. However, no studies have reported 

methods to standardize this angle, nor have they reported the 

measurement error associated with transducer tilt. The purpose 

of this study was to determine the agreement between 

ultrasound measurements captured with a perpendicular 

transducer tilt (90˚) compared to an estimated perpendicular 

tilt, and measured 80˚, 85˚, 95˚, and 100˚ transducer tilt for 

MT, PA, FL and FT of the vastus lateralis (VL) and rectus 

femoris (RF) muscles in healthy young men and women. 

 

METHODS  
Thirty men and women (24.5 ± 2.5 years) were seated in a 

dynamometer with their knee flexed at 60˚ (Biodex Medical 

Systems, NY, USA). Ultrasound images of the VL and RF 

were captured at the mid-point of the thigh with a 12L-RS 

transducer by one trained operator (Vivid Q, General Electric 

Healthcare Ltd.)1. Images were captured with the transducer at 

an angle estimated to be 90˚ to the skin.  Then, images were 

acquired at measured angles of 90˚, as well as tilted 5-10˚ 
medial (80˚ & 85˚) and lateral (95˚ & 100˚) to the skin surface 

using a novel device with an affixed protractor. All measures 

were analyzed using open-source software. MT was measured 

as the length from the superficial to deep aponeurosis (mean of 

3 standardized locations). PA was the angle of the fascicle to 

the deep aponeurosis. FL was interpolated using MT and PA 

measurements. FT was the distance from the skin to the 

superficial muscle aponeurosis. Intraclass Correlation 

Coefficients (ICC) and standard error of measurement (SEM) 

determined agreement between estimated angle, 80˚, 85˚, 95˚, 
and 100˚ to reference angle (90˚). 
 

RESULTS  
ICC and SEM values are summarized in Table 1. Images taken 

at an angle estimated to be perpendicular produced 

measurements comparable to a measured 90˚ angle for the VL 

but not RF.  For RF, better ICCs and smaller SEMs were 

observed in measurements from images acquired when the 

transducer was held at angles lateral to perpendicular, 

compared to medial angles. For the VL, poor agreement with 

relatively high SEM was demonstrated for all measures when 

the transducer was held >5˚ lateral to a perpendicular angle. 

Excellent to moderate agreement was found for all 

measurements when the transducer was held 5-10˚ medial to a 
perpendicular orientation.  

 

DISCUSSION / CONCLUSIONS 
These results suggest that modest deviations from 

perpendicular in the medial direction may be acceptable for 

imaging VL and modest deviations in the lateral direction may 

be acceptable for RF. Standardized methods for maintaining 

transducer orientation during ultrasound imaging is needed to 

reliably measure muscle architecture of the VL and RF.  
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Table 1: Standard error and Intraclass Correlation Coefficients for muscle thickness (MT), pennation angle (PA) and muscle 
fascicle length (FL), as well as subcutaneous fat tissue thickness (FT) of the Rectus Femoris and Vastus Lateralis. 

  Est. vs 90 80 vs. 90 85 vs. 90 95 vs. 90 100 vs. 90 
Rectus Femoris MT SEM (cm) 0.332 0.605 0.348 0.360 0.390 

 ICC 0.614 0.352 0.580 0.566 0.625 

 PA SEM (˚) 3.937  3.683  1.917  2.262  2.842  

 ICC 0.370 0.019 0.803 0.712 0.737 
 FL SEM (cm) 73.43 63.50 75.830 72.810 73.674 

 ICC 0.051 0.742 0.429 0.176 0.041 

 FT SEM (cm) 0.144 0.283 0.132 0.133 0.164 

 ICC 0.932 0.700 0.942 0.941 0.914 

Vastus Lateralis MT SEM (cm) 0.152 0.207 0.123 0.451 0.813 

 ICC 0.934 0.836 0.953 0.516 0.287 

 PA SEM (˚) 2.780  3.678  2.462  3.392  5.921  

 ICC 0.717 0.365 0.761 0.575 0.081 

 FL SEM (cm) 2.191 1.156 1.236 2.607 5.362 

 ICC 0.5 0.657 0.664 0.462 0 

 FT SEM (cm) 0.089 0.071 0.058 0.268 0.423 

 ICC 0.983 0.988 0.993 0.820 0.076 
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INTRODUCTION  
The onset and progression of knee osteoarthritis (OA) is 
associated with abnormal and excessive loading of the knee 
joint1. Accordingly, non-invasive treatments have focused on 
joint load reduction, in an effort to slow the progression of the 
disease. One strategy includes gait retraining, which uses some 
form of feedback to modify the gait of a subject2. The challenge 
with any training program is which surrogate parameters (to 
joint contact forces) to provide as feedback, because in vivo 
measurements are difficult to obtain. Some studies have 
attempted to modulate parameters of gait, such as joint 
moments, using a variety of feedback mechanisms. However, 
the results are conflicting, indicating that a different measure, 
possibly something more closely correlated to joint contact 
forces, may be more appropriate3. Thus, the objective of this 
study was to develop a biofeedback system based on a real-time 
estimate of knee joint contact forces. To overcome the time 
delay required for static optimization, we proposed a statistical 
model that estimated joint contact force based on real-time 
kinematic and kinetic data. 
 
METHODS  
 
From a previous study of knee OA, a mix of 34 asymptomatic 
and OA subjects performed 30 seconds of walking on an 
instrumented treadmill (AMTI, Massachusetts). Knee joint 
contact forces were estimated for each participant using a 
previously published musculoskeletal model4. Principal 
component (PC) analysis was performed on the medial and 
lateral contact force (MCF, LCF) waveforms and the 
waveforms of 11 external measures of gait. We then developed 
regression models to predict the medial and lateral contact force 
waveform PCs based on the 11 kinematic and kinetic 
waveforms. The first principal component (PC1) was found to 
be highly correlated to the magnitude of the joint contact force 
(area under MCF waveform vs. PC1 score r2=0.96). 
 
Pilot data were collected on an instrumented treadmill for one 
subject to test whether the model results could be used to 
provide feedback analogous to joint contact forces in real-time. 
An eight-camera motion capture system (Qualisys, Sweden) 
was used to record marker trajectories. Force and motion 
capture data were streamed at 50 Hz to Visual3D (C-Motion 
Inc., Maryland). The kinematics and kinetics used to calculate 
the MCF PC1 score were computed in Visual3D Real-Time, 
replicating the analysis used for the model data. Average 
normalised predictor waveform variables of the subject were 
decomposed in Matlab (MathWorks, Massachusetts) using the 

model data set PCs. The regression model was then used to 
predict the test subject’s MCF PC1 score as a function of the 
knee adduction moment PC1 and hip rotation moment PC3 
scores. 
 
A 3-minute normal walking period was first performed, from 
which the average PC1 score ±1SD was obtained. The subject 
then walked with toe-in and toe-out gait for 1 minute each, 
during which live feedback of their PC1 score was provided. 
 
RESULTS 
 
The magnitude of the MCF (PC1 Score) was provided as 
feedback in real-time and the scores during each gait condition 
were compared (Fig. 1). 

 
Figure 1: PC1 score feedback from 3-minute pilot study for normal 
(black), toe-in (red), and toe-out (blue) gait conditions. 

DISCUSSION / CONCLUSIONS  
We were able to modify the subject’s PC1 score using real-time 
biofeedback. The lower PC1 scores for toe-in and toe-out gait 
may have resulted from the large effect the foot progression 
angle has on the knee adduction moment. Future work will 
include further developing the sensitivity of the model. Real-
time estimates of the PC1 score will also be validated by 
comparing values calculated offline. 
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Matthew Baker1, William Stanish1, Derek Rutherford1 
1Faculty of Health, Dalhousie University, Halifax, Canada 

Email: mdb@dal.ca 
 

INTRODUCTION 
Knee joint buckling, shifting or giving way is self-reported in 
approximately 60-80% of individuals with knee osteoarthritis 
(OA), most often experienced during walking [1]. To 
understand how the knee joint is impacted by instability 
challenges, information, beyond those from traditional gait 
analysis, are required. In a group of individuals with knee OA, 
where the symptomatic limb was challenged with a medial 
3cm walkway surface translation, muscles responded, with 
little alterations to joint motions and moments [2]. The 
purpose of this study was to determine if different responses 
were present between two novel types of walkway surface 
translations in a group of individuals with moderate knee OA 
compared to asymptomatic (ASYM) controls.  
 
METHODS  
Twenty-four individuals with knee OA and 24 ASYM controls 
were recruited. Skin surface electrodes were placed on the 
quadriceps (VM, VL, RF), hamstrings (MH, LH), and 
gastrocnemius (MG, LG) and passive retro-reflective markers 
(Qualysis™) were affixed to bony landmarks and rigid 
segments using standardized procedures [3]. Bilateral marker 
motions, ground reaction forces and electromyograms (EMG) 
were recorded (Bortec, Inc.) while participants walked 
barefoot on a dual-belt instrumented treadmill (ForceLink BV) 
at self-selected speeds. Participants experienced 24 unexpected 
medial/lateral, 1cm/3cm walkway surface translations during 
mid-stance on each leg. The OA symptomatic limb and an 
ASYM random limb was determined the study limb (SL).  
 
Two walkway surface translations types were analyzed. 
Translation 1 (T1) occurred when the SL was perturbed, and 
the first stride of the SL was recorded. Translation 2 (T2) 
occurred when the contralateral leg was perturbed, and the 
first stride of the SL was recorded. Only data from medial 3cm 
walkway surface translations were analyzed. Three strides 
before the translation (baseline) were ensemble averaged and 
the first stride after the perturbation (response) was acquired. 
Discrete measures were extracted from each biomechanical 
waveform and Principal Component Analysis (PCA) was used 
to determine knee joint muscle activation patterns. Change 
scores were calculated from discrete metrics and PP-Scores as 
a difference between the baseline and response and used for 
statistical analysis. Student’s t-test determined demographic 
group differences and an Analysis of Variance model tested 
group and type differences (alpha=0.05). 
 
RESULTS 
A group main effect (p=0.005) was found for knee adduction 
range from initial contact to peak adduction angle, as OA 
demonstrated increased range compared to ASYM (Figure 1), 
despite type (T1, T2). The dynamics of the sagittal plane knee 

moment, range from peak flexion to peak extension moment, 
demonstrated a group*type interaction (p=0.046). All change 
scores demonstrated a reduced moment range, however, the 
ASYM T2 moment reduction was the largest, while OA T1 
and T2, and ASYM T1 demonstrated similar changes. Type 
main effects were demonstrated most commonly. T2 
demonstrated a reduced peak flexion moment (p=0.027), 
increased peak adduction moment (p=0.029), and reduced 
hamstring PP3-Scores (p=0.001) compared to T1.  

 
Figure 1: Frontal plane range of motion during stance at baseline, T1 
and T2 for both ASYM and OA groups.  
 
DISCUSSION / CONCLUSIONS 
The walkway surface translations elicited similar responses to 
those previously reported [2]. Muscle activation responses 
were present but were generally not different between T1 and 
T2. Conversely, the OA group demonstrated an increase knee 
adduction range compared to ASYM, despite type (T1, T2). It 
is thought that frontal plane surface translations would 
challenge frontal plane joint mechanics more. This result may 
indicate that indeed this was the case. Reported type main 
effects, found in both groups, are commonly associated with 
altered pathomechanics evident in OA populations [3], 
indicating T2 walkway surface translation may result in larger 
joint stability demands. This investigation supports the general 
hypothesis that walkway surface translations challenge joint 
stability demands. More evidence is needed to discern 
responses between knee OA and ASYM populations 
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INTRODUCTION 
 
Walking is fundamental to a healthy quality of life in humans. 
Its execution is an intricate sensorimotor task involving the 
interactions of both dynamic and balancing neurological 
processes [1], [2]. To study this interplay appropriately, data 
from lower limb body movements and brain activity is required. 
One way to accomplish this is to utilize functional Magnetic 
Resonance Imaging (fMRI) technology. Current fMRI 
technology requires subjects to be in a supine position during 
data collection. Studies of lower limb movement in MR 
scanners have been limited to ankle dorsiflexion [1].  A 
problematic issue in similar fMRI-based research is that the data 
collected are extremely sensitive to ‘noise’ in the form of 
artifacts from head movements. Any head movement in any 
direction exceeding the size of a voxel (~1-3mm), is enough to 
introduce sufficient error artifacts rendering the MR data 
unusable. The purpose of this study is to evaluate the influence 
of a device that controls knee and torso motion on the amount 
of head translation during a supine walking task. The head 
translation magnitudes before (without any restraints or design 
to control for motion) and after implementing the device are 
quantified utilizing an 8 camera Motion Analysis™ system.  
 
METHODS  
 
Three healthy (n=3) male participants (aged 19-24) took part in 
this study. Participants were fitted with 44 retroreflective skin 
mounted markers for determination of segment lengths and 
joint centers in the lower body, trunk and head to establish joint 
centers. First, each participant assumed a supine position with 
arms by their side and executed 5 unconstrained locomotion 
step trials where they alternated knee flexion in right and left 
legs at approximately 50 steps per minute. Next, the participant 
was repositioned supine onto a mechanical device that 
constrained knee movement to one plane (flexion) and included 
hand holds and torso restraints. The participant performed 5 
supine knee locomotion trials while using the hand holds for 
stabilization. 
The software program Cortex™ was used to track kinematic 
data, which was subsequently processed using a customized 
Matlab® code. This included establishing Euler based 
coordinate systems based on the location of anatomical 
landmarks and performing translation calculations [3]. 
Differences in head translations between device conditions 
were assessed statistically using paired t-tests (p<0.05).  
 
RESULTS 
 

The amount of head translation in one participant during supine 
locomotion (Figure 1) indicates translation in the z-axis 
(superior-inferior) was consistently larger than the x (medial-
lateral) and y (anterior-posterior) translations.  After averaging 
across trials (n=5) and participants (n=3), translations in all 3 
directions were determined to be statistically significantly 
different (p<0.05) after using the device (Table I). 
Implementation of the constraint device successfully reduced 
the total head displacement in the global coordinate system 
during supine movement (Table I) to within the voxel limit.  

 
Figure 1: Head translation during supine locomotion, z 
(superior-inferior), y (anterior-posterior) and x (medial-lateral) 
 
TABLE I. Head Translation During Supine Movement, (*) 
denotes significantly different (p<0.05) between conditions.  

Condition Z (mm) Y (mm) X (mm) 

Before 4.0 r 0.6 2.9 r 0.1 2.2 r 0.2 

After 1.3 r 0.4 * 0.7 r 0.5* 0.3 r 0.2* 

 
DISCUSSION / CONCLUSIONS 
 
Head motion during supine walking is largest in the head-toe 
direction, and can be successfully reduced by applying 
restraints to the torso, using hand holds and constraining the 
knee in flexion. The resulting magnitude of head translation 
motion during supine locomotion is sufficiently small to enable 
the use of fMRI in studying this particular motor task. This 
study supports the conclusion that the head and torso act as a 
rigid unit during walking and supine knee flexion because by 
restraining torso motion, head motion was controlled.  
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INTRODUCTION 
Gait alterations on a split-belt treadmill (SBT), where each leg 

is driven at a different speed, highlight the nervous system's 

ability to quickly adapt the locomotor plan to its environment. 

However, specific contributions from cerebral and cerebellar 

regions to this motor adaptation remain unknown. The fact 

that participants with cortical strokes[1], hemispherectomy[2], 

and even infants prior to independent stepping[3], have the 

ability to make changes to their gait cycle within 5 steps of 

walking on a SBT suggest that a distributed network might be 

involved. This project aimed to establish if cerebral and 

cerebellar brain regions increase in activation during 

continuous gait adaptation to the SBT compared to typical 

treadmill walking in healthy adults and how the gait pattern 

influences these changes in activation. 

 
METHODS  
Directly following bolus injection of 18F- fluorodeoxyglucose 

(FDG) tracer, 10 healthy adults walked on a treadmill for 30 

minutes. In the tied-belt (TB) condition, both treadmill belts 

were maintained at a comfortable walking speed. On a 

separate occasion, the continuous adaptation (CA) condition 

changed the speed ratio between treadmill belts every 15 

seconds. Positron emission tomography (PET) images of 

cerebral glucose metabolism of each condition were compared 

to assess for clusters with significant increases in metabolism 

when continuous, unexpected gait pattern changes are 

required. A multiple linear regression predicted participants' 

peak Z value within each significant cluster based on their 

change in cadence, number of steps taken and step length 

variability. 

 
RESULTS 
A significant increase in metabolism during continuous 

adaptation was found in the left supplementary motor area 

(SMA), the right posterior parietal cortex (PPC), the anterior 

cingulate cortex (ACC) and the left anterior cerebellum 

(p<0.05; Figure 1). Of these four clusters, participants' peak Z 

values in the PPC and the Cerebellum could be predicted from 

gait parameters using multiple regression (Figure 2). The 

change in cadence, a temporal measure of gait, was the only 

predictor of peak activation within the PPC 

(R
2
=0.725,p<0.01), whereas step length variability, a spatial 

measure of gait, was the only predictor of peak cerebellar 

activation (R
2
=0.528,p<0.05). Peak change in activation 

within the ACC nor SMA were not related to the gait 

outcomes measured. There was no evidence of a change in 

metabolism in the Pre-Frontal Cortex (PFC). 

 

 
Figure 1: Areas of significant increase in regional cerebral 

glucose metabolims during continuous adaptation to the SBT from 

typical treadmill walking are highlighted (PPC, ACC, Cerebellum). 

 

 
Figure 2: Individual peak values for the change in FDG 

uptake (Z value) from tied-belt to continuous adaptation in 

PPC and cerebellar clusters were related to gait performance. 
 
DISCUSSION / CONCLUSIONS 
Our results suggest that complex control of temporal and 

spatial aspects of the gait cycle increase metabolism in 

anatomically separate areas of the brain. This difference in 

processing of temporal and spatial gait parameters may imply 

a parieto-cerebellar network could be required for continuous 

locomotor adaptation. A lack of change in metabolism of the 

PFC indicates that executive function may not play a 

substantial role while activation of the ACC independent of 

gait characteristics signals the need to sustain increased task 

directed attention in this complex walking task.  
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INTRODUCTION 
Safe walking requires both mobility skills and cognitive 
flexibility to address threats to balance, to navigate the 
environment and manage concurrent cognitive activities. 
Mobility and cognitive abilities are closely linked, and it is 
now well established that dual-task (DT) walking results in 
significant gait changes, and poses a challenge among older 
adults [1,2]. Despite numerous studies on methods for 
assessing human gait function, there is still limited information 
on the different behaviour strategies in response to gait 
disturbances and perturbations, particularly with respect to 
center of pressure (COP) trajectory. Cross correlation analysis  
[3] of medio-lateral (ML) and anterior-posterior (AP) COP 
patterns was conducted to determine whether the coupling of 
ML and AP displacements was affected during DT walking, 
and to compare the measure in young adults and older adults 
with a fall history. The goal is to find a quantitative measure or 
benchmark to differentiate individuals that have a high risk of 
falling from individuals that have a low risk of falling. 
 
METHOD 
A standard treadmill with a pressure mat (Vista Medical LTD, 
Canada) was used to collect data at a sampling frequency of 
60Hz. Participants walked on the treadmill under two differing 
conditions: i) normal walking where the individual walked 
with no distractions; ii) dual task walking where the individual 
walked on the treadmill and playing a visuospatial cognitive 
game. The participants were fitted with a motion mouse 
secured to a headband. Angular rotation of the head (motion 
mouse) controls the position of the computer cursor or game 
sprite. The game was played for 60 seconds. Playing the game 
mimics real life conditions that would be cognitively taxing 
and distracting [4]. Twenty healthy young individuals (3 
females, 20 to 36 years old) and twenty elderly adults (12 
females, 70 to 85 years old) participated in this gait analysis.  
Implementing cross correlation concept, using ML- and AP-
COP signals resulted in a time series of the coefficients. The 
ratio of metric lengths was divided into windows of equal 
number of data points, and the root mean square (RMS) of 
each window was calculated and saved. 
 
RESULTS 
A repeated measures analysis of variance (ANOVA) was used 
for statistical analysis. Two factors were included: i) within 
group analysis for task condition factor having 2 levels walk 
alone and DT walk; ii) between group analyses for age factor 
(young and old). Initial analysis showed the data were 
normally distributed. Figures 1 and 2 show the main results.   
There was no effect of task condition on the average cross 
correlation value. Cross correlation values were significantly 
greater in the young age group compared to the older age 
group (f-statistic, 19; p<0.05).  

 

 
 

Figure 1: Typical XY plots of ML-COP and AP-COP displacements 
(cm) of a young participant in treadmill walking alone (left) and an 
older adult in DT treadmill walking (right). Butterfly pattern of COP 
displacement shows more variation of movement in older adult 
walking, visually illustrating less correlation. 
 
 

 
 

Figure 2: Average of RMS of cross correlation values. Analysis was 
processed with lag of 1, window size of 50, and overlap of 5%.  
 
DISCUSSION 
The coupling of ML and AP COP during treadmill walking 
was significantly less in older adults with fall history than 
young adults. This was the case during walk only conditions 
and when performing a concurrent cognitive task. Cognitive 
performance was monitored. For young participants cognitive 
game performance was similar during walking and standing 
(DT vs single task). In older participants, cognitive game 
performance was significantly reduced during walking as 
compared to standing. This indicates that older participants 
prioritized their gait performance over cognitive activities. 
Note on treadmill, gait speed could not be reduced during DT 
conditions. The degree of reduction in cross-correlation of ML 
and AP COP shows promise as a performance measure of gait 
function. Future studies will examine the association between 
degree of ML-AP coupling and falls in older adults and 
individuals with Parkinson disease. 
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INTRODUCTION 
Osteoarthritis (OA) is prevalent [1], with weight-bearing 
joints, particularly the knee, commonly affected. Individuals 
with obesity are at an increased risk of developing knee OA, 
partly due to biomechanical mechanisms [2]. In 2016, an 
estimated 7.0 million Canadians were living with obesity [3]. 
Total knee arthroplasty (TKA) is a surgical option for those 
with end-stage knee OA [4]. In Canada, both the number of 
TKA performed (23% increase since 2009/10) and the rate at 
which patients with obesity are requiring TKA (59% of 
patients in Alberta are obese at time of surgery) is increasing 
[5]. Limited evidence suggests that knee joint mechanics are 
altered between individuals with 1) obesity and normal weight 
[6,7]; and 2) TKA and without TKA [8]. A paucity of research 
on the effect of obesity on knee biomechanics following TKA 
exists, particularly in patients living with Class II obesity 
(Body Mass Index [BMI] 35.0-39.99 kilogram/meter squared 
[kg/m2]). Understanding these relationships may inform 
surgical and rehabilitation protocols, ultimately improving 
patient outcomes. The purpose of this study was to examine 
differences, relative to pre-TKA status,  in knee joint 
mechanics during walking in individuals living with class II 
obesity and normal/overweight individuals after TKA.  
 

METHODS  
Twenty participants between the ages of 50-70 years received 
primary standard-of-care TKA for end-stage knee OA. They 
received 3D gait analysis within a 1-month before and 3-
months after TKA. Optoelectronic motion capture (MAC, 
120Hz) and synchronized floor-embedded force platforms 
(AMTI, 2400 Hz) collected motion and forces during walking 
at self-selected speed. The data were screened, interpolated 
and filtered (EVaRT5.0), and then processed using Visual3D 
(C-Motion). Angular knee joint kinematics for three complete 
gait cycle were determined from recorded marker motion 
using the Glenrose model. Angular knee joint kinetics 
(normalized to body weight) were then calculated using 
inverse dynamics. Spatio-temporal parameters were calculated 
using a set of six gait events (Heel Strike, Toe Off, Heel 
Strike). Finally, the feasibility of obtaining biomechanical 
measures in participants with class II obesity was observed.  
 

Participants were grouped into i) normal/overweight (N/OW): 
BMI between 18.5-30 kg/m2 (n=10) and ii) class II obesity 
(OB): BMI between 35.0-39.9 kg/m2 (n=7). Angular gait 
kinematics and kinetics were qualitatively examined between 
groups.  
 

RESULTS 
The mean BMI for the OB group was 36.0 kg/m2 (33.3-40.9 
kg/m2) and 27.1 kg/m2 (23.1-28.5 kg/m2) for the 

normal/overweight group (p=0.0005). Both groups were age 
and sex matched. Three participants (2OB, 1N/OW) were 
removed from the study due to complications from TKA. 
 

Velocity and stride length appeared similar between groups, 
but cadence was much more variable in the OB group relative 
to the N/OW group. The OB group, when compared to the 
N/OW group, had on average: 
(1) slightly greater knee flexion during loading response 
(~15% gait cycle) and less knee extension (~40% gait cycle) in 
terminal stance and all of swing; 
(2) slightly greater knee varus throughout stance and swing 
phase; 
(3) slightly less knee extension moment during terminal stance 
(~20-40% gait cycle); and 
(4) slightly less knee adduction moment in loading response 
(~15% gait cycle), but slightly greater knee adduction moment 
in terminal stance (~40-50% gait cycle). 
 

Furthermore, (1) landmarking is more difficult in the OB 
group, but reliability is possible; (2) all participants were able 
to walk without an aid 3-months post-TKA; (3) participants 
living with obesity experienced more complications compared 
to N/OW participants; and (4) recruiting 30 matched 
participants was completed within 4 months. 
 

DISCUSSION / CONCLUSIONS 
Adults living with class II obesity appear to have more 
variability in biomechanics measures post-TKA than adults 
with a normal/overweight BMI and may have implications for 
rehabilitation. Further work in a well-powered study is 
required to determine if the findings are clinically important. 
Also, obtaining biomechanical parameters from adults with 
class II obesity is possible. Adults with class II obesity have 
more complications post-TKA compared to 
normal/overweight patients. Influence of other factors 
contributing to TKA rehabilitation needs to be considered 
(e.g., time with assisted device). 
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INTRODUCTION 
 
Skeletal muscle fibre contractile properties are in large part 
determined by their myosin isoform (i.e., myosin heavy chain 
(MHC) protein) [1]. Further, it has been shown that passive 
mechanical properties of single fibres can influence muscle 
contractile performance, provide insight to the underlying 
force transmitting structure of the fibre, and can differentiate 
muscle disease states [1-3]. However, it is not clear whether 
these passive properties are fundamentally influenced by fibre 
type (MHC isoform). Therefore, the aim of this study was to 
determine whether the passive mechanical properties of 
single muscle fibres differ between MHC type 1 and type 2 
fibres. It was hypothesized that there would be no difference 
in the passive elastic modulus between fibre types from the 
same muscle. 
 
METHODS  
 
Human skeletal muscle was obtained via needle biopsy from 
the vastus lateralis (VL) of 8 young males (27 ± 4.2 years), 
and immediately placed in physiological storage solution. 
Single muscle fibres were dissected and placed in a chamber 
filled with relaxing solution and attached on one end to a 
motor to stretch the fibres and on the other end to a force 
transducer. Sarcomere lengths were measured via laser 
diffraction. Each fibre was stretched approximately 0.25 
μm/sarcomere and then held for two minutes before force and 
length measurements were recorded, to ensure only elastic 
properties of the fibre were tested.  
 
From these data, stress-sarcomere length curves were plotted 
and used to determine the elastic modulus. SDS-PAGE gel 
electrophoresis was used to determine the MHC isoform 
present in the fibre. Fibres were grouped according to fibre 
type (type 1 (slow) and type 2 (fast)) and the effect on elastic 
modulus was determined via t-test. 
 
RESULTS 
 
At the time of writing, the difference in the elastic modulus 
between type 1 muscle fibres (n = 34; mean elastic modulus 
of 44.6 [SEM = 3.0]) and type 2 muscle fibres (n = 29; mean 
elastic modulus of 38.6 [SEM = 3.0]) was not statistically 
significant (p = 0.16).  
 
 

 
Figure 1: Mean (SEM) elastic modulus of single fibres. Fibres 
were grouped as type 1 and 2 based on SDS-PAGE. No 
significant difference between fibre type was found. (p = 
0.16). 
 
DISCUSSION / CONCLUSIONS 
 
Research attempting to elucidate correlations between passive 
muscle stiffness and active contractile properties has been 
conflicting [1,4]. Prado et al. [4] found mild correlations with 
what they described as ‘titin based’ passive stiffness and 
active contractile properties. Specifically, fibres from 
predominantly ‘slow’ muscles had a lower elastic modulus 
than fibres from predominantly ‘fast’ muscles. However, 
Miller et al. [1] using a much different methodology, 
suggested the opposite relationship. The present study 
demonstrated that there does not appear to be a difference in 
the passive elastic moduli between fibre types. While type 1 
fibres had a higher passive stiffness than type 2 fibres, this 
was not statistically significant. It has traditionally been 
believed that most skeletal muscles express only a single titin 
isoform [4]. Therefore it is likely that all the fibres tested here 
expressed titin isoforms of the same size, and that at least part 
of the difference seen in the elastic modulus amongst fibres 
was due to a variable amount of collagen found in the 
basement membrane of permeabilized single muscle fibres. 
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The effect of a 12-week foot orthotic intervention on muscle size and EMG activity of the intrinsic foot muscles  
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INTRODUCTION 
 
The foot orthotic insole industry generated $2.5 billion 
globally in 2014, and has projections of reaching $3.5 billion 
by 2020[1]. Custom-made foot orthotics (CFO’s) are a 
commonly prescribed intervention to help individuals that are 
suffering from foot pain and foot disorders. However, the 
mechanisms of CFO’s are still poorly understood and are not 
well known. CFOs have been acknowledged as having few 
side effects such as discomfort and additional pain[2], however 
there is sparse evidence that demonstrates CFO safety. With 
the plantar intrinsic muscles of the foot being in direct contact 
with the CFO, it puts these structures at risk for disuse muscle 
atrophy as a result of being offloaded. Therefore, the purpose 
of the study was to determine the effect of wearing CFOs for 
12-weeks to the muscle size of the intrinsic muscles of the foot 
and muscle activity during unexpected gait termination in 
healthy individuals with a pronated foot posture.    
 
METHODS  
 
Eighteen young adults aged 21-33 participated in the study. 
Participants were allocated by block stratified sampling into 
either the: (a) orthotic group (n= 9) or (b) control group (n= 9). 
Beginning of each testing session, participants’ right foot was 
assessed by diagnostic ultrasound (Sonosite M-Turbo, 
Markham, ON, Canada) to measure the cross-sectional area 
(CSA) of the flexor digitorum brevis (FDB), abductor digiti 
minimi (Abd DM), and abductor hallucis (Abd H) (Figure 1).  

 
Figure 1: (A) ultrasonography scanning lines to obtain longitudinal 
and cross-section (CS) images of the Abd H. (B) longitudinal image 
of Abd H. (C) cross-section image of Abd H. 
 
Subsequently, participants completed an unexpected gait 
termination protocol and data was collected using surface 
electromyography (EMG) (Bortec AMT-8 Octopus system 
(Calgary, AB, Canada)) to assess the amount of muscle 
activity occurring in Abd H, Abd DM, extensor digitorum 
brevis (EDB) and extensor hallucis brevis (EHB). A total of 50 
walking trials were completed at baseline, 6-weeks and 12-
weeks, where 25% of the trials were unexpected gait 
termination (GT). The amount of muscle activity was 
measured by average EMG magnitude over the stance phase of 
GT.  

 
RESULTS 
 
There was a main effect for group (Gr) and test date (TD) for 
FDB, Abd DM and Abd H (p<0.001) and significant 
interaction between Gr and TD. The orthotic group had a 
significant decrease in CSA for FDB (9.6%), Abd DM 
(17.1%), and Abd H (17.4%) from baseline to 12-weeks 
(p<0.001) compared to the control group (Table 1).  
 
Table 1: The CSA of the plantar intrinsic muscles of the orthotic 
(n=5) and control group (n= 5) after 12-week intervention.  

 
For average EMG magnitude, there was a significant 
interaction between Gr, TD and task for EDB (p=0.05), 
however no differences in muscle activity were seen within or 
between groups for GT. There were no significant interactions 
for Gr, TD or task for Abd H (p=0.47), Abd DM (p=0.24) and 
EHB (p=0.14). 
 
DISCUSSION / CONCLUSIONS 
 
The short-term use of CFO’s created a decrease in CSA of the 
FDB, Abd DM and Abd H plantar intrinsic muscles. These 
findings help understand the adaptations that are occurring 
when you offload specific structures such as the plantar 
intrinsic muscles. Although disuse atrophy ensued there 
appears to be no effect on muscle activity of the intrinsic foot 
muscles as no changes in average EMG magnitude were 
evident at the end of 12-weeks. This may suggest that there is 
a specific amount of atrophy that needs to occur before muscle 
function is affected.  
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 Muscle Group BL 12-W 

CSA 
(cm2) 

FDB Control  2.19 (0.46) 2.23 (0.49) 
Orthotic 2.09 (0.50) 1.89 (0.46) 

Abd DM Control 1.30 (0.27) 1.31 (0.27) 
Orthotic 1.23 (0.10) 1.02 (0.09) 

Abd H Control 1.82 (0.46) 1.81 (0.21) 
Orthotic 1.38 (0.51) 1.14 (0.38) 
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INTRODUCTION 

 

Sudden disturbances (perturbations) to the hand are routine 

in daily activities and workplaces, such as when interacting 

with power tools. Wrist perturbations with known timing 

results in greater forearm muscle activity prior to a 

perturbation while unknown perturbations have greater 

reflex responses [1]. Muscle co-contraction can lead to joint 

stiffness and is one strategy the motor system exploits to 

facilitate task performance [2]. Previous work analyzed 

static postures with a variable force perturbation [1] and no 

emphasis on movement induced by the perturbation. To 

date, little work has evaluated muscular responses to sudden 

wrist perturbations during dynamic tasks. The purpose of 

this work was to evaluate forearm muscle activity and co-

contraction for sudden wrist perturbations during a 

dynamic wrist tracking task using a haptic wrist robot. 

 

METHODS  

 

Eight healthy, right hand dominant males participated. 

Muscle activity was measured from seven forearm muscles 

using surface electromyography (Bortec Biomedical Ltd, 

Calgary, Canada): flexor carpi radialis (FCR), flexor carpi 

ulnaris (FCU), flexor digitorum superficialis (FDS), extensor 

carpi radialis (ECR), extensor carpi ulnaris (ECU), extensor 

digitorum (ED), and brachioradialis (BR). Participants were 

seated with their forearm placed on a robotic device 

(WristBot, Genoa, Italy) that allows for wrist movement in 

3 DoFs. Participants performed 15 repetitions of a wrist 

flexion/extension task, while tracking a cursor on a 

computer screen (±40° of wrist flexion/extension at 0.25 

Hz). During the repetitions, a 2 Nm perturbation caused 

either radial or ulnar deviation of the wrist during 3 

repetitions, that were either known or unknown. EMG was 

linear enveloped at 3 Hz and normalized to muscle specific 

maximum voluntary exertions (%MVE). EMG and the 

robotic device were synchronized and perturbation onset 

(torque in radial/ulnar direction) was determined. Average 

EMG was examined during three-time periods: pre-

perturbation (pre-100ms and pre-15ms) and post-

perturbation (reflex). Kinematic accuracy and perturbation 

wrist deviation was also evaluated. 

RESULTS 

 

A significant knowledge*time interaction was found for 

ECU and BR (p < 0.05). There was a significant main effect 

of time for all muscles (p < 0.05). Muscle activity during 

pre-100ms was significantly less than pre-15ms and reflex 

periods. All muscle activity (except FCU) was greater during 

known compared to unknown for pre-100ms (Figure 1).  

Figure 1: Average muscle activity for known and unknown 

conditions during the pre-100ms time period. 

 

DISCUSSION / CONCLUSIONS 

 

Increased muscle activity during known timing compared to 

unknown timing suggests that participants attempt to 

increase joint stiffness in anticipation of the perturbation. 

However, known and unknown timing showed similar 

muscle activity during the reflex period, indicating a similar 

response post-perturbation. Kinematic tracking data and 

angular displacement caused by perturbations will provide 

further insight into muscle responses and motor strategies.  
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INTRODUCTION 
Upper extremity muscle activity and its impact on subacromial 

space (SAS) width during repetitive, prolonged work is an 

important area of interest in ergonomics research. The anatomy 

of the shoulder allows multiple ways to distribute loads between 

muscles.  Thus, load-sharing adaptations due to fatigue are 

expected across muscles of the shoulder complex.  The rotator 

cuff muscles are essential for maintaining shoulder stability and 

function, and a possible outcome of rotator cuff fatigue is a 

reduction in SAS. The purpose of this investigation was to 

evaluate the multi-faceted effects of static, repetitive work on 

the load sharing strategies between the muscles of the shoulder 

and the impact on subacromial space (SAS) width.  

 

METHODS  
Twenty right-handed men participated in this study. Muscle 

activity was recorded from 13 muscles using surface EMG 

(Trigno, Delsys Inc., Natick, MA, USA) while participants 

completed static, repetitive work. Static tasks were performed 

using a custom apparatus, adjusted to each participant’s 
anthropometrics (seated, upright trunk, 60° glenohumeral 

flexion, slight abduction, 90° elbow flexion). Electromagnetic 

sensors (Polhemus Fastrak, Colchester, VT, USA) placed on 

participants ensured that they did not move more than 5° or 5 

cm during tasks. Each work cycle was 60 seconds, and 

comprised of 4 tasks (up, down, push, pull) set at 30% MVC. 

After every 12 work cycles, participants completed a series of 

reference exertions: 4 submaximal static exertions (30% MVC), 

1 maximal static exertion, 2 subacromial space measurements 

with ultrasound, and perceptual questions. Ultrasonography was 

used to measure the SAS in two postures: 0° and 60° abduction. 

To maintain a consistent ultrasound probe (12 MHz linear 

probe, Vivid Q BT10, GH Healthcare, Milwaukee, WI) location 

and angle between measures, probe locations were marked on 

each participant, and a custom probe holder and inclinometer 

were fixed to the probe. Participants performed the work tasks 

for as long as possible.    

 

EMG data were linear enveloped and normalized to a time 

varying cubic function created with the submaximal reference 

exertions to mitigate fatigue artifacts.1 Repeated measures (RM) 

ANOVAs evaluated differences in EMG amplitude (mean, 

COV, range) over time at 1, 20, 40, 60, 80, 100% of endurance 

time for each muscle.  Post hoc analyses were performed with 

Tukey’s HSD tests. The SAS from each ultrasound image was 

measured with onscreen calipers. RM ANOVAs and Tukey’s 
HSD post hoc tests were performed between the 1st, middle, and 

last work cycles in both postures.             
 
 
 
 

RESULTS 
Participants were able to maintain task performance for 36 to 

150 minutes of simulated work.  Performing the static, repetitive 

tasks had significant effects on summary muscle activity 

variables that were dependent on task, time, and muscle (p < 

0.05). Load sharing changes between muscles were evidenced 

by negative correlations between muscle pairs that were task-

dependent. For example, during the up task, there were 

significant, weak, negative correlations between the activity of 

the upper trapezius muscle and each of the anterior deltoid (r=-

0.174), middle deltoid (r=-0.169), and clavicular head of the 

pectoralis major (r=-0.226) (p < 0.05).  

 

SAS width was affected by time and posture (Figure 1). In the 

abducted posture, there were no significant changes in width 

over time.  There was a significant decrease in width from the 

middle (1.63 ± 0.18 cm) to the last (1.11 ± 0.15 cm) time points 

in the neutral posture (p < 0.05).    

 

 
Figure 1: Subacromial space decreased from the middle to the 

last time points in the neutral posture only (p < 0.05).  
 
DISCUSSION AND CONCLUSIONS 
As fatigue developed, participants showed that they could utilize 

the overlapping function of the shoulder musculature to share 

task demands between muscles, likely allowing for active 

recovery from fatigue to maintain task performance. We did not 

see significant group changes in the SAS space width between 

the baseline and final SAS measurements, however, 41-63% 

(abducted and neutral postures respectively) of individuals had 

reduced SAS width between these two time points. When 

evaluating workplace injury risk, it may be advantageous to 

consider individual responses and risk factors, rather than the 

population response. 
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SARCOMERE CONTRACTILE BEHAVIOURS ARE LOCATION-DEPENDENT IN LIVING WHOLE MUSCLE
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INTRODUCTION
Knowledge  of  sarcomere length  (SL)  is  important  for  our

understanding  of  the  properties  and  functions  of  muscles.
According to the classic ‘cross-bridge’ theory, the maximal,
active, isometric force produced by a muscle can be derived
from the sarcomere length [1]. Due to technical difficulties of
visualizing  all  sarcomeres  in  a  whole  muscle,  the  mean
sarcomere lengths measured  from a small  region at  a  given
muscle length have been used to infer the amount of force and
power a muscle can generate.  However,  the main caveat  of
such practice is that  it  neglects the great  non-uniformity, or
dispersion, of SLs at a given location within a muscle, and the
differing  SLs  and  SL  changes  at  different  locations  of  a
muscle  [2].  Using  state-of-the-art  multi-photon  laser
microscopy,  this  study  was  aimed  at  investigating  the
distribution  of  sarcomere  lengths  at  different  anatomical
locations  of  intact  muscles  under  relaxed  and  activated
conditions.

METHODS 
Mice (n=17) were anaesthetized and the skin overlying the left
tibialis anterior (TA) muscle was removed. The TA was supra-
maximally stimulated at isometric lengths. Of the 17 animals,
9 and 8 animals were used for imaging of sarcomeres at the
middle and distal  locations of  TA, respectively.  Sarcomeres
were  imaged  in  active  and  passive  muscle  using  second
harmonic generation microscopy for  short  (90°  ankle angle)
and long TA length (180° ankle angle). Mean SLs, coefficient
of  variations  of  SLs, and  length  range  of  sarcomeres

(difference  between  longest  and  shortest  sarcomeres)  were
obtained from areas of 160x3µm2 in the middle and distal sites

of the muscle. Results were expressed as estimated marginal
means ± standard error. 

RESULTS

During activation, SLs in the mid-TA decreased by 7.1% and
6.7% at the short and long muscle lengths, respectively. At the
distal  site,  activation led to a decrease of  SL by 3% at the
short, but no change in SL (0%) at the long TA length (Fig.
1A). In our small regions of interest, SLs can differ by up to
1.0 µm (Fig. 1B). Dispersion in SLs increased similarly during
activation in the mid- and distal sites of TA, but was greater at
the  short  than  the  long  muscle  length  (Fig.  1C).  The  local
coefficient  of  variation  increased  by  96%  and  65%  in  the
activated-short  muscle  at  the  middle  and  distal  sites,
respectively,  compared  to  the  relaxed  muscle  at  the  same
length.  At  the  long  muscle  length,  the  activation-induced
increase  in  local  CV was 37% and 33% at  the middle  and
distal TA, respectively. 

DISCUSSION / CONCLUSIONS
We found (i) that  in vivo sarcomeres shorten during maximal
isometric  contractions  of  whole  muscles,  and  (ii)  that  the
amount of  sarcomere shortening was location-dependent.  At
both  TA sites,  SL non-uniformity  was  more  pronounced  at
short  compared  to  long  muscle  lengths  and  SL  dispersion
increased substantially with activation. Future studies should
explore the functional implications of SL non-uniformity and
the sarcomere contraction dynamics upon activation of whole
muscles.  Most  importantly,  the  common  practice  of
representing force potential of muscles with a single SL value
needs to be thoroughly evaluated. 

REFERENCES
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[2] Moo EK et al. (2016). Front Physiol Vol 7; p. 187
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Fig. 1. (A) Mean sarcomere lengths, (B) length range of sarcomeres and, (C) local coefficient of variation (CV) of sarcomere
lengths in middle and distal TA at short (90° ankle angle) and long (180° ankle angle) TA lengths under the relaxed and activated
conditions.
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CO-CONTRACTION IMPROVES CONTROL THROUGH NEURAL FEEDBACK NOT MUSCLE STIFFNESS 
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INTRODUCTION 
Co-contraction is used when performing uncertain or unstable 
tasks. It has been assumed that the main impact of co-
contraction is to directly increase the stiffness of agonist 
muscles, increasing the immediate mechanical response to a 
physical perturbation [1].  However, there is evidence that 
increased background activation levels are not correlated with 
decreases in initial limb displacement following a mechanical 
disturbance [2]. How does co-contraction improve control? 
METHODS 
Subjects (N=11, ages 19-31) interacted with a KINARM 
Exoskeleton robot. Subjects maintained their fingertip in a 
target and a perturbation torque (5 Nm, 50 ms pulse) flexed or 
extended the elbow. The trial was successful if the subject 
returned their fingertip to the target in <500 ms and stayed in 
the target for 1000 ms. EMG was recorded for elbow flexors 
and extensors. Trials were performed with background loads of 
1-5 Nm on flexors or extensors; or with no background load and 
muscles co-contracted to activity levels corresponding to 1, 3, 
and 5 Nm loads using visual feedback (Figure 1A). The loading 
scenarios resulted in three experimental conditions: (i) loaded 
muscles stretched, (ii) loaded muscles shortened, and (iii) 
muscles co-contracted during the perturbation. 
RESULTS 
The task success rate of the group increased 20% to 37% when 
co-contracting (Figure 1B), and on an individual basis, 10 of the 
11 subjects improved their performance when co-contracting 
(paired t-test, p < 0.01).  

      
Figure 1: (A) KINARM task. (B) Group task success rates when co-
contracting (circle), and when perturbations stretched (triangle) and 
shortened (square) background loaded muscles.  
Initial limb motion (<50 ms) was the same across all 
experimental conditions and at all levels of muscle activity 
(Figure 2A). During this window, the response of the system 
was primarily mechanical due to feedback delays in the motor 
system. Kinematic differences between co-contraction and 
background load conditions, and at different muscle activity 
levels were observed after 50 ms. Co-contraction provided a 
faster corrective response to the perturbation, reducing peak 
elbow displacement up to 35% compared to background 
loading. Co-contraction also eliminated over-correction when 
returning to the target. Additionally, increasing muscle activity 
produced a faster corrective response. (Figure 2A) 

Beyond 50 ms, neural feedback controlled the response of the 
limb. Under background loading the unloaded muscles did not 
contribute to control (attenuated EMG response – Figure 2B). 
When the loaded muscles were stretched, their excitatory 
response scaled with the level of pre-perturbation muscle 
activity. When the loaded muscles were shortened, their 
inhibitory response was limited by the level of pre-perturbation 
muscle activity. Under co-contraction, both the stretched and 
shortened muscles were used for control. (Figure 2B) 

 
Figure 2: (A) Change in elbow angle caused by the perturbation. (B) 
Response of muscles stretched and shortened by the perturbation. Plots 
show background load and co-contraction trials. Color indicates 
background load or corresponding muscle activity level (1 Nm – blue, 
3 Nm – purple, 5 Nm – red). Group data shown. 
DISCUSSION/CONCLUSIONS 
Co-contraction improved task performance, but not by 
modulating muscle stiffness to increase the immediate 
mechanical response to the disturbance. We hypothesize that 
co-contraction exploits the reciprocal nature of the motor 
system to improve control by using both agonist and antagonist 
muscles. By increasing the pre-perturbation activity of both 
muscle groups, co-contraction provides the potential required 
for the inhibitory response of the shortened muscles without 
attenuating the excitatory response of the stretched muscles. 
Future work will consider the perturbation response in a 
dynamic task and the effects of musculotendon properties such 
force-length/velocity relationships and rise/fall times. 
REFERENCES 
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MEDIAL PATELLOFEMORAL LIGAMENT INSERTION LOCATION AFFECTS ELONGATION 
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INTRODUCTION 
The medial patellofemoral ligament (MPFL) restricts lateral 

motion of the patella. The MPFL inserts on the anterior medial 

aspect of the femoral epicondyle and attaches proximally to 

the medial border of the patella [1]. With pediatric patients, 

the insertion can be located close to the distal femoral physis 

aligned with the medial epicondyle and adductor tubercle. 

Surgical strategies to alter the MPFL insertion place it up to 

20mm above or below the physis to avoid it during growth; 

however, MPFL strain is likely affected by insertion site 

location. It is thought that the intact MPFL behaves nearly 

isometrically with minimal elongation over knee flexion [1]. 

Isometry may aid in the stabilization of the PFJ joint with 

reduction of strain in the ligament. It is difficult to measure 

accurate PFJ functions during dynamic activities because of 

the soft tissues. However, biplanar videoradiography (BVR) 

uses two x-ray cameras to accurately record PFJ motion. The 

bone movement can be used for ligament measures by tracking 

the attachment sites on each bone. We hypothesized that the 

anatomical insertion site would minimize excursion compared 

to simulated MPFL perturbations resulting in a more isometric 

ligament.  

METHODS  
Following IRB approval and informed consent, patellofemoral 

motion was collected for the right knee of five subjects using 

BVR technology for two forward lunge trials each. The femur, 

tibia, and patella were segmented to create partial volumes and 

surface meshes from CT scans. Digitally reconstructed 

radiographs were aligned with the x-ray images to produce 

six-degree-of-freedom kinematics. The bone models were 

cropped and normalized to have the same height/width ratio 

across subjects.  

The MPFL was modelled using one fiber that inserted on the 

medial epicondyle of the femur and attached onto the medial 

patella border. The insertion point on the femur was varied 

fifty times within a bounding box extending 2mm in the 

anterior/posterior direction and 20mm in the proximal/distal 

directions from the original estimated insertion location from 

anatomy literature. Each ligament was modelled as a path of 

20 points that created the shortest possible distance between 

insertion and attachment using a wrapping technique that 

minimized the distance from origin to insertion such that the 

bone surface models were not penetrated [2]. The ligament 

length at all knee joint flexion angles was calculated for all 

generated ligaments and lunges.  

Excursion was computed as the difference between the 

maximum and minimum ligament lengths over the range of 

knee flexion.  compared for the proximal/distal perturbations 

from the original insertion location.  
A paired t-test was used to determine if there was a significant 

difference in insertion sites yielding minimum excursion for 

each lunge trial within subjects. The insertion location was 

represented as ratio of distance from most distal point of the 

femur to the insertion site and femur length. A one-way 

ANOVA test was used to compare the ratios of the lunge trials 

between the five subjects.  

RESULTS 
The MPFL fiber that originated at the anatomical insertion site 

had an average increase of 1.7±4.0mm with increasing knee 

flexion across all subjects and trials. Proximal shifts in MPFL 

insertions resulted in increasing MPFL lengths while the distal 

shift caused lower average lengths with increased knee 

flexion. There was an insertion site that minimized ligament 

excursion across all subjects and tasks (p = 0.76). The average 

location of the insertion providing lowest excursion (average 

5.0±2.2mm) was 29.2±3.8% up from most distal point of 

femur. This 5.6±2.5% shift distally from the original 

anatomically based site. 

Figure 1:(Left) Ligament length change with colour bar representing 

proximal/distal distance away from anatomical insertion site [mm]. 

(Right) Ligament insertion locations on femur (orange) and 

corresponding excursion values (blue) for Lunge02 of subject 

NBQ01. Green is the location of the anatomical insertion site.  

DISCUSSION / CONCLUSIONS 
These results demonstrated differences in MPFL length based 

on the origin on the femur. Shifting the MPFL proximally, as 

is done in MPFL reconstructions, increased MPFL length. 

While we cannot measure strain with these methods, it is 

reasonable to assume that the increased length likely 

contributes to increased MPFL strain. 

The anatomical insertion site demonstrated elongation of the 

MPFL with increased knee flexion. The study is limited by 

only showing a flexion range of 40-70° The v-shaped plot of 

excursion suggests a location of the MPFL insertion site for 

minimal excursion to allow for a more isometric ligament.  If 

the insertion location results in minimal MPFL strain over a 

range of motion it may allow clinicians to better select an 

insertion point to avoid the physis and create isometric 

loading. These results may contribute to the effectiveness of 

MPFL relocation surgery and improved patellofemoral 

stability.  
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INTRODUCTION 
 
Studies of implant migration measured with radiostereometric 
analysis (RSA) have typically focused on early migration in 
the first two post-operative years as previous studies have 
shown this to be predictive of long-term fixation.  We had the 
opportunity to test this conclusion with different implant 
designs than those previously included in predictive RSA 
studies as we had a cohort of subjects with RSA beads 
implanted who were more than 10 years from their knee 
replacement surgery.  The objective of this study was to 
compare implant migration and inducible displacement at ten 
years to the migration results in the first two post-operative 
years. 
 
METHODS  
 
Subjects who had previously participated in RSA migration 
studies with 2 year follow-up were recruited to return for a 
long-term follow-up exam, at least 10 years from their surgery.  
The implants under study included two cemented designs 
(Advance® Knee System, Wright Medical Technologies Inc., 
Memphis TN and NexGen® Option Stemmed, Zimmer, 
Warsaw, IN) and one uncemented design (NexGen® 
Trabecular Metal™ (“TM”) Monoblock, Zimmer, Warsaw, 
IN).  At the 10 year visit, subjects had supine RSA exams to 
determine long-term migration as well as a loaded exam 
(single leg stance) to determine inducible displacement. 
 
RESULTS 
 
Seventy-five subjects were available for long-term follow-up, 
with average time since surgery of 12 years.  This cohort 
contained 51 women and 24 men with cemented tibial 
components in 53 cases (37 female) and uncemented tibial 
components in 22 cases (14 female).  At the time of surgery, 
the subjects were 62±7 years old with BMIs of 33±6 m/kg2 
(mean±standard deviation).   Median migration at the long-
term follow-up was 0.6 mm (MTPM; range 0.2-2.8 mm) and 
was not different between the cemented and uncemented 
groups (p = 0.9, Mann Whitney U Test).   
 
Inducible displacement at 10 years was significantly lower for 
the uncemented implants (Figure 1). 
 
Migration at one, two, and 10 years did not correlate with 
inducible displacement at 10 years.  However, migration at 
one year and two years did correlate with long-term migration, 
with the strongest correlation at two years (Figure 2). 
 

 

Figure 1:  Inducible Displacement for cemented (n=53) and 
uncemented (n=22) tibial components at a minimum of 10 years from 
surgery.  Between group differences p<0.001 (Mann Whitney U 
Test). 
 

 
Figure 2:  Two year vs. 10 year migration (MTPM).  Spearman's 
rank correlation coefficients: All subjects: rho = 0.74 (p < 0.001), 
cemented components: rho = 0.67 (p<0.001), uncemented 
components: rho = 0.95 (p<0.001). 
 
DISCUSSION / CONCLUSIONS 
 
Although long-term migration was not different for cemented 
or uncemented (TM Monoblock) tibial components, inducible 
displacement at the 10 year visit was significantly lower for 
these uncemented components.  Additionally, long-term 
migration was strongly correlated to two year migration, 
regardless of fixation.  These findings support the predictive 
value of short-term migration in determining long-term 
fixation. 
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INTRODUCTION 
 
Anterior cruciate ligament reconstruction (ACLR) aims to 
restore joint stability (decrease joint laxity) in injured knees, 
however it may not decrease the likeliehood of developing 
osteoarthritis (OA) [1]. The aim of the present study was to 
compare the frontal plane knee joint laxity between ACLR 
knees, their contralateral healthy knees (CHK), and healthy 
knees in age- and sex-matched controls.  
 
METHODS  
 
Eighteen participants (19-29 years old) were recruited in 2 
groups: 9 participants with one ACLR knee and one CHK, and 
9 controls. Kinematic data was collected at 64 Hz using motion 
capture (Optotrak, Northern Digital Inc., Waterloo, ON, 
Canada). EMG of vastus lateralis and vastus medialis were 
collected at 2048 Hz for bilateral lower limbs (WavePlus, 
Cometa, Italy). 
 Three laxity measurement tests of the lower limb fixed 
to a free-moving sled [2] were performed bilaterally. A 2.28 kg 
load was applied in two steps (1.14 kg each) to a low-friction 
cable-pulley system 0.45m distal to femoral condylar clamps 
that immobilized the femur [2]. This load was applied to the 
medial and then lateral aspects of the tibial sled. Laxity, defined 
as the range of angular rotation of the tibia with respect to the 
femur in the frontal plane [1], was recorded when a steady 
moment of 10 Nm was reached in each direction [2]. 
 The mean of the three repeated laxity measures for 
each test was used for statistical analyses. The limb with the 
greatest mean frontal plane laxity measured was used for the 
control participants. A two-way analysis of variance (α-level of 
0.05) was used to compare between legs (ACLR, CHK, and 
control) and sexes.  
 
RESULTS 
 
Laxity differences between sexes were 0.4°, 1.4°, and 0.4° for 
ACLR, CHK, and control knees respectively. No statistically 
significant differences in laxity (Table 1) were found between 
legs, nor between sexes.  
 
Table 1: Mean and standard deviation of frontal plane laxity (°) 
across sexes for ACLR, CHK, and control knees. 

 

 
 
Figure 1: Free-moving laxity sled and low-friction cable-pulley 
system. A) thigh strap. B) femoral condylar clamps. C) Shank strap. D) 
free-moving sled. E) motion capture markers motion capture 
(Optotrak, Northern Digital Inc., Waterloo, ON, Canada). F) low-
friction cable-pulley system.  
 
DISCUSSION / CONCLUSIONS 
 
Though there was no statistical difference between ACLR, 
CHK, and control knees, differences between our mean values 
cannot be completely attributed to measurement error [2]. In 
previous work, increased frontal plane laxity between ACLR 
and CHK was found intra-operatively immediately following 
reconstruction [3]. Our values were substantially larger than 
those previous reported for ACLR and CHK of 4.0 ± 1.2° and 
3.0 ± 1.2° respectively [3]. OA patients previously reported 4.4 
± 0.16° and CHK values of 4.9 ± 0.35° [1]. 

Our results indicate that the increased laxity observed 
intraoperatively immediately after completion of the 
reconstruction [3] may not persist after a minimum of 6 months 
follow-up. Laxity differences observed in OA knees compared 
to healthy knees [1] may not be the result of ACLR but may 
instead be an effect of the disease itself or other OA risk factors.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
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 ACLR CHK Control 
Male 8.3 ± 2.5° 7.1 ± 2.6° 9.8 ± 1.8° 

Female 7.9 ± 3.8° 8.5 ± 2.1° 10.3 ± 3.2° 
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INTRODUCTION 
 
The long-term stability of orthopaedic implants depends on 
several factors, in particular  the mechanical compatibility 
between the implant and the surrounding bone. Stress 
shielding  occurs when the implant is more rigid than the bone. 
A way to address this issue is to design implants whose 
properties can be adjusted according to the characteristics of 
the bone. Lattice materials produced by additive 
manufacturing (AM) allow for this versatility thanks to their 
structure that can be taylored at the fine scale. 
Much work [1] has been devoted to the mechanical behavior 
of lattice materials in order to assess their stiffness and 
deformation at the macroscopic scale. This work concentrates 
on the heterogeneities they display at the mesoscopic scale and 
the implications for the design of implants. 
 
METHODS  
 
Three types of biomedical Ti-6Al-4V porous specimens were 
produced by Selective Laser Melting (Figure 1). They all were 
parallelepipeds with different mesostructures, characterized by 
the shape of their unit cell, namely cubic (left), body-centered 
cubic reinforced (BCCZ, middle), and diamond (right). The 
porosity and the diameter of the struts constituting the cells 
were kept constant (75% and 500 µm, respectively). 

 
Figure 1: Samples with cubic, BCCZ, and diamond mesostructures 
(from left to right). The compression direction is vertical. 
 
Each specimen was compressed up to failure while being 
filmed. A digital image correlation analysis [2] was carried out 
on the resulting movie in order to derive the local strain at the 
surface of the specimen as deformation is applied. 
 
RESULTS 
 
The apparent mechanical properties, elastic modulus E, elastic 
limit σ02, elongation at the elastic limit ε02, were derived from 
the stress-strain curves (Table 1). The values are highly 
dependent on the mesostructure. The cubic one is the stiffest, 
with higher E values and lowest compressibility. At the 
opposite, the diamond geometry is the most compliant. 
 

Table 1: Apparent mechanical properties of the specimens. 
 Cubic BCCZ Diamond 

E (GPa) 7.0 4.0 1.0 
σ02 (MPa) 55.8 27.7 23.3 

ε02 0.027 0.030 0.039 
 
The specimens display different failure patterns (Figure 2, 
top). The cubic specimens fail by collective buckling, while 
the BCCZ fail by diagonal shearing and the diamond samples 
show a diffuse pattern. The corresponding strain maps (Figure 
2, bottom) agree well with the visual images and also show 
that strain concentration can occur outside the failure patterns. 
 

 
Figure 2: Failure patterns for cubic, BCCZ and diamond specimens 
(top), and corresponding vertical strain field (bottom). 
 
DISCUSSION / CONCLUSIONS 
The mesostructures cover the range of the trabecular and 
cortical Young’s modulus (0.7-20 GPa). The cubic geometry 
exhibits a sharp failure characteristic of stretching-dominated 
structures [3] which comes with a very heterogeneous strain 
field. The diamond geometry, on the other hand, is bending-
dominated, with a more regular strain distribution. The BCCZ 
geometry, due to the presence of vertical struts, has an 
intermediate behaviour. These observations will provide 
guidelines for selecting the appropriate mesostructure for the 
right orthopaedic application. 
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INTRODUCTION 
 
Literature suggests that over 50% of patients referred to 
orthopedic surgeons for total knee replacement (TKR) 
consultation are not deemed surgical candidates [1]. Traditional 
subjective measures can cause variation in determining 
appropriateness of surgery. Since knee kinematics reflects the 
pathomechanics and functional changes associated with knee 
osteoarthritis (OA) severity, kinematic data could serve as an 
additional objective measure to differentiate surgical from non-
surgical candidates.  
 
METHODS 
 
IRB approval was obtained for this non-interventional study.  
After informed consent, 153 participants with a primary 
diagnosis of moderate to severe knee osteoarthritis scheduled for 
arthroplasty consult were enrolled.  All participants underwent a 
validated knee 3D kinematic assessment (KneeKGTM, Emovi 
Inc., QC, Canada) [2] and completed patient reported outcomes 
measures (PROMS) (Pain VAS, Oxford-12 Knee, EQ5D) as well 
as functional tests (Time up and Go (TUG), and 30 second chair 
stand). Based on standard of care method of surgeon/patient 
decision-making, patients were allocated to one of two groups, 
surgical (SC) and non-surgical candidates (N-SC). Since gait 
speed, known to impact knee kinematics, differs between both 
groups, an ANCOVA with speed as covariate was conducted 
with alpha set at 0.05 to compare 3D kinematics parameters. All 
other parameters were compared using Unpaired T-Test with 
alpha set at 0.05. 
 
RESULTS 
 
The SC group was composed of 80 OA patients (51 women, 29 
men, mean age 65 and mean BMI 33.1) and the N-SC group of 
73 OA patients (40 women, 33 men, mean age 64 and mean BMI 
31.6). Subjective PROMs and functional performance tests 
significantly differ between SC and N-SC groups (Table 1).  
 
Treadmill gait speed statistically differ between groups with 
speed of 2.2 km/h and 2.7 km/h for the SC and NSC group 
respectively. Knee kinematic differences between groups are 
detailed in Table 2. The SC group demonstrated statistically 
significant limited knee extension motion during terminal stance 
of the gait cycle; clinically known as fixed flexion gait or stiff 
knee gait. In the frontal plane, SC groups walked with more 
pronounced adduction (varus) compared to N-SC during terminal 
stance phase and push-off phase of the gait cycle.  
 
 
 
 

 
SC group display less frontal plane motion during stance 
compared to NSC group; also associated with a stiff knee gait 
strategy. No differences were identified in transverse plane. 

 
Table 1:  

Clinical measures SC  N-SC  
Oxford 12 (P < 0.01) 37.3 ± 8.0 29.4 ± 8.3 
Pain VAS (P < 0.01) 52.2 ± 22.9 40.4 ± 25.9 
EQ5D Index Score/1 (P < 0.01) 0.52 ± 0.25 0.66 ± 0.14 
TUG (P < 0.01) 9.9 ± 3.2 7.78 ± 2.2 
30 sec-chair test (P = 0.01) 9.5 ± 2.7  10.7 ± 3.2 

 
Table 2:  

Kinematic parameter*  SC  N-SC  
Min flexion° Terminal stance  8.6 ± 7.6 5.9 ± 7.6 
Mean flexion° Terminal stance  10.3 ± 7.7 7.9 ± 7.6 
Minimum flexion° Gait cycle 0.2 ± 0.5 0.6 ± 0.1 
Mean varus° Terminal stance  6.5 ± 6.0 3.9 ± 7.3 
Mean varus° push off  5.3 ± 6.2  2.5 ± 7.4 
ROM frontal plane stance phase 3.4 ± 1.9 4.4 ± 1.9 
*ANCOVA with P<0.05 

 
DISCUSSION / CONCLUSIONS 
 
Knee kinematic differences were identified in moderate to 
severe knee OA patients deemed either surgical and non-
surgical candidates for a total knee arthroplasty. Surgical 
candidates adopted a more flexed contracted stiff gait and a 
higher dynamic varus alignment during terminal stance phase 
compared to the N-SC group. Clinical measures (PROMS and 
functional tests) also underlined symptomatic and functional 
differences between both groups. More advanced analytic 
methods, such as principal component analysis, could bring 
more information by assessing the entire patterns instead and 
classification method would be beneficial to objectively stratify 
the two populations and serve as a clinical decision support. 
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INTRODUCTION 
Despite their common use, the benefits associated with knee 
braces are controversial [1]. A custom knee brace cost on 
average 1500$ [2]. Recent developments have shown that 3D 
printing (3DP) can manufacture orthotics at lower costs than 
traditional methods [3]. Unfortunately, low-income countries 
(LICs) are still not capable of providing custom knee braces for 
sport-related knee injuries due to the cost and limited access to 
appropriate services [4]. Additionally, LICs rarely have the 
necessary expertise and/or resources to properly manage the use 
of more advanced technology. When devices are donated from 
high-income countries (HICs), it creates a false economy [5]. 
To provide sustainable services to LICs, research initiatives 
need to focus on using locally available resources. The majority 
of mobile phones are now equipped with digital cameras and 
mobile phone access in LICs is greater than 60% [6]. This has 
allowed many people in LICs to have access to modern health 
services by completely bypassing the traditional methods which 
require specific infrastructure [7]. Mobile phone 
photogrammetry combined with 3DP could be the key to 
providing a sustainable service for custom orthotic devices, 
such as custom knee braces. Therefore, the purpose of this 
research was to develop a workflow for a 3D printed custom 
knee brace aimed to be accessible to all, including LICs.  
 
METHODS  
The developed low-cost workflow uses an iPhone 6 video (8MP 
camera) to capture a 360-view of the participant’s lower 
extremity. The video was fed to a photogrammetry algorithm to 
generate a 3D mesh. This mesh was then used in a CAD 
software to design the custom knee brace. The brace was printed 
on an Ultimaker Extended 2+ desktop 3D printer (Ultimaker, 
Netherlands) with reinforced PLA plastic material. Time and 
material consumption estimates were acquired.  
 

 
 
Figure 1: 3D printed custom knee brace of the female 
participant 
 

RESULTS 
Two functional custom prototypes were manufactured for 
different individuals: 1) a male (age 46, weight 82kg, height 
180cm) and 2) a female (age 24, weight 53.5kg, height 163cm) 
(Figure 1).  For the male and female participants total print time 
and material costs were 142hrs38mins, 37.61 CAD and 
107hrs50mins, 31.00 CAD respectively. The participants were 
asked to self-fit their custom brace. Minor fitting adjustments 
were required based on verbal feedback of comfort and skin 
pressure. The male participant wore the brace over pants for a 
full day with no reported discomfort or skin irritation. The 
female participant mentioned that the brace was putting 
uncomfortable pressure around the medial/lateral tibial plateau 
due to the brace being too tight fitting. 
 
DISCUSSION / CONCLUSIONS 
In the early stages of development, this low-cost workflow for 
additive manufacturing of a custom knee brace was deemed 
successful. Given the feedback from the participants, there 
remains room to improve the fit; however, we have 
demonstrated the ability to produce a low-cost 3D printed knee 
brace with the potential to be accessible to all. Future work 
should find an offset from the 3D scan for optimal comfort and 
fit as well as perform a topology optimization to reduce material 
consumption and total print time. A soft wearable approach for 
instrumenting the brace should also be explored. 
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INTRODUCTION 
 

Video analysis techniques are effective in squash matches due 
to the sport’s small, well-lit, and well-defined court [1]. This 
study explored numerous variables in terms of kinematics and 
position on the court, and how they correlated to the game or 
rally outcome. Variables explored include total distance 
traveled, radial distance to the “T,” percent of time spent in 
specific court areas, average velocity, and average 
acceleration. Skilled squash players often move to the “T” of 
the squash court after returning a shot—a key strategy called 
“T-dominance”—to place themselves in ideal position to 
quickly access any part of the squash court when returning 
their opponent’s next shot. The objective of this study is to 
determine if there is a difference between the winners and 
losers of rallies and of games in terms of the variables 
explored. 
 
METHODS  
 

Dartfish™ Pro 8 (Dartfish Ltd., Fribourg, Switzerland) was 
used to track players’ feet in five videos of elite squash 
matches from the Professional Squash Association (PSA). 
Players’ positional coordinates were exported and converted to 
the system of the squash court using the method devised by 
Buote et al [1]. Four filters were independently applied to 
smooth positional data; multiple filters were explored to 
observe the impact of each. Average velocity and acceleration 
were calculated using Central Finite Difference. Matches were 
first analyzed at the game-level, and subsequently, at the rally-
level to investigate correlations between kinematic variables 
and the rally or game outcome. 
 
RESULTS 
 

Variables obtained at the game-level are reported in Table 1.  
 

Table 1: Game-level variables. *denotes significance at α=0.05  

Variable Game Winners Game Losers 
Distance Travelled (m) 537 ± 182 541 ± 184 
Radial Distance to T (m)* 1.76 ± 0.11 1.84 ± 0.13 
% Spent Left of T 58.4 ± 4.4 56.3 ± 6.3 
% Spent Behind T 88.6 ± 4.6 89.9 ± 4.7 
Average Velocity (m/s) 1.87 ± 0.07 1.88 ± 0.07 

 
Game winners had a significantly smaller distance to the T 
compared to game losers. Additionally, a strong positive 
correlation at the game-level was found between PSA world 
ranking and average radial distance from the “T” (p<0.001). In 
this case, a “low” world ranking is desirable (i.e. ranked 
number one). 
 

Table 2 reports the average velocity and acceleration for rally 
winners and losers for the filtered data. Rally winners had a 
significantly lower average velocity and acceleration than rally 
losers for all four filters. 
 

Table 2: Average velocity and acceleration at the rally-level. 
*denotes significance at α=0.05; **denotes significance at α=0.001 

 Average Velocity (m/s) Average Acceleration (m/s2) 

Filter Rally 
Winners 

Rally 
Losers 

Rally 
Winners 

Rally 
Losers 

Gaussian 5th 
Order** 

1.48± 0.03 1.56± 0.03 5.74± 0.09 6.00± 0.11 

Gaussian 
10th Order** 

1.35± 0.03 1.43± 0.03 3.02± 0.06 3.18± 0.07 

Moving 
Average 5th 
Order* 

1.56± 0.03 1.64± 0.03 10.03± 0.17 10.35±0.20 

Moving 
Average 
10th Order* 

1.47± 0.02 1.55± 0.03 5.68± 0.15 5.94± 0.18 

Unfiltered** 1.69± 0.03 1.79± 0.04 N/A N/A 
 
DISCUSSION / CONCLUSIONS 
 

It was interesting to note that there was no significant 
correlation between average velocity and game outcome at the 
game-level. However, when matches were analyzed at a finer 
level (rally-level), significant differences were found between 
rally winners and rally losers. The lack of significance at the 
game-level is likely due to the fact that closely contested 
games include rallies both won and lost by each player.  
 

The “T-dominance” strategy is confirmed by several 
correlations found: game winners exhibiting a lesser radial 
distance to the “T,” rally winners exhibiting lower average 
velocities and accelerations (i.e. winners forced to move 
around the court less), and the correlation between world rank 
and players’ average radial distance from the “T.” Players who 
are able to dominate rallies tend to spend more time close to 
the “T” by forcing their opponent to move further and more 
often away from the “T” as a result of better tactical shots.  
 

The novel method of transforming videos coordinates into 
coordinates of the squash court [1] is advantageous due to its 
ability to analyze match videos recorded for entertainment 
purposes (with no special setup required), unlike previously 
used live-acquisition data collection methods. 
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INTRODUCTION 
 
Modern changes in golf swing technique present concerns for 
the knee joint. Analysis has shown that the golf swing produces 
higher adduction moments than gait or stair ascent and 
abduction moments on par with drop jump landing in those who 
went on to sustain an ACL injury [1]. The effect of swing speed 
on knee joint exposures has yet to be analyzed. This study aimed 
to assess the effect of different clubs and swing speed on front-
leg knee joint exposures. We hypothesized that swinging slower 
while using a longer (lower numbered) club would decrease 
frontal plane knee moments. 
 
METHODS  
 
Eleven male participants (mean handicap of 10.1 ± 6.3) were 
recruited and performed three swings using six iron clubs (4, 5, 
6, 7, 8 and 9) at two speeds, normal (self-selected) and slow. To 
test the hypothesis, the normal speed for a given club was paired 
with the slow speed (6 mph slower) from the next longest club. 
Clubhead speed is a major determinant of shot distance, with 
the 6 mph difference being the theoretical change in speed for 
two adjacent clubs to hit the ball the same distance [2]. Motion 
of both lower limbs at 85Hz and ground reaction forces at 
2125Hz were collected synchronously using an Optotrak 
system and First Principles software (NDI, Waterloo, ON). 
Frontal plane moments were calculated using inverse dynamics, 
with the moments resolved in the tibial coordinate system and 
normalized to participant body mass (Visual3D, C-Motion, 
Germantown, MD, USA & MATLAB, MathWorks, Natick, 
MA, USA). Peak frontal plane knee moments were extracted 
from each trial and averaged across trials. Five club-speed pairs 
were analyzed using a paired t-test for each comparison 
(corrected α = 0.01). To determine the effect of speed alone for 
each club, the normal- and slow-speed moments were compared 
in a paired t-test (corrected α = 0.01). 
 
RESULTS 
Mean peak adduction and abduction moments for the swing 
pairs are shown in Table 1 (the 5N/4S moment curves are shown 
in Figure 1). Swinging slower did not significantly reduce the 

adduction moment, but did significantly reduce the abduction 
moments for all clubs. 

 
Figure 1: Front leg frontal plane moments for the 5N/4S pair. The 
vertical dotted line represents ball impact. 
 
DISCUSSION / CONCLUSIONS 
 
Swinging slower with a longer club significantly reduced peak 
abduction moments only in the 5N/4S, 6N/5S, and 8N/7S swing 
pairs. Groupings of 3 swings (5N/5S/4S, 6N/6S/5S, and 
8N/8S/7S) help to elucidate the mechanism by which the 
abduction moments are being reduced. Based on the values, in 
Table 1, the effect of speed was greater than the effect of club 
length. It should be noted, however, that the peak moments 
calculated in this study differ in comparison to a previous study 
[1]; knee adduction moments are 57% larger and abduction 
moments are 38% smaller (using data from same 5 iron). 
Abduction moments at the magnitudes measured in this study 
are not a concern for injury [3]. Therefore, swinging slower with 
a longer club did not consistently reduce peak adduction or 
abduction moments in a clinically meaningful way. Differences 
from previous literature may be due to large variability between 
and within participants observed in this study.   
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Table 1 – Peak moments (means expressed in Nm/kg, standard deviations in brackets, with p-values). In the pairing, the number 
indicates the iron (club) number and the N or S indicates normal or slow speed respectively. * indicates a significant difference 

Pairing PEAK ADDUCTION MOMENT PEAK ABDUCTION MOMENT 
Normal Mean Slow Mean p Normal Mean Slow Mean p 

5N/4S 0.846 (0.08) 0.799 (0.07) 0.228 0.498 (0.034) 0.415 (0.032) 0.003* 
6N/5S 0.885 (0.077) 0.796 (0.089) 0.083 0.483 (0.024) 0.395 (0.032) <0.001* 
7N/6S 0.886 (0.045) 0.845 (0.092) 0.417 0.467 (0.037) 0.408 (0.036) 0.014 
8N/7S 0.863 (0.069) 0.806 (0.065) 0.095 0.465 (0.018) 0.391 (0.029) 0.0096* 
9N/8S 0.871 (0.069) 0.817 (0.053) 0.042 0.429 (0.032) 0.383 (0.029) 0.065 
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INTRODUCTION 
Ice hockey goaltenders wear 15-20 kg of personal protective 
equipment (PPE) and commonly perform movements, such as 
the butterfly save technique. The butterfly movement results in 
large ice-contact forces and is characterized by hip flexion and 
extreme hip internal rotations [1] which may cause goaltender 
hip injuries [2]. Ice contact forces, during the butterfly, have 
been reported to be 1.45 ± 0.43 times body weight [BW; 3]. 
However, these forces may not accurately represent the forces 
applied to the goaltender’s body, as the varying foams that 
comprise the leg pads may modulate forces. The objective of 
this research was to develop and verify a system that 
quantifies the interface forces between an ice hockey 
goaltender leg pad and a goaltender’s leg. Then apply the 
interface force protocol to quantify medial, anterior and lateral 
interaction forces between an athlete and the leg pads. 
 
METHODS  
A simulated butterfly movement testing apparatus consisting 
of a reinforced 10.16 cm PVC pipe, representing the 
goaltender’s leg, was placed within a leg pad instrumented 
with pressure sensors. A load cell and effective mass were 
fastened to the leg model at the knee location. Simulated 
butterfly drops onto a force plate started at 6.35 cm high and 
increased in increments of 6.35 cm until the target height 
57.15 cm was reached. Peak force magnitudes from the 
instrumented leg pad were correlated to load cell and force 
plate data to determine the instrumentation accuracy and to 
understand leg pad peak force attenuation, respectively.  
 
A repeated-measures design was used to assess the differences 
in peak interface forces between two styles of goaltender leg 
pads (a stiff leg pad with wide leg channel and a flexible leg 
pad with a tight leg channel). Eight male goaltenders (age: 
30.75 ± 6.71 years, mass: 86.07 ± 8.8 kg, height: 182.88 ± 4.9 
cm, hours of ice time/week: 3.63 ± 1.43 hours) performed 5 
butterfly movements in each leg pad condition. Medial, 
anterior and lateral forces were identified for each of the three 
phases of the butterfly movement (initiation, ice contact, and 
recovery). Peak forces in the two leg pad conditions were 
compared using 9 paired T-tests with modified Bonferroni 
correction. 
 
RESULTS 
The peak interface forces and peak load cell forces during the 
verification protocol were highly correlated (r = 0.95,) and had 
an average error of 7.3 %. The linear force relationship 
between the interface forces and the force plate was 
y = 0.55x + 0, indicating that the goal pad attenuated peak ice 
contact force by approximately 45%.  

 
Paired comparisons revealed that there were no significant 
differences in peak force between the two pad conditions at 
any time during the butterfly movement, or at any location on 
the goal pads. However, there was a larger average peak 
medial interface force (0.17 BW) at ice contact in the Flex-
Tight goal pad condition, which may be explained by a greater 
peak butterfly drop velocity in the Flex-Tight condition 
(0.16 m/s).  

 
Figure 1: Force-time ensemble average graph of an exemplary 
subject wearing the Stiff-Wide leg pads. The average forces of each 
goal pad area (medial, anterior and lateral) over the entire butterfly 
movement, with vertical dashed lines distinguishing the three phases 
of the butterfly. The black line depicts the displacement of the top of 
the left goal pad. 
 
DISCUSSION / CONCLUSIONS 
The successful development, verification and implementation 
of the equipment-goaltender interface force protocol provided 
an accurate measurement system for quantifying forces in the 
two leg pad conditions. Although there were no significant 
differences in peak force between the leg pad conditions, the 
novel interface protocol provided key information about the 
interactions between a goaltender’s leg and their leg pads 
during butterfly movements (Figure. 1). Equipment 
manufacturers may utilize this information to exploit the 
equipment-goaltender interaction to improve butterfly 
performance and safety.  
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INTRODUCTION 
 
Soccer is one of the most popular sports in the world, and 
engages players of all ages. Soccer heading is a common and 
frequent part of the sport, and is a concern due to the potential 
for head injury [1]. Several studies have measured head impact 
accelerations in controlled settings [e.g. 2], and few studies 
have evaluated head impacts during soccer matches [3]. Only 
one study has evaluated head impacts in youth soccer 
scrimmages [4], yet this group is particularly at risk [5]. 
 
Numeric simulations are an effective tool for evaluating 
biomechanical responses to impacts, and have been 
extensively used to evaluate impacts such as automobile 
collisions [6]. While some studies have evaluated head 
impacts in sports (such as “falls” simulated in [7]), we are not 
aware of any studies that used head impact sensor data from 
soccer matches to drive a finite element model to predict the 
impact’s effect on the head. The purpose of this study was to 
develop a wraparound field to finite element modeling 
approach for evaluating biomechanical responses to head 
impacts in soccer. 
 
METHODS 
 
In total, 36 youth female soccer players participated in the 
study (10 U13, 16 U14, 10 U15) from the Ontario Player 
Development league [8]. A total of 60 games were studied (20 
for each of the teams). Participants wore headbands 
instrumented with GForceTracker sensors for quantifying head 
impact kinematics (Artaflex Inc., Markham, Ontario, Canada) 
at all matches. Game video was recorded for all regular season 
games using a high-definition video camera (Canon Vixia HD, 
Tokyo, Japan) mounted to a telescoping tower (EVS25, 
Endzone Video Systems, Sealy, Texas, United States). Each 
game video was uploaded to a video analysis software 
program (dba HUDL, Agile Sports Technologies Inc., Lincoln, 
Nebraska, United States). This video footage was used to 
verify each head impact recorded from the wireless sensors. 
 
GForceTracker time series linear accelerations and angular 
velocities from selected head impacts were used as inputs to a 
finite element model of the head [9], appropriately scaled to a 
youth female [6]. The head model includes the cerebrospinal 
fluid, arachnoid, pia, bridging vein, superior sagittal sinus, 
falx, tentorium, ventricles, cortex, corpus callosum, 
cerebellum, thalamus, basal ganglia, and the brainstem, 
making it accurate in predicting both surface and deep brain 
stresses/strains during recorded 40-msec-duration impacts. 

RESULTS 
 
We have successfully modelled a number of the head impacts 
in soccer, including head to ball (“headers”). The model has 
predicted large regional strains (Figure 1). Concussive and 
non-concussive impacts both lead to large strains. 

 
Figure 1: Exemplar strains in horizontal brain sections during 
numeric simulations of a head impact measured from heading a 
soccer ball during a soccer match.  
 
DISCUSSION / CONCLUSIONS 
 
Head kinematics measured using wireless impact sensors can 
be used to drive numerical simulations of the biomechanical 
responses to head impacts in soccer. Using numeric 
simulations makes it possible to evaluate specific 
neuroanatomical landmarks during concussive head impacts. 
In future studies comparing effects across different sports may 
help to clarify issues involved in sports concussions. 
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INTRODUCTION 

Movement screens are used to identify abnormal movement 
patterns that: i) are indicative of dysfunction, or ii) may 
increase risk of injury or hinder performance. Our previous 
research has been aimed at developing a data-driven 
framework to classify movement patterns using a principal 
component analysis (PCA)-based pattern recognition 
technique and machine learning [1]. Currently, the framework 
uses surface markers to analyze how the underlying rigid 
skeleton is behaving [1]. However, previous researchers have 
argued that when moving from surface markers to rigid 
skeleton representations important information regarding 
subtle surface motions is lost [2]. Therefore, previous 
researchers have developed a method called MoSh, which 
stands for Motion and Shape capture, which creates a 3D 
parametric body model based on a standard motion capture 
marker set (Figure 1) [2].  There is a female, male and gender-
neutral model, each of which can be defined by 10 PC scores 
(beta values) [2].  By manipulating the 10 beta values, one can 
morph the body-shape of the animation. Therefore, the 
purpose of this study was to assess the relationship between 
body-shape (i.e. the 10 beta values) and movement 
performance (i.e. the percent likelihood of being an elite 
athlete, using criteria that we previously developed [1]). 

METHODS  
 
3-D whole-body kinematic data (i.e. 42 positional trajectories 
x 3 axes) from 204 male athletes varying in athletic skill level 
were collected during a drop jump using an 8-camera motion 
capture system (Motion Analysis, Santa Rosa, CA). Our 
previously developed framework was applied [1]. PCA was 
used as the feature selection technique, linear discriminant 
analysis (LDA) as the machine learner, and skill level (i.e. 
elite vs. novice) as the classifier with PC scores as the 
predictors. Finally, each athlete’s data were projected onto the 
linear discriminant function to calculate the likelihood of 
being either an elite or novice athlete [1]. Using a single frame 
of the movement and the 42 markers, MoSh was then applied 
to fit a body-shape (represented by 10 beta values) to each 
athlete (Figure 1) [2]. To predict movement performance on 
body shape alone, the 10 beta-values were used to predict the 
percent likelihood an athlete was elite using linear regression.  
 
RESULTS 
 
For the drop-jump, there was a root mean square (RMSE) 
error of 0.24 and an R-Squared value of 0.21, suggesting that 

body-shape, calculated independently of movement, explains 
21% of the variability of drop-jump movement performance. 

DISCUSSION / CONCLUSIONS 
 
Since body-shape alone accounted for 21% of the variability 
of movement performance, it is important to consider body-
shape in future movement assessment research and 
applications. A limitation of the current study was the 
exclusion of females. Due to Motus’ marker set used in the 
movement screen, no markers were placed on the bust or 
buttocks, therefore calculated body-shapes for the females did 
not match actual body-shapes. Therefore, future research 
should place markers on the bust and buttocks for the 
inclusion of females to assess shape. In addition, future 
research should assess the relationship between body-shape 
and movement performance during other movements (e.g. 
bird-dog, T-balance, lunge, L-hop, step-down, and hop-down).  
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Figure 1. As an example, body-shapes using MoSh for four 
football players (quarterback (QB), wide receiver (WR), 
running back (RB) and defensive tackle (DT)) were created 
using 42 surface markers. Animations were created using the 
same marker positional data for all athletes, only manipulating 
the beta values to the values that were assigned to each athlete.  
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INTRODUCTION 
 
Periodized exercise programs manipulate specific training 
variables (e.g. frequency, intensity, etc.) in a systematic manner 
to build athletes’ capacity to meets the demands of their sport. 
Devices such as inertial measurement units provide a unique 
opportunity for strength and conditioning coaches to collect and 
use kinematic data to assist with making these training 
decisions. For example, velocity data can be used to assign 
training loads or provide feedback to improve lifting velocity 
during training (1,2). However, the methods used to analyze the 
data (e.g. minimum vs maximum value during a set, the average 
of a set, or the spread of data during a set) may influence the 
coach’s interpretation of any findings, and thus the utility of the 
information being collected. Therefore, the purpose of this 
study was to examine if the data conditioning method used 
changes the interpretation of differences in the mean velocity 
attained between multiple sets of a free-weight bench press.  
 
METHODS  
 
Thirteen male powerlifters (27±7 years old, 87± 14kg, 7±4 
years training) with at least three years of competition 
experience or a free-weight bench press 1RM greater than 1.5x 
body mass completed two testing sessions within a 7-day 
period. During both testing sessions, participants performed a 
standardized warm-up, followed by a maximal velocity test 
with a 0.5kg wooden dowel and 1RM test. Four sets of five 
single repetitions were then performed with 45%1RM. 
Participants were instructed to move the barbell as fast as 
possible while performing each repetition.  Fifteen seconds and 
three minutes rest were given between reps and sets, 
respectively. The first and fourth set were analyzed for this 
investigation.  
 
Barbell kinematics were collected by recording the position of 
a retroreflective marker placed at the center of the barbell with 
a 3D motion capture system (NaturalPoint Inc, OR, USA). Data 
was smoothed with a 4th order Butterworth Filter. Event 
detection algorithms were used to determine the minimum and 
maximum displacement of the barbell during each repetition. 
Only the ascending phase was analyzed. Data was processed 
with Visual3D (C-Motion, MD, US).  
 
Seven conditioning methods were used to compute the intra-set 
velocity: 1) mean of 5 repetitions; 2), maximum of 5 repetitions; 
3) minimum of 5 repetitions; 4) range of 5 repetitions; 5) mean 
of middle three repetitions; 6) the first repetition; and 7) the 
final repetition. The difference between the first and fourth set 
for each conditioning method was compared using 95% 
confidence intervals.  

RESULTS 
 
Although the between-set difference for all conditioning 
methods shared similar polarity, the magnitude of the difference 
was larger when using the range, minimum, and first repetition 
(Figure 1). The width of the 95% confidence intervals suggest 
that the use of specific conditioning methods would conclude a 
statistically significant between set difference at p < 0.05 (set 
average and set maximum), while others do not (Figure 1).  
 

 
 

Figure 1: Average difference (%) and 95% CI of the seven data 
conditioning methods. CI that do not overlap vertical line suggest the 
average relative difference would be different from zero at p < 0.05.  
 
DISCUSSION / CONCLUSIONS 
 
The data conditioning method used changed the interpretation 
of between-set differences in the free-weight bench press mean 
velocity. This implies that the conditioning method used can 
dictate whether an intervention is deemed “effective”. If using 
velocity data to assign training loads or provide feedback during 
a training session, strength coaches and sport scientists should 
consider using repetition averages and/or the fastest repetition 
of a given set to detect changes in barbell velocity.  
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INTRODUCTION 
 
A recent focus in the aortic aneusrymal biomechanics research 
field has been in the development of effective patient in vivo 
simulations; predicting the behaviour of the patient’s aorta 
through finite element (FE) methods [1]. These simulations 
could provide invaluable knowledge as to which physiological 
conditions have the potential to cause rupture.  While there has 
been much research using imaging techniques, such as CT, to 
produce patient specific geometry for these simulations, the 
material parameters for the constitutive modeling are often 
derived from population averages [2]. However, for aortic 
aneurysms, as the driving mechanism of disease progression is 
the change in material properties of the aortic wall, the use of 
average material parameters could be detrimental to 
developing an accurate patient FE model.   
 
The purpose of this study was to evaluate the effect of using 
population averages as material parameters against patient 
specific material parameters for predicting aortic wall material 
behaviour. 
 
METHODS  
 
The material parameters of the Fung-like Guccione 
constitutive model were determined for ten aortic aneurysms 
tissue samples using inverse finite element simulations of a 
planar equibiaxial test. The population averaged parameters 
were determined from the average material behaviour of the 
samples through the same method. The resulting simulated 
material behaviours were compared through a scalar percent 
error. 
 
RESULTS 
 
The errors between the simulated and experimental behaviour 
were found to be significantly lower when using the patient 

specific parameters than population averages. The average 
error when using patient specific parameters was 2.1 % with 
the highest discrepancy being 9.5 %.  For the simulated 
behaviour determined from the population parameters, the 
average error of the samples increased to over 13.0 % with the 
highest discrepancy between the simulated and experimental 
behaviour being 67.6 % (same sample for the patient specific 
highest error). From Figure 1, the difference between the 
patient specific and population average material behaviour can 
be seen for one sample. The simulated response from patient 
specific parameters can be seen to reasonably reflect the 
experimental material behaviour, while the population average 
response predicts a more linear behaviour with lower stresses 
than the experimental behaviour 
 
DISCUSSION / CONCLUSIONS 
 
This study demonstrates that population averaged material 
parameters are not reliable for producing simulated material 
responses that reflect individual patients’ aortic wall 
behaviour. Patient specific in vivo simulations should rely on 
patient specific material parameters; moreover, to achieve 
clinical relevance these parameters need to be estimated non- 
invasively. 
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Figure 1: Comparison of simulated behaviour from patient specific (left) and population averaged parameter (right) for one sample 
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INTRODUCTION

As a result of its low stiffness, articular cartilage (AC) experi-
ences large deformations under physiological loading, resulting
in changes in permeability. At the micro-scale level, the non-
fibrous portion of AC is a fluid-proteoglycan (PG) mixture, and
has been modelled as such (e.g., [1]), considering that in gen-
eral, under an arbitrary deformation, the permeability becomes
anisotropic. On a higher length-scale (meso-scale), the collagen
fibre orientation becomes important because it influences both
the “magnitude” and anisotropy (i.e., dependence on direction)
of the permeability [2, 3]. Here, we propose an AC permeabil-
ity model under large deformations accounting for: a) collagen
fibre orientation within the porous PG matrix; b) fibre reorienta-
tion and distortion of the fibre-matrix composite.

METHODS

An undeformed cylindrical representative element of volume
(REV) of circular cross-section consists of a small segment of
fibre, aligned in direction M , surrounded by fluid-saturated PG
matrix (Fig. 1, left). Consider the REV centred at the material
point X , and the macroscopic deformation gradient F at X . The
macroscopic F is decomposed into F = FpFa, where Fa is the
axial part, stretching of �M = kFMk and rotating the fibre, and
Fp is the planar part with principal planar stretches ⇠1 and ⇠2,
and is applied as a homogeneous deformation on the REV. The
REV is stretched by Fa and its cross-section is distorted into an
ellipse by Fp (Fig. 1, centre). However, if the fibre is assumed to
be incompressible and to undergo only axial stretch �M and ro-
tation, it must preserve the circularity of its cross-section. To ac-
count for this, the macroscopic F must be corrected, at the REV
level, by a suitable non-homogeneous deformation F̃ (Fig. 1,
right) that adjusts the fibre deformation while leaving the lateral
boundary of the F -deformed REV unchanged.
The REV permeability  reduces to that in [3] in the undeformed
state and accounts for the distortion of the REV in the deformed
state. The overall permeability tensor k is found by averaging
the REV permeability  over all possible directions [3].

M

FM
kFMk = m m

Rf

R

F̃F

rfr

Figure 1: REV distortion; R and Rf are the (scalar) radii of the unde-
formed REV and fibre, respectively.

RESULTS

The REV permeability in principal (REV) directions can be seen
as a function of the permeable portion of deformed REV, i.e.,
the portion of the REV occupied by the PG-fluid mixture. In the
principal planar directions, we have 11 = ̂11(⇠2 R���1/2

M Rf )

and 22 = ̂22(⇠1 R���1/2
M Rf ). In the axial direction, we have

33 = ̂33(||), where || is the REV permeability in the fibre
direction. The variations of the permeability components kij un-
der simple shear in the X1-X3 plane, for a random distribution
of fibres (mimicking AC middle zone), are shown in Fig. 2.
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Figure 2: Simple shear test: non-zero components of the overall per-
meability tensor k, normalised with respect to undeformed matrix per-
meability PG0, i.e., kij/PG0.

DISCUSSION AND CONCLUSIONS

The results in Fig. 2 show the importance of accounting for
the effect of large deformations and of REV distortion on per-
meability. The initially isotropic permeability tensor becomes
anisotropic as a result of the reorganisation of fibre network and
of the fact that the ratio of the principal planar stretches is not
unity (⇠1/⇠2 6= 1), as the initially circular REV cross-section
attains an elliptical shape. The latter is a feature that was not
available in previous large deformation permeability models [4]
and allows for correctly reproducing some experimental results.
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INTRODUCTION 

Colles’ fracture is the most common osteoporotic fracture in 
women [1]. Bone fracture occurs when the external forces 
applied to bone exceed bone strength. High resolution 
peripheral quantitative computed tomography (HR- pQCT), 
combined with finite element (FE) modeling, can be used to 
estimate distal radius failure load [2]. Currently, the standard 
HR-pQCT-based FE model does not account for variations in 
bone tissue’s mechanical properties [3]. Further, the standard 
model has been validated using embalmed specimens, which 
can alter bone’s mechanical properties [4]. 

Using HR-pQCT imaging, FE modeling and mechanical 
testing, the first objective of this study was to evaluate bone 
strength predictions acquried from a HR-pQCT based FE model 
which accounts for variations in tissue mechanical properties  
using distal radius images obtained from fresh-frozen cadaveric 
forearms. The second objective was to define in vivo precision 
errors for distal radius bone strength predictions for different FE 
modeling parameters and failure criteria. 

METHODS  

Specimens: We acquired 19 cadaveric forearms and potted 
their midshafts in bone cement (PMMA). We imaged the distal 
radius via HR-pQCT (XtremeCT, Scanco Medical, 
Switzerland) using the standard clinical protocol [2]. To define 
FE precision errors in vivo, we imaged the radius of 28 
postmenopausal women at two time points. 
Mechanical Testing: We vertically aligned potted forearms in 
a material testing system (MTS Bionix, USA) and performed 
failure testing at 3mm/s onto the palm of the intact hand. Failure 
force was defined for each specimen. 
FE Analyses: We converted radius images to FE models using 
manufacturer-provided FE software (Image Processing 
Language). For the standard model, we used a single elastic 
modulus (i.e., E=6.829 GPa) for bone tissue [3,5]. For the other 
model (E-BMD), we used imaged bone mineral density (BMD) 
to define elastic moduli for individual elements [5]. We used 
Pistoia’s failure criteria for the standard model where failure 
occurs when 2% of the bone tissue exceeded an energy 
equivalent strain of 7000 µstrain [3]. The corresponding load at 
the critical strain limit represented the ‘failure load’ [3]. For the 
E-BMD model, we obtained a range of ‘failure loads’ using 
different failure criteria (i.e., stress or strain based) and 
percentages of strained tissue (i.e., critical volume).  
Statistics: We assessed relationships between FE-derived and 
experimentally measured failure loads using linear regression. 
Based on the coefficients of determination, we identified the FE 
model and failure criteria that best predicted bone failure load. 

We also report root-mean-squared coefficient of variation to 
define precision errors for different FE estimates of failure load.  

RESULTS 

The model using the failure criteria proposed by Pistoia (critical 
volume: 2%; critical strain limit: 7000 µstrain) explained 72% 
variance in experimental failure load. The E-BMD model, when 
using an energy-equivalent stress criterion with a critical 
volume of 0.1% and a critical stress limit of 70 MPa, explained 
80% of variance in failure load. CV% for failure load 
predictions was 3.0% for the standard model and 3.8% for the 
identified E-BMD model. The effect of failure criteria on the 
standard and E-BMD models is shown in Figure 1. 

Figure 1: Effect of critical volume on explained variance in 
experimental failure load (R2) and CV% for the standard model and E-
BMD model with stress based failure criteria

DISCUSSION / CONCLUSIONS 

The E-BMD model, accounting for bone heterogeneity, 
predicted 8% more of variance in fracture load than the standard 
model, and its precision error was comparable to that of the 
standard model. Results indicate that E-BMD model may offer 
an attractive alternative to estimate distal radius failure load. 
The E-BMD FE model may also help to improve monitoring 
efficacy of treatment and preventive therapies. 
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INTRODUCTION 
Hyaline articular cartilage – a multiphasic structure composed 
of solid and fluid components – is uniquely designed to 
dissipate forces at synovial joints. At the knee in particular, 
articular cartilage is susceptible to mechanical breakdown, 
most commonly resulting in osteoarthritis (OA), especially 
with age and obesity [1]. This mechanical breakdown results 
in altered function of the articular cartilage, affecting its ability 
to dissipate external loads during daily activities [2]. 
Physical activity is an excellent model to investigate the in 
vivo response of cartilage to loading. When combined with 
magnetic resonance imaging (MRI), changes in tissue water 
content and collagen fibre orientation can be investigated 
following activity via transverse relaxation time (T2) [3]. 
Therefore, it is a popular metric reported in the literature.  
Cartilage T2 is often reported as means and standard 
deviations over a large surface, such as the entire medial tibia.  
This method may mask detailed changes in T2 following 
activity. The purpose of this study was to use pixelwise z-
score maps to investigate changes in tibiofemoral T2 
following a running activity in young healthy men.    

METHODS  
Participants were recruited to complete three study visits: one 
to assess biomechanical demands of running and bicycling; 
and two to undergo imaging of the right knee before and after 
a bout of either running or bicycling activity. For the current 
analysis, scans obtained at baseline (pre-activity; run and bike) 
and after the running activity were utilized. Results from the 
entire study are presented elsewhere [4].   
All MR scans were captured using a research-dedicated 
MR750 Discovery scanner (GE Healthcare, WI, USA). 
Participants were scanned in the morning, following 30 
minutes of rest, to reduce the effects of activity on T2 [5]. A 
3D fat-saturated fast spoiled gradient recalled (FSPGR) and 
multi-echo spin echo (MESE) scan were captured for cartilage 
segmentation and the calculation of T2 maps, respectively. 
Then, participants completed either a running or bicycling 
activity. Immediately following activity, participants were re-
positioned in the scanner for imaging. MESE and FSPGR 
scans were captured in reverse order at post-activity to 
quantify immediate T2 changes in the cartilage tissue.     
Tibial and weight-bearing femoral articular cartilage were 
segmented from the baseline and post-activity FSPGR scans 
using a semi-automatic atlas-method [6]. Pixelwise T2 maps 
were calculated from the MESE scans across 8 echoes using a 
least squares estimation. For each the medial and lateral tibia 
and weight-bearing femur, T2 values pertaining to each 
respective segmentation mask were extracted. T2 volumes 
were flattened by taking the mean in the superior-inferior axis 
(e.g., “top-down” view). Using the segmentations, regions of 

interest were aligned for all participants. Mean and standard 
deviation maps were computed for each the baseline and post-
activity scans for the calculation of pixelwise z-score maps.  A 
Gaussian kernel filter was used to smooth the maps, then 
clusters of significant changes were identified using Gaussian 
random field theory [7].    

RESULTS 
Data from twelve participants were included (25.9±4.5 y; 
24.0±2.4 kg/m2). Each region showed a mean decrease in T2 
following activity; only the medial tibia was statistically 
significant (-4.6 ms; p=0.012). Clusters of shortened T2 in the 
central and posterior medial tibia were identified following 
activity (Figure1). Alternatively, the lateral tibia, and medial 
and lateral weight-bearing femur, showed clusters of 
lengthened T2 following activity.  

Figure 1: Z-score map showing clusters of significant changes 
(purple = shortened T2; yellow = lengthened T2) following the 
running activity of the medial and lateral tibial cartilage.  

DISCUSSION / CONCLUSIONS 
This small sampled study was able to show detailed changes in 
tibiofemoral T2 following a running activity. While mean T2 
decreased in all regions, the pixelwise mapping approach 
showed some areas of lengthened T2. This may suggest a re-
distribution of fluid within the tissue during activity. 
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INTRODUCTION 
 

Mechanical overloading of bovine tail tendons has been shown 
to produce “discrete plasticity”: nano-scale damage that occurs 
in the form of kinks along the length of collagen fibrils [1-3].  
Three techniques that can be used to visualize this nano-scaled 
damage include: scanning electron microscopy (SEM), atomic 
force microscopy (AFM), and transmission electron 
microscopy (TEM).  Discrete plasticity damage has previously 
be explored using SEM to image longitudinally sectioned 
tendon samples [1, 2], and AFM to image single overloaded 
collagen fibrils [3].  Recently, we have used TEM to further 
investigate discrete plasticity damage, and have found that this 
technique offers significant new information about the 
mechanism of damage in the fibrillar collagen of tendons.  
 

METHODS  
 

Damage was induced in bovine tail tendons via 5 sub-rupture 
overload cycles.  Fibres were isolated from the damaged 
tendons, fixed in glutaraldehyde and paraformaldehyde, and 
then underwent secondary fixation in osmium tetroxide, and 
en bloc staining with uranyl acetate.  Samples were then put 
through graded ethanol dehydration and embedded in EMbed 
812 resin (Electron Microscopy Sciences, Hatfield PA).   
 

Sections, approximately 70 nm thick, were taken from the 
embedded samples using an EM UC6-NT ultramicrotome 
(Leica Microsystems, Wetzlar DE), and transferred onto 600 
mesh nickel grids (Electron Microscopy Sciences, Hatfield 
PA).  Sections were then post-stained with methanolic uranyl 
acetate, and imaged at 80 keV using an FEI Tecnai-12 TEM 
(Thermo Fisher Scientific, Waltham MA). 
 

RESULTS 
 

TEM analysis of overloaded bovine tail tendons (Figure 1) 
revealed details of collagen fibril damage not previously 
identified by either SEM or AFM.  First, TEM was able to 
identify what appears to be the initiation of discrete plasticity 
damage within fibrils (Figure 1C): dark staining patches, 
located on opposite margins of a fibril, but longitudinally 
offset by 3-4 D-bands.  These dark patches indicate an 
increased exposure of charged amino acids to uranyl acetate 
staining due to a disruption in the organization of collagen 
either at the molecular or supramolecular level. This is 
consistent with the presence of denatured collagen at discrete 
plasticity kinks observed with SEM [1], and with the dark 
staining also seen around kinks in TEM (Figure 1B). 
 

Second, a breakdown of an extended length of some fibrils 
into their subfibrillar structures has been observed (Figure 
1D).  These subfibrillar components stain more intensely, 
confirming a disruption in collagen organization, this time at 

the subfibrillar level. Slanted D-banding is another feature 
which has been identified, in both damaged and undamaged 
tendon (Figure 1E), and may be due to the shearing of 
neighbouring, attached fibrils. 
 

 
Figure 1: TEM images of (A) the normal fibrillar structure of an 
undamaged bovine tail tendon and (B-E) overload damaged tendon 
collagen exhibiting (B) characteristic “discrete plasticity” damage; 
(C) dark-staining patches on non-kinked fibrils; (D) the breakdown of 
fibrils into subfibrillar components; and (E) slanted D-banding. 
 

DISCUSSION / CONCLUSIONS 
 

TEM allows for a more defined characterization of internal 
structure in damaged collagen than can be observed through 
AFM [3] or SEM of enzyme digested tendons [1].  With the 
help of uranyl acetate staining, which improves the contrast of 
D-banding by staining charged amino acids, it is possible to 
identify areas of disrupted collagen packing, which appear 
much darker than the highly organized collagen of undamaged 
fibrils. These results may show that a localized loss of 
collagen supramolecular organization is not always translated 
into a structural change on the level of the collagen fibril.  
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INTRODUCTION 
 
Over 20% of osteoarthritis (OA) patients do not report 
clinically relevant improvements in pain and function after 
total knee arthroplasty (TKA)[1]. It has not been investigated 
if self-reported improvement is related to improved joint 
mechanics, however a better understanding of this relationship 
would aid in determining if poor self-reported outcomes 
originate from mechanical factors, or if they reflect auxiliary 
patient perceptions. This study 1) examined if patients with 
poor self-reported improvements in pain and function post-
TKA (non-responders), demonstrate objective improvements 
in knee-joint mechanics during gait, and 2) aimed to 
characterize distinctive baseline demographic and gait features 
of non-responders, to aid in preoperative identification. 
 
METHODS  
 
Forty-five OA patients completed Western Ontario and 
McMaster University Osteoarthritis Index (WOMAC, 
0[worst]-100[best]) questionnaires and underwent gait analysis 
one-week pre and one-year post-TKA. External ground 
reaction forces and kinematics of the lower limb were 
recorded with an embedded force platform and optoelectronic 
motion capture system. Frontal and sagittal knee joint angles 
and net resultant knee moments were averaged for each patient 
and normalized to body mass. Principal Component Analysis 
was then applied to frontal and sagittal knee angle and 
moment waveforms, resulting in a new uncorrelated dataset of 
subject PC scores and PC loading vectors, describing the 
major modes of variability throughout the gait cycle (0-100%).  
 
Pre to post-TKA WOMAC changes were used to categorize 
patients as “responders” in pain (≥ 23) and function (≥ 19) 
independently, using published minimal clinically important 
difference criteria[2]. Pre-TKA responder and non-responder 
demographics and gait (PC scores) differences were examined 
using un-paired t-tests. Pre/post-TKA gait changes within 
responder/non-responder groups were examined using paired 
t-tests. Binomial generalized linear models examined gait and 
demographic features associated with responders in each 
domain, representing variables as odds ratios (OR), α≤0.05. 
 
RESULTS 
 
Overall, 11/45 and 9/45 patients were classified as non-
responders in pain and function [2]. Pre-TKA, non-responders 
in pain and function were less symptomatic (WOMAC Total, 
p=0.02, p=0.05), less radiographically severe (p=0.04), tended 
to be older (function non-responders only, p=0.05), walked 
with slower gait speeds (pain non-responders only, p=0.03), 

and with larger stance-phase adduction angle magnitudes (PC1 
p=0.05) than responders. Pre to post-TKA, non-responders in 
pain and function experienced reductions in stance-phase 
adduction angle magnitudes (PC1 p=0.01); no other mechanics 
improved. Pre to post-TKA, responders in pain and function 
showed reductions in stance adduction angle magnitudes (PC1 
p≤0.01), and improved adduction moment (PC2 p≤0.01; PC3 
p≤0.001), flexion moment (PC2 p≤0.01), and flexion angle 
magnitude and range features (PC1 p=0.01; PC3 p≤0.06).  
 
From binomial regression, the likelihood of reporting 
clinically-meaningful improvements in function (being a 
responder) decreased with age (OR=0.64, p=0.02) and body 
mass index (OR=0.60, p<0.01), and decreased if patients 
walked with greater stance range of flexion moment (PC2, 
OR=0.10, p=0.04) and stance-phase adduction angle 
magnitudes pre-TKA (PC1, OR=0.94, p=0.07). Using linear 
regression r2 was 40%. In the pain domain, the likelihood of 
being a responder decreased with larger stance adduction 
angle magnitudes before surgery (PC1, OR=0.96, p=0.06). 
 
DISCUSSION / CONCLUSIONS 
 
TKA patients with poor self-reported outcomes (non-
responders) in pain and function demonstrate poor objective 
improvements during gait. Pre-TKA, non-responders were less 
symptomatic, and walked with greater adduction (varus) angle 
magnitudes. Post-TKA dynamic varus angles decreased, yet 
non-responders lagged in improvement relative to responders, 
who experienced frontal and sagittal kinetic and kinematic 
corrections towards asymptomatic norms[3]. From regression, 
non-responders were also associated with less “severe” 
loading patterns at baseline[4], perhaps suggesting they had 
less to gain in clinical and objective function from surgery due 
to heightened functionality at baseline. These results indicate 
that high dynamic varus magnitudes in conjunction with older 
age and an absence of other severe OA features, may represent 
a clinical candidate subgroup. This group may not respond as 
favorably to TKA, and might benefit from an altered clinical 
or surgical approach relative to standard of care arthroplasty.  
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INTRODUCTION

For patients with knee osteoarthritis (OA), increasing co-
contraction of muscles surrounding the knee may be a strategy
to stabilize the joint against varus thrust (lateral “bowing out”
movement of the knee) during gait [1]. It is unclear if a relation-
ship exists between muscular co-contraction and varus thrust,
and whether the relationship is modulated by OA aetiology or
disease severity. The aim of this study is to quantify the asso-
ciation between muscle co-contraction and varus thrust in older
adults with knee OA and to determine if differences are modu-
lated by knee OA aetiology or disease severity.

METHODS

Twenty non-traumatic (59.5 ± 7.4 years) and twenty-one post-
traumatic (56.5 ± 8.8 years) knee OA patients were recruited
for this study. An 8-camera system (Qualisys AB, Sweden)
was used to collect data from a cluster-based marker set [2]
and muscle activity from electromyographic electrodes (Delsys
Inc., MA, USA) placed over the vastus medialis, vastus later-
alis, lateral hamstring, medial hamstring, lateral gastrocnemius,
and medial gastrocnemius. Radiographic knee OA severity was
estimated using Kellgren and Lawrence (KL) scores [3].

Data were exported to Matlab (v2017b, The Mathworks Inc.,
MA, USA) where the absolute difference in knee adduction an-
gle between heel strike and maximum adduction in early stance
(varus thrust) [3] and mean co-contraction ratios [5] across mus-
cle pairs from 100 ms prior to heel strike to maximum adduc-
tion in early stance were computed. Regression models for varus
thrust were constructed with KL score, OA type, and each mus-
cle pair co-contraction ratio as predictor variables. Statistical
analyses were performed in SPSS (v24, IBM Corp., NY, USA).

RESULTS

Higher vastus lateralis-lateral hamstring and vastus medialis-
medial hamstring co-contraction ratios were related to greater
varus thrust (R2 = 0.35 and 0.17, respectively), after controlling
for disease severity and group (p  0.001 and 0.030, respec-
tively) (Figure 1). There were no other significant relationships
between other muscle pairs and varus thrust.

DISCUSSION / CONCLUSIONS

The result indicate that increased knee varus is concomitant with
increased vastus lateralis-lateral hamstring and vastus medialis-

medial hamstring muscular co-contractions in older adults with
knee OA, regardless of disease severity or OA aetiology. In-
creased muscular co-contraction may represent an attempt to
minimize varus thrust and improve the stability of the knee joint
during the loading phase of gait.

Monitoring varus thrust could help clinicians and therapists gain
valuable insights on intervention outcomes or disease progres-
sion in patients with knee OA.
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Figure 1: Relationship between (a) vastus lateralis-lateral hamstring
(VL-LH) and (b) vastus medialis-medial hamstring (VM-MH) co-
contraction with knee varus in participants with non-traumatic and post-
traumatic knee osteoarthritis.
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INTRODUCTION 
Articular cartilage degeneration is the hallmark of osteoarthritis 
(OA), and induces aberrant knee joint loading, leading to the 
functional decline of the joint. Quantitative MRI measures such 
as T1rho and T2 relaxation time are proposed to be sensitive to 
acute and long term changes in knee articular cartilage structures 
such as collagen and proteoglycan. The purpose of this study is 
to explore the changes in T1rho and T2 relaxation time 
immediately following a functional loading stimulus in 
participants at risk for knee OA.  
 
METHODS 
Participants at risk for knee OA (according to the Osteoarthritis 
Initiative incidence cohort criteria) undergo a baseline MRI scan 
using a 3T Siemens Magnetom Trio magnet, and a 15-channel 
Siemens PRISMA knee coil, to acquire T1rho and T2 mapping 
sequences of the at-risk knee. Following the baseline MRI, all 
participants complete a standardized loading stimulus, which 
consists of 25 minutes of challenged walking on an 
instrumented, dual-belt treadmill capable of moving with six 
degrees of freedom. During walking, participants are subjected 
to changes in speed, inclines, declines, lateral sways, and 
random pre-specified perturbations in the form of rapid belt 
slips, sagittal plane pitches, and frontal plane sways. 
Immediately following challenged walking, participants repeat 
the MRI scan. T1rho and T2 relaxation maps are generated using 

software developed in-house. Superficial and deep load-bearing 
regions of medial and lateral articular cartilage of the femur and 
tibia are manually segmented and analyzed using 3D Slicer 
software. The reader is blinded to scan order. T1rho and T2 
relaxation times before and after challenged walking are 
compared using paired t-tests. 
 
RESULTS 
Eleven participants have completed the protocol to date. 
Following loading, articular cartilage T2 relaxation time 
shortened significantly in all superficial load-bearing 
compartments (p<0.009, Figure 1). T1rho relaxation time 
shortened significantly in the deep medial femur, deep lateral 
femur, and the superficial lateral tibial compartment (p<0.03).  
 
DISCUSSION / CONCLUSIONS 
T1rho and T2 relaxation time shortened in several load-bearing 
regions after challenged walking, suggesting a decrease in water 
content in articular cartilage after the functional loading 
stimulus. These results support the use of the standardized 
challenging walking test to evoke acute changes in knee articular 
cartilage in participants at risk for knee OA. 
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INTRODUCTION 
 
Knee pain is influenced by various factors that differ among 
patients with knee osteoarthritis (OA) and its association 
with dynamic knee joint loading may be influenced by 
between-person confounding. Reported relationships 
between knee pain and gait biomechanics are generally quite 
low, questioning their clinical relevance [1-5]. The objective 
of the present study was to investigate the association 
between knee pain and external knee moments during 
walking, while controlling for extraneous factors by 
comparing limbs within patients with medial knee OA.  
 
METHODS 
 
265 patients with medial compartment tibiofemoral OA and 
discordant changes in knee pain between limbs after walking 
were identified from a gait registry of patients with knee OA. 
All patients had rated their pain in each knee on an 11-point 
numeric rating scale (0 to 10) before and after a six-minute 
walk and then completed three-dimensional gait analysis. 
For each limb, the change in pain was recorded as an 
increase (≥1 points) or not (≤0 points). Therefore, for each of 
the 265 patients with discordant changes in knee pain, one 
knee was classified as "increased" pain and the other knee 
was classified as "not increased" pain. Among paired limbs, 
the associations between an increase in pain and selected 
external moments about the knee during walking were 
evaluated using conditional logistic regression before and 
after adjusting for Kellgren and Lawrence grade of 
radiographic severity. Selected moments included the peak 
external knee adduction, flexion and internal rotation 
moments and adduction impulse. 
 
 

RESULTS 
 
Unadjusted and adjusted odds ratios are presented in Table 1. 
An increase in pain was significantly associated with the 
peak knee adduction moment (OR=2.43, 95%CI=1.77, 3.33), 
adduction impulse (OR=6.62, 95%CI=3.46, 12.7), peak knee 
flexion moment (OR=0.46, 95%CI=0.36, 0.60) and peak 
knee internal rotation moment (OR=7.89, 95%CI=3.41, 
18.2). Associations remained significant (p=0.05) after 
adjusting for Kellgren and Lawrence grade.  
 
CONCLUSION 
 
When between-person confounding is lessened among 
patients with medial knee OA, there are significant 
associations between knee pain and external knee moments 
during walking in all three planes that vary in magnitude and 
direction. 
 
REFERENCES 
 
[1] Hall M et al. (2017). Osteoarthritis Cartilage 25(1);34-
41.  
[2] Henriksen M et al. (2012). Knee 19(4);392-398.   
[3] Jones RK et al. (2014). J Orthop Res 32(9);1147-1154.  
[4] Maly MR et al. (2008). Clin Biomech 23(6);796-805. 
[5] O'Connell M et al. (2016). Clin Biomech 31;40-46.  
 
FUNDING 
 
This research was undertaken, in part, thanks to the funding 
from the Canadian Research Chairs Program, the Canadian 
Institutes of Health Research, and the Arthritis Society. The 
funders had no role in study design, collection, analysis or 
interpretation of the data.  

  
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 

  
  

Table 1. Association of each gait variable with increased knee pain after walking (N=265).  
 Unadjusted Adjustedγ 
 Odds Ratio (95%CI) p-value Odds Ratio (95%CI) p-value 
Adduction Moment 2.43 (1.77, 3.33) <0.001 1.67 (1.12, 2.48) 0.01 
Adduction Impulse 6.62 (3.46, 12.7) <0.001 2.83 (1.26, 6.35) 0.01 
Flexion Moment 0.46 (0.36, 0.60) <0.001 0.66 (0.49, 0.89) 0.01 
Internal Rotation Moment 7.89 (3.41, 18.2) <0.001 3.02 (0.99, 9.19) 0.05 
γAdjusted for Kellgren and Lawrence grade of radiographic severity. 
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INTRODUCTION 
Knee ostoearthritis (OA) is the most common disease world-
wide and is usually perceived as a unilateral disease [1]. Knee 
joint effusion has been shown to be an independent predictor of 
structural severity in the symptomatic knee [2] and has been 
associated with altered joint function during gait [3]. The 
purpose of this study was to determine whether the presence of 
knee effusion in the symptomatic joint could affect the 
mechanical and neuromuscular environment of the ipsilateral 
and contralateral knee joint during gait in those with moderate, 
medial compartment knee OA. 
 
METHODS  
34 participants diagnosed with moderate, medial compartment 
knee OA were recruited. Knee effusion was determined by the 
maximum suprapatellar recess depth (SRD) of a cut-off of 4mm 
[2] using an ATL HDI 3000 ultrasound (US) imaging system 
(Philips Medical Systems, WA, USA). Participants were not 
included if effusion was present in the contralateral knee. Gait 
analysis was recorded on a R-mill (Motekforce Link, 
Culemborg, Netherlands) dual-belt instrumented treadmill at 
self-selected speed. Skin markers, rigid clusters and virtual 
points were recorded at 100Hz during walking (Qualisys, 
Gothenburg, Sweden). Three-dimensional ground reaction 
forces (GRF) were recorded at 2000Hz.  Electromyography 
from vastus medialis (VM) and lateralis (VL), medial (MH) and 
lateral hamstrings (LH), and medial (MG) and lateral gastro-
cnemius (LG) was recorded using standardized procedures at 
2000Hz using a Bortec Amplifier (Bortec Inc, Calgary, Canada) 
and amplitude normalized to maximum voluntary isometric 
contractions (MVIC) [4]. Frontal and sagittal net external 
moments were derived through inverse dynamics and sagittal 
plane angles calculated through Euler rotation sequencing.  
 
Discrete moment and motion variables were determined from 
the ensemble averaged gait waveforms. Principal component 
analysis (PCA) was performed on EMG waveforms to capture 
amplitude and temporal based features. A two-way mixed-
model ANOVA was performed to test for group (effusion/no 
effusion), limb (contralateral/ipsilateral) and interactions in 
knee biomechanics Three-way mixed-model ANOVA was 
performed on the PP-scores to identify muscle, limb and group 
interaction effects. Bonferroni corrected pairwise post-hoc 
comparisons were made. A p-value of 0.05 was used to 
determine statistical significance. 
 
RESULTS 
Of the 34 participants, 16 had effusion. No biomechanical 
differences existed between the effusion and non-effusion 
group, however the ipsilateral limb had a lower difference 
between early-stance maximum and late-stance minimum in the 

sagittal angle and a lower difference between early-stance 
maximum to late-stance minimum in the sagittal moment 
compared to the contralateral limb. Greater overall activation 
amplitude of the hamstrings and quadriceps (PP1scores), and 
phase-shifted gastrocnemius activity was found in the effusion 
group compared to the non-effusion group. Moreover, a lower 
difference in gastrocnemius activation between early and late 
stance (PP2 scores) in the ipsilateral limb, and greater mid-to-
late stance hamstring activation (PP3 scores) on the 
contralateral side was found in the effusion group.  

 
Figure 1: Ensemble-averaged waveforms of the quadriceps and 
hamstrings for each group. 
 
DISCUSSION / CONCLUSIONS 
With the presence of effusion, gastrocnemius muscles activated 
in a less dynamic manner having greater activation levels during 
early stance and lower activation during propulsion [5], while 
hamstrings had higher mid-to-late-stance activation aimed at 
improving stability on the contra-lateral side. Overall, the 
effusion group had higher quadriceps and hamstring activations 
and phase-shifted gastrocnemius activity regardless of limb, 
reflecting the stability demands of the joint to preserve knee 
function when effusion is present in the symptomatic knee [3]. 
Biomechanical and muscular differences existed between the 
ipsilateral and contralateral side that are consistent with 
previous findings [4]. Effusion is linked to neuromuscular 
alterations in both limbs, and some of these alterations have 
been related to increased structural severity. Understanding 
which pathological feature, like effusion, triggers the 
progression of OA can help inform treatment interventions on 
the ipsilateral side and inform preventative efforts on the 
contralateral side. 
 
REFERENCES 
[1] M et al. (2012). BMC Musculoskeletal Disorders 13;153. 
[2] C et al. (2010). Ann Rheum Dis 69; p.644-647. 
[3] R et al. (2012). Osteo and Cartl 20; 974-981 
[4] H et al. (2006). J of Elec and Kin 16; 365-378 
[5] R et al. (2013). J of Elec and Kin 23; 704-711 
FUNDING: Nova Scotia Health Research Foundation

 

Scott Landry
T05



DETECTING PERFORMANCE DIFFERENCES IN PROTOTYPE TRACTION/DISTRACTION KNEE BRACES 
Timothy J. Gadzella1, Allan T. Dolovich1, Emily J. McWalter1, James D. Johnston1 

1Department of Mechanical Engineering, University of Saskatchewan, Saskatoon, CA 
Email: tim.gadzella@usask.ca  

 
INTRODUCTION 
Osteoarthritis (OA) is a debilitating disease, affecting 14% of 
the Canadian population over the age of 15 [1]. Current OA 
knee braces attempt to “unload” the most-affected compartment 
of the knee by applying an external moment about the joint in 
the sagittal plane, combatting collapse of the joint that occurs as 
the disease progresses. Although these braces are effective at 
reducing pain in OA patients [2], their ability to re-open (or 
“distract”) the collapsed joint space is uncertain [3,4]. Also, 
these braces transfer all joint load to the contralateral 
compartment, which could accelerate OA in the less affected 
compartment. Our research group has designed a knee brace 
specifically to distract the knee joint through the direct 
application of traction force rather than through a moment. The 
objective of this research was to demonstrate the capability of 
the lower-leg brace to  apply traction load to the leg and to test 
different configurations for performance using two metrics: 
wearer comfort/pain and interface force distribution. 

METHODS  
Prototype knee braces were manufactured for nine healthy 
volunteer participants (age: 25 ± 6 years) in three different 
configurations. These configurations each had different 
coverage of the leg: one was short (3”), one was long (7”), and 
the third combined elements of different lengths (7” anterior 
piece with 3” posterior piece). 

Traction loads were applied to the knee braces in increments of 
30N. Interface force measurements were taken using 8 
FlexiForce A502 sensors (Tekscan, Inc. South Boston, MA, 
USA). Participants reported their discomfort at each increment 
using an 11-point Likert scale from zero to ten. Tests concluded 
at a load of ½ the bodyweight of the participant or when 
participants reported discomfort at a rating of 7.  

Discomfort ratings and average interface forces were analyzed 
using ANACOVA in SPSS statistics software (IBM Analytics, 
Armonk, NY, USA) to detect differences among the braces’ 
performance as the applied load increased. 

RESULTS 
All prototype knee braces tested in this study demonstrated their 
ability to support traction forces exceeding 100N. Most 
participants sustained forces up to 260N, often approaching ½ 
of their bodyweight. Subject pain was positively associated with 
traction load for all designs. For the same traction load, the short 
design had the highest pain levels while the mixed model has 
the lowest (Figure 1). Interface force was also positively 
associated with traction load. In general, the short design had 
the highest peak interface forces whereas the mixed model had 
the lowest (Figure 2).  

DISCUSSION / CONCLUSIONS 
Prototype knee braces tested in this study were able to bear 25% 
of participant bodyweight, demonstrating the braces ability to 
off-load the joint. This would be akin to the subject losing 25% 

bodyweight, effectively reducing the loads experienced by the 
knee throughout gait. 

Comparison of regression curves for pain and interface force 
demonstrated differences in brace performance. The shorter 
brace had higher average pain scores and demonstrated local 
loading, indicating that greater coverage of areas is required for 
an effective design. The capability to differentiate between 
brace designs using this research provides both a tool for future 
investigation and a direction for optimization of the design. 
Future work should investigate the role of surface and muscle 
geometry in bearing traction loads. 
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Figure 1: Comparison of pain response models for three braces 

 
Figure 2: Comparison of average interface force response models for 
three brace designs 
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INTRODUCTION 
Recently, the rate at which sit-to-stand workstations are being 
introduced into the workplace has seen a dramatic increase. 
These workstations have shown increased popularity in recent 
years, demonstrating the potential for decreased sedentary 
behavior, diminished fatigue and greater comfort [1].  
 

The Canadian Standards Association (CSA) Guideline for 
Office Ergonomics, states that when performing a light office 
task, while sitting or standing, the workstation should be set 5 
cm below the workers’ hand height with elbows bent at 90°, 
with the monitor placed at or slightly below eye level [2]. 
However, despite the critical role these guidelines play in 
training users to effectively use sit-stand workstations, these 
guidelines do not include potential accommodations that may 
be required during the sit-to-stand transition. Thus, the 
purpose of this investigation was to evaluate posture changes 
and required accommodations between sitting and standing. 
 

METHODS 
Sixteen participants (8 female and 8 male) were recruited 
between the ages of 18 and 25 years old. Participants 
completed four conditions: 1) Sitting Constrained (Sit-C); 
where the chair, desk and monitor heights were adjusted 
according to CSA seated work guidelines. 2) Sitting Free (Sit-
F); the participant was free to adjust their workstation to their 
preference for seated work. 3) Standing Constrained (Stand-
C); where the desk and monitor heights were adjusted 
according to the CSA standing work guidelines. 4) Standing 
Free (Stand-F); the participant was free to adjust their 
workstation to their preference for standing work. Each 
condition lasted 15 minutes and during each condition, 
participants were randomly assigned the following computer 
tasks for 5 minutes each: 1) Reading off the monitor (READ), 
2) Data entry on the computer (FORM), and 3) Typing 
paragraphs (MAIL).  
 

Movement of the head, thoracic, lumbar spine, pelvis and 
monitor were tracked at 10 Hz using an optoelectronic motion 
capture system (Optotrak Certus, NDI, Waterloo, Canada). 
Focal Distance (horizontal eye to monitor distance), Lumbar 
Spine Angle, Trunk Angle relative to vertical and Neck Angle 
were calculated as average values across each 5 minute task. A 
three-way mixed model ANOVA assessed the influence of 

Condition (Sit-C, Sit-F, Stand-C, Stand-F), Task (READ, 
FORM, MAIL), and Gender on posture.  
 

RESULTS 
A significant main effect of Condition (p= 0.041) was 
observed for Focal Distance. Which was as a result of a 
decrease in Focal Distance when standing in comparison to 
sitting.  
 

There was a significant main effect of Condition (p < 0.0001) 
and Task (p < 0.0001) for Lumbar Spine Angle. Not 
surprisingly, there was significantly more lumbar spine flexion 
in the Sitting conditions when compared to Standing. For the 
main effect of Task, READ resulted in significantly more 
lumbar flexion in comparison to FORM and MAIL. A 
significant main effect of Trunk angle relative to vertical was 
observed for Condition (p < 0.0001). During both sitting 
conditions, participants sat with their trunk flexed relative to 
vertical. While during both standing conditions participants 
stood with their Trunk extended relative to vertical.  
 

There was a significant Condition x Task interaction for neck 
angle (p < 0.0001). Standing conditions resulted in 
significantly more neck extension for READ. MAIL during 
standing conditions resulted in neck extension, while MAIL 
sitting resulted in neck flexion. Standing during READ 
resulted in a neutral neck position in comparison to sitting 
which resulted in neck flexion.   
 

DISCUSSION / CONCLUSIONS 
The results from this investigation suggest that posture 
alignment differences do occur between Sitting and Standing 
and across occupational tasks. These differences were 
observed as differences in trunk flexion relative to vertical, 
neck posture and focal distance. Results from this 
investigation support the notion that equipment adjustments, 
including monitor location are necessary to accommodate for 
posture alignment changes when switching between sitting and 
standing.  

REFERENCES 
[1] Alkhajah TA, et al. Am J Prev Med, 43(3), 298-303, 2012 
[2] CSA Group, (CSA Z1004-12). Toronto, Ontario, 2012 
 
FUNDING: Centre of Research Expertise for the Prevention 
of Musculoskeletal Disorders (CRE-MSD)  

Scott Landry
T07



THE VALIDATION OF DIGITAL HUMAN MODELING TOOLS FOR THE INVESTIGATION OF 
MUSCULOSKELETAL DISORDER HAZARDS DURING PATIENT HANDLING 

 
Uma Lad1, Aleksandra Budarick1, Steven Fischer1 

1Department of Kinesiology, University of Waterloo, Waterloo, Canada 
ulad@uwaterloo.ca 

 
INTRODUCTION 
Patient turing tasks expose healthcare providers (HCP) to high 
bone-on-bone forces, resuting in the development of 
musculoskeltal disorders (MSDs)[1]. Researchers have been 
able to estimate biomechanical exposures during patient turning 
using kinematic and kinetic data collected from HCPs[2]; 
however, many of these laboratory-based studies have suffered 
from challenges affecting the ability to gather reliable data[3]. 
Digital human modeling (DHM) may offer unique advantages 
over direct measurement to estimate biomechancially relavent 
exposures. DHM simulates humans anthropometrically and 
biomechanically in 3D space. Avatars, representing humans, 
have integrated rigid-link skeletal models powered by inverse 
kinematics and kinetics algorithms to simulate real-time joint 
positions and resultant contact forces. Investigators have used 
DHM to evaluate MSD hazards [4]; however, there is limited 
evidence on the fidelity of their outputs. The objective of this 
study was to compare the ability of two commercial DHM 
software packages to produce valid kinematic and kinetic 
outputs when simulating HCPs performance of patient turning.  
 
METHODS  
25 HCPs (eight males; Age 36 ±13; Weight 73.5±14.4kg; 
Height 1.7±0.1m; Years of patient handling experience 10±12) 
performed a patient turn in the laboratory using a hospital bed 
with a live 84kg male patient. Whole body kinematics and 
sagittal plane video were collected (Vicon, Centennial, CO, 
USA). External peak hand force was measured using a DFX-
200 digital Chatillon force gauge (MRM Precision Instruments, 
ON, CA). An accelerometer (Delsys Trigno, MA, USA) was 
placed on the sternum of the patient to identify point of initial 
patient motion. A rigid link model of participants was created 
in Visual3D V5 (C-Motion Inc., MD, USA) using processed 
kinematic data. Hand force was applied to the grip center of the 
hands at the frame of peak force application. A top down 
modeling approach was used to calculate shoulder and L4-L5 
angles and corresponding moments about the flexion/extension 
axis. These outputs were extracted and used as criterion 
measures to validate the DHM software.  
 
Siemens Jack V 8.4 (Siemens PLM Software Inc., MO, USA) 
and Santos Pro™ (SantosHuman Inc., IA, USA) digital human 
modeling software packages were used to simulate the patient 
turn.  

Using the video data, avatar joints were manipulated to match 
the static posture of the HCP at the frame of peak force 
application. Anthropometrics and peak hand force gathered 
from the laboratory experiment were inputted into the digital 
models. Shoulder and L4-L5 angles and moments were 
computed and extracted about the flexion/extension axis from 
both software packages. Pearson Product Moment correlation 
coefficients were computed to assess the relationship between 
DHM outputs and the criterion model outputs and the level of 
agreement was verified using a paired sample t-test.   
 
RESULTS 
Strong correlations (r>0.7) were found for shoulder angle 
outputs from both DHM software. However, only Santos 
Pro™ values showed agreement with the criterion. Compared 
to Santos Pro™, a weak correlation (0.3≤ r ≤ 0.5) was found 
for L4-L5 angles produced by Jack but were in agreement with 
the criterion values. Significant correlations were observed for 
L4-L5 moment from both software; however, showed 
disagreement (contained proportional bias) (Table 1).  
 
DISCUSSION / CONCLUSIONS 
Results from this investigation indicate that DHM tools have 
the potential to produce valid kinematic variables but may be 
limited in computing human kinetic variables when simulating 
a patient handling task. L4-L5 moments were underestimated 
by both softwares, indicating poor validity. This may have been 
a result of differences in biomechanical modeling assumptions 
related to anthropometry, degrees of freedom in the skeletal 
linkage model or defined joint coordinate systems. 
Additionally, user error in the ability to precisely posture the 
avatars may have contributed to differences observed in 
outputs. The use of DHM tools for biomechanical analyses of 
patient handling tasks has the possibility to aide in the 
investigation of MSD hazards; however, it is important for 
investigators to understand the underlying assumptions of 
digital human models that may affect kinematic and kinetic 
outputs used to quantify MSD hazards. 
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Table 1: Correlation coefficients (r) computed for Siemens Jack and Santos Pro™ output variables. *Indicate correlations significant at 
p<0.05. Bolded correlations indicate relationships that agreed within 95% confidence intervals.  

 Shoulder flexion/extension 
angle (degrees)  

L4-L5 flexion/extension 
angle (degrees) 

Shoulder flexor/extensor 
moment (Nm) 

L4-L5 flexor/extensor 
moment (Nm) 

Siemens Jack 0.82* 0.45* 0.01 0.73* 
Santos Pro™ 0.92* 0.08 0.09 0.47* 
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INTRODUCTION 
 
Carpal tunnel syndrome (CTS) is a highly prevalent 
peripheral neuropathy resulting from median nerve 
compression.  It is commonly found in jobs requiring 
repetitive, forceful, and awkward hand postures.  Chronic 
nerve compression leads to nerve hypervascularization and 
altered local blood flow.  Deviated wrist postures 
significantly alter intraneural blood flow velocity [1], 
potentially leading to intraneural edema [2], compromising 
nerve function.  Repetitive differential finger movement 
creates shear strain between the finger tendons and their 
connective tissue [3], potentially leading to fibrosis and 
thickening of the tissues, narrowing the space within the 
carpal tunnel and further compressing the nerve.  Few 
studies have examined the link between intraneural blood 
flow [4] and differential tendon mechanics [5] in CTS 
patients.  The purpose of this study was to investigate tendon 
mechanics and nerve blood flow in clinically diagnosed 
workers with differing severities of CTS.   
 
METHODS  
 
Thirty-five patients (58.3 ± 13 years) diagnosed with CTS 
were recruited following electrodiagnostic testing to 
determine CTS severity.  The lead investigator was blinded 
to the diagnosis severity.  Ultrasound (Vivid Q BT10, GE 
Healthcare, Milwaukee, WI) and a high frequency linear 
array transducer (12MHz) was used to collect pulse-wave 
and colour Doppler images of patients under two 
experimental conditions assessing: (1) mean peak intraneural 
blood flow velocity of the median nerve in three wrist 
postures (neutral, 15˚ flexion, 30˚ extension); (2) relative 
motion between the flexor digitorum superficialis tendon of 
the third digit and its sub-synovial connective tissue during 
repetitive finger motion.  Mean peak blood flow velocity 
was defined as the average of peak systolic velocity from 
three cardiac cycles.  A questionnaire assessed the patient’s 
work history and captured the frequency and intensity of 
work-related and non-work related hand use.   
 
RESULTS 
 
Mean peak blood flow velocity increased with extension (M 
= 4.14 cm/s, SD = 2.86) which was greater mean peak blood 
flow velocities than flexed (M = 3.52, SD = 1.98) or neutral 
(M = 3.69, SD = 2.28) wrist postures, although not 
statistically significant (Figure 1).  A high degree of 
variability was observed in mean peak blood flow velocity 
values between participants, likely due to severity.  This 

cannot yet be determined as the data remain blinded until the 
final analysis. 

 
Figure 1: Boxplots (minimum, 25th/50th/75th percentile, maximum) 
of mean peak blood flow velocity (cm/s) across wrist postures.  
 
DISCUSSION / CONCLUSIONS 
 
Intraneural blood flow velocity in CTS patients was variable 
across postures.  Upon conclusion of the blinding period, 
stratification of results may reveal differences in intraneural 
blood flow depending on severity.  Tendon-connective tissue 
relative motion is also expected to be greater in this 
population compared to previous findings among healthy 
and CTS symptomatic populations [6], and dependent on 
severity. The relationships between tendon mechanics, local 
blood flow, severity and work history will reveal the 
influence of work-related, and non-work related factors on 
carpal tunnel tissue mechanics.  These findings will assist in 
guiding evidence-based ergonomic interventions for the 
prevention of CTS.   
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INTRODUCTION 
 
Emerging work has found that some healthy individuals 
develop transient, but clinically relevant, levels of perceived 
pain in response to sitting (“pain developers, PD”) where 
others do not (“non-pain developers, NPD”) [1]. Rapid 
identification of PDs in the field would allow for targeted 
prevention strategies for these individuals. Thus, the purpose 
of this study was to develop preliminary machine-learning 
algorithms to automatically classify individuals as PDs or 
NPDs based on their biomechanical signals.  
 
METHODS  
 
94 participants were recruited for a lab-controlled experiment 
including a 1-hour exposure to sitting with a standardized 
typing task. Biopsychosocial questionnaires (health history, 
International Physical Activity Questionnaire, Modified 
Oswestry and Tampa Scale of Kinesiophobia, Back Pain 
Attitudes) were collected and participants were then 
instrumented with accelerometers (ADXL335, Analog 
Devices, MA, USA) placed over the L1 and S2 spinous 
processes, and surface EMG for the thoracic and lumbar 
erector spinae and multifidus muscles bilaterally. These 
biomechanical signals were collected continuously throughout 
the sitting trial at a sample rate of 1500 Hz using Desktop 
DTS, NoraxonTM (Noraxon, Phoenix, AZ, USA) and then 
down sampled to 50 Hz for processing. Ratings of perceived 
back pain (RPP) were taken at baseline and 7.5 minutes 
intervals during the 1-hour trial. Baseline responses were 
subtracted from subsequent data points to represent changes in 
pain that manifested throughout sitting itself. Individuals were 
identified as NPD or PD based on their peak change RPP 
scores from the 1-hour trial (NPD: RPP < 10 mm; PD: RPP ≥ 
10 mm). Spine angles and movements were calculated from 
the raw accelerometer data using a custom code in MatlabTM 
(Version 2017b, The Mathworks, Nattick, MA, USA) and then 
normalized to a percentage of maximum spine flexion. The 
magnitude and frequency of fidgets (movement of the angle 
that returns to approximately the same magnitude within a 
short period of time) and shifts (movement of the angle to a 
new magnitude) in the lumbar angle were assessed from the 
time-varying signal using established methods from the 
literature [2]. EMG data were processed with bias removal, 
band pass filtering from 30-500 Hz to remove heart rate 
contamination, and low-pass filtering with a 2nd-order 
Butterworth filter (cut-off frequency 2.5 Hz).  EMG data was 

normalized to %MVC using the maximum value for each 
muscle group respectively. Average EMG values, standard 
deviations, and cross-correlations were calculated for each 
muscle group. For the purpose of classifying PDs and NPDs 
we used extracted features including spine muscle activity, 
spine posture, spine movement data as well as qualitative data 
of family history, disability, back pain attitudes and 
kinesiophobia. We calculated signal features from the second 
five minutes of the sitting trial to adjust for any settling of 
posture in the seat. Then, we used an automatic feature 
selection algorithm based on a greedy search of the feature 
space and maximizing fisher score to identify discriminatory 
features. Classification was done using both linear 
discriminant analysis (LDA) and support vector machine 
(SVM) methods (100 runs of 6-fold cross-validation). 
 
RESULTS 
 
48 participants were identified as PDs and 46 as NPDs based 
on the perceived pain ratings. Using our calculated feature set 
and classification algorithms, we were able to classify PDs and 
NPDs with an accuracy of about 57% by the SVM method and 
65% by LDA, which is significantly greater than chance (i.e. 
50%). 
 
DISCUSSION / CONCLUSIONS 
 
The preliminary results are promising, and further steps 
towards making our algorithm practically viable will be to 
optimize the features pool and to explore the outcomes with 
other classification or regression methods such as K-nearest-
neighbours, random forest, etc. The final goal of this work will 
be to translate the algorithms into a real-time, wireless sensor 
technology that can be used in the field to assess the sitting 
tolerance of individuals as quickly as possible.  
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INTRODUCTION 

Over the past few decades, the age of the average 
Canadian has been gradually increasing. Because there 
is no mandatory retirement age in Canada, this increase 
in population age results in an increase in the number of 
older Canadian workers. With this age increase, it is 
possible that these aging workers could be plagued by 
ailments such as increased joint stiffness that typically 
affect older individuals. The subsequent mobility 
impairments can be particularly problematic for jobs 
requiring sustained postures. A seated posture is the 
most common sustained posture in our daily lives.  
The purpose of the current study was, therefore to 
quantify age-related changes in low-back stiffness 
before and after a prolonged seated task. 

METHODS  

Forty-six participants were recruited and placed into one 
of three groups based on chronological age: 20-25 years 
(n = 18), 40-45 years (n = 15) and 60-65 years (n = 13). 
All participants were free from any current low back 
pain and had not missed any school or work due to low 
back pain in the past 12 months. 

Low-back stiffness was estimated by testing the passive 
flexibility of the low-back [1,2]. Participants were 
placed in a side-lying position with their lower body 
secured to a stable base, and their upper body secured to 
a support that “floated” over a surface of ball bearings. 
This configuration allowed for the participant to relax 
completely while the researcher pulled them into full 
forward trunk flexion. The force required to pull them 
into their fully-flexed position was recorded with a tri-
axial load cell (Bertec, Columbus, OH) mounted to the 
support. Trunk flexion angle and moment arm length 
were estimated using motion-capture (Qualisys, 
Gothenburg, Sweden). This testing protocol was 
completed before and after the participants completed 
60-minutes of simulated seated work. 

Moment-Angle curves were fit with a 4th-order 
polynomial, which was then differentiated to obtain the 
point at which the greatest change in slope occurred. The 
slope of the moment-angle curve from this point to the 
end of the flexion was used to represent the linear 
stiffness of the low-back.  

RESULTS 

While the results from the current analysis were not 
significant due to the large between-subject variation, 
interesting trends were observed. As seen in Figure 1, 
there was a slight increase in stiffness with age. 

Additionally, the effect of sitting was most evident in the 
older population, with a very slight decrease in stiffness 
(-0.006 Nm/%) seen in the youngest group, a more 
pronounced increase in stiffness (0.02 Nm/%) in the 
middle age group and the largest increase in stiffness 
(0.06 Nm/%) seen in the oldest age group. 

 
Figure 1: Comparison between low-back stiffness values for 
the three age groups before and after sitting. While not 
significant, some clear trends are seen, which have interesting 
implications. 

DISCUSSION / CONCLUSIONS 

The increasing stiffness with age was expected, 
although the differences were expected to be more 
pronounced. The magnitude of the effect of sitting on 
low-back stiffness in the two younger groups are 
negligible, however the magnitude of this effect 
increases between the middle and older age-group. This 
suggests that aging-related changes in the body may not 
be a linear process, but rather, may have a more 
exponential-type curve. The increased effect of sitting 
on low-back stiffness in the older group also suggests 
that recommendations regarding standing rest-break 
cycles for seated work may be more effective if they are 
tailored according to worker age to help mitigate the 
effect of the change in stiffness on tissue mechanical 
properties following seated work. 

The researchers suggest that the lack of significance in 
these findings may be due to the relatively short duration 
for the seated work component of the study. One-hour 
may not be long enough to fully-elicit the changes due 
to a sustained posture. 
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INTRODUCTION 
 
Cardiovascular disease accounts for approximately one third 
of all deaths in Canada [1]. Obesity, a significant risk factor 
for developing cardiovascular disease, is drastically increasing 
in prevalance [2]. Further, obesity is occuring in greater 
proportions of children [2]. However, the effects of childhood 
obesity on cardiovascular development have not been well 
studied. The purpose of this investigation was to compare the 
contractile properties of cardiac muscle from juvenile obese 
and non-obese rats. 
 
METHODS  
 
Dietary Intervention: Three-week old male rats were 
randomized into two groups. The control group (CON) (n=8) 
was fed a chow diet (protein 30%, fat 13%, carbohydrate 
57%), and the childhood obesity group (OB) (n=8) was fed a 
high fat, high sugar diet (protein 15%, fat 40%, carbohydrate 
45%) for 14 weeks.  
 
Tissue Isolation: After 14 weeks of dietary obesity induction, 
animals were sacrificed, and the hearts were removed. The 
hearts were flushed with a rigor solution and weighed. The left 
ventricles were cut open, and the trabeculae muscle was 
dissected. Lengths of muscle were transferred to a rigor 
solution overnight, and transferred to a 50% rigor and 50% 
glycerol solution for four weeks to permeabilize the 
membranes. 
 
Mechanical Testing: On the day of experiments, fibre bundle 
preparations were isolated and suspended between a force 
transducer and a length controller at 15°C. Sarcomere length 
was set to 2.2 µm using laser diffraction and the width and 
length of the fibre bundles were measured (mean length and 
width: 1372 and 167 µm). Samples were then transferred to an 
activating solution to determine maximum active force. 
Unloaded shortening velocity was determined using the slack 
test [3]: the sample was maximally activated, and then rapidly 
shortened by 10%, 11%, 12% and 13% of its length. The time 
until tension redeveloped was then used to calculate the 
unloaded shortening velocity.  
 
RESULTS 
 
 

Rats in the OB group had significantly greater body mass, 
body fat percentage, and heart mass than CON animals. 
However, heart mass relative to body mass was not 
significantly different between groups (Table 1).  
 
There were no significant differences in active force 
production (Table 1). Unloaded shortening velocity was 
significantly greater in the CON compared to the OB group 
(Figure 1). 

 
Figure 1: Maximum force (left) and maximum shortening velocity 
(right) from isolated cardiac fibre bundle preparations. Data represent 
means ± 1 SEM. * indicates p<.05 between groups. 
 
DISCUSSION / CONCLUSIONS 
 
Dietary-induced childhood obesity led to a significantly worse 
body composition and a slowing of the intrinsic rate of 
shortening of cardiac muscle. Similar decreases in shortening 
velocity have been observed in heart failure patients [4]. Thus, 
these results indicate that obesity induced during childhood 
may lead to worsened cardiac function in early adulthood.  
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Table 1: Descriptive data. Data represent means ± 1 SEM. * indicates p<.05 between groups. 
 Body Mass 

(g) * 
Body Fat  

(%) * 
Heart Mass 

(g) * 
Relative Heart Mass 

(%BM) 
Control 557±13 16±1 1.56±0.03 0.282±0.011 
Obese 671±24 28±1 1.84±0.10 0.274±0.013 
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Table 1: Summary of mechanical properties of tendon samples in overload. Sorted by sex and age: Young (<40), Old (>40). Mean ± SD

Ultimate Tensile Strength (MPa) Strain at UTS(%) Elastic Modulus (MPA) Toughness (MJ/m3)
Sex Young Old Young Old Young Old Young Old

Female 39.7 ± 2.7 30.0 ± 5.7 27.0 ± 7.3 24.6 ±5.0 205 ± 17 177 ± 53 3.97 ± 0.67 5.71 ± 1.71
Male 31.0 ± 11.8 33.4 ± 8.5 29.2 ± 2.0 26.5 ± 1.7 168 ± 86 206 ± 49 5.34 ± 1.61 5.04 ± 2.04

r2 = 0.83
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Table 1: Summary of mechanical properties of tendon samples in 

Ultimate Tensile Strength (MPa) Strain at UTS(
Sex Young Old Young

Female 39.7 ± 2.7 30.0 ± 5.7 27.0 ± 7.3 24
Male 31.0 ± 11.8 33.4 ± 8.5 29.2 ± 2.0 26.

INTRODUCTION

As men and women remain physically active into the geriatric 
years, changes in soft tissue injuries and healing with age are 
becoming more important to clinical care. The sex-linked dif-
ferences in structure and function of tendons in humans are not 
well understood, although some differences have been studied 
in the context of sports injuries. It is similarly unclear whether 
such differences are modulated with ageing. The present study 
is  a  rare comparative study of  tendons from both sexes and 
over 4 decades of adult life. We have used donated sartorius 
tendons  from  the  hamstring  muscle  complex  and  examined 
both (i) the thermomechanical properties of collagen fibrils as a 
proxy for crosslink density, and (ii) changes in the SEM ultra-
structure of those fibrils under mechanical overload to rupture. 

METHODS

Contralaterally-paired human sartorius tendons from male and 
female, non-diabetic donors 20-60 years of age were collected 
with the cooperation of the CHDA Regional Tissue Bank. Ten-
dons were frozen at -86℃ until ready for use. One tendon was 
used for thermomechanical studies of collagen stability via hy-
drothermal  isometric  tension (HIT)  testing in  a  custom-built 
multi-sample apparatus. Collagen denaturation temperature, Td, 
was calculated as well as the load response to a sustained 90°C 
isotherm. Strip subsamples from the second tendon were mech-
anically overloaded in a single pull to rupture (MTS 458 series, 
MN, USA). [1] Induced damage from overload rupture was ex-
amined in bisected control and ruptured samples using scan-
ning  electron  microscopy  (SEM,  S-4700,  Hitachi)  at  up  to 
150,000X magnification.
RESULTS

Sartorius  tendons  demonstrated  dense  collagen  crosslinking, 
across the age range examined and across sexes. HIT curves 
showed  no  decay  of  load  under  sustained  90°C  isotherm: 
something not seen in our previous studies of bovine tendons. 
Although  heavily  crosslinked  even  at  20  years  old,  tendons 
from both sexes showed crosslink modulation with age. Ther-
mal stability of collagen (Td) declined significantly with age: 
from  67.8→65.1  in  females  and  68.3→65.4  in  males 
(p<0.0001  for  both  sexes).  Important  mechanical  properties 
were  age-  and  sex-independent  (Table  below).  Interestingly, 
linear relationships between important biomechanical parame-
ters were preserved across sexes. (Figure at right.)  Combining 

rload. Sorted by sex and age: Young (<40), Old (>40). Mean ± SD

Elastic Modulus (MPA) Toughness (MJ/m3)
d Young Old Young Old
5.0 205 ± 17 177 ± 53 3.97 ± 0.67 5.71 ± 1.71
 1.7 168 ± 86 206 ± 49 5.34 ± 1.61 5.04 ± 2.04

r2 = 0.83
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the  male  and  female  populations  demonstrated  that  tendon 
stiffness and strength were strongly correlated, reflecting the 
degree  of  collagen  reinforcement  in  a  given  tendon.  SEM 
imaging showed that the failure mechanisms at the level of the 
collagen fibrils were also independent of age and sex. Damage 
was  displayed  as  knotted  and  ruptured  fibrils,  with  hairpin 
turns at the nanoscale accompanied by fiber disorganization at 
the microscale. There was minimal evidence of fibril plasticity.

Figure 1: Scatter plot of modulus versus UTS (p<0.0023)

DISCUSSION/CONCLUSIONS

We had expected that the biomechanical features of the human 
sartorius tendon would change substantially with age, due to 
decreased collagen turnover and increasing enzymatic or gly-
cation-induced crosslinking. [2] Although there was evidence 
of age-varying collagen stability as measured using HIT, these 
changes  did  not  affect  overall  character  as  a  densely  cross-
linked  tissue.  Over  four  decades  of  adulthood,  from  20–60 
years of age, both male and female tendons showed (i)  bio-
mechanical and (ii) structural (SEM) evidence of high energy 
elastic fracture of collagen without significant plasticity. 
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INTRODUCTION 
 
Critical to the proper mechanical function of lumbar 
intervertebral discs is their multilaminate, crossply, 
ligamentous annulus fibrosus. Within the annulus, significant 
circumferential variations in mechanical properties exist. For 
example, collagen fibres from the anterior annulus fail at a 
maximum strain of 9%, while those from the posterior annulus 
can withstand strains of 13% prior to failing [1]. Understanding 
what underpins regional mechanical variations within the 
annulus is important, as annular failure most often occurs 
posteriorly, leading to significant and often disabling pain. In 
this study we sought to investigate whether molecular-level 
differences exist between the anterior and posterior regions of 
the annulus that may explain their differing abilities to 
successfully withstand high levels of mechanical load. 
 
METHODS  
 
Lumbar spines of mature ewes were collected from a local 
abattoir, dissected into vertebra-disc-vertebra units, and stored 
at -86˚C. This study used 17 vertebra-disc-vertebra units: 9 
containing the L1-2 disc and 8 containing the L5-6 disc. Small 
rectangular bone-annulus-bone samples were cut from the 
anterior and posterior regions of each unit. The samples were 
cut on an oblique sagittal orientation, with their inferior-
superior long axis aligned parallel to the collagen fibre 
orientation at the disc’s periphery, consistent with previously 
reported values of fibre inclination [2]. The circumferential 
width of the samples was 3.24 mm ± 0.55 mm, and they 
extended from the outer annulus to a radial depth of 5.19 mm ± 
1.09 mm. The samples were assessed under hydrothermal 
isometric tension (HIT) testing. Briefly, the samples were 
isometrically mounted longitudinally between a load cell and 
fixed support, and then submerged in a bath of room 
temperature distilled, deionized water. A tensile preload of 60 g 
was applied to each sample. Using a hotplate, the water was 
then heated to 90˚C, and maintained at this temperature for 5 
hours. During the test, time, temperature, and load data were 
recorded at 0.2 Hz using custom LabVIEW software. Following 
testing, data were analyzed using Microsoft Excel. Each 
sample’s denaturation temperature (Td), marked by a sharp 
increase in the rate of tension generation during the temperature 
ramp to 90°C, was recorded. Load-time data during the 5-hr 
isotherm was fit using a Maxwell decay. Each sample’s half-
time of load decay (t1/2) was calculated over a 5000-sec data 
interval. Statistical differences between spinal level and disc 
region were first tested using two-way ANOVA, followed by 
matched-pair Wilcoxon signed rank tests. 

 
RESULTS 
 
HIT testing showed that the molecular-level collagen structure 
of the lumbar disc annulus varies significantly with 
circumferential location, but not with disc level. With disc level 
not a significant effect in the two-way ANOVA for either Td or 
t1/2, the samples from both levels (L1-2 and L5-6) were pooled 
for assessment of regional variations. Samples taken from the 
posterior annulus showed significantly greater collagen thermal 
stability compared to those from anterior annulus of the same 
discs: collagen of the posterior annulus denatured at 67.4 ± 
1.5°C, significantly higher than that of the anterior annulus, 
which denatured at 62.2 ± 1.5°C (p < 0.0001). The difference in 
Td of >5°C is strikingly large. During the 5-hr isotherm at 90°C, 
the collagen of the posterior annulus also retained tension 
significantly better than that of the anterior annulus, indicating 
that the posterior annulus has significantly higher levels of 
intermolecular collagen crosslinking that the anterior annulus. 
Half-time of load decay for the posterior annulus was 28.4 ± 
23.8 hrs, nearly three times larger than that of the anterior 
annulus at 9.5 ± 5.1 hrs (p = 0.0397). 
 
DISCUSSION / CONCLUSIONS 
 
The results of this study show that significant regional 
variations exist in the collagen structure of the lumbar disc 
annulus at a molecular level. Compared to the anterior annulus, 
the collagen of the posterior annulus has significantly greater 
intermolecular crosslinking and molecular stability. These 
differences exist over the lumbar spine, from L5-6 to L1-2. In 
other collagenous tissues, it has been found that increased 
crosslinking and thermal stability is associated with increased 
resistance to fatigue damage from repeated tensile loading [3]. 
The molecular-level characteristics of the posterior annulus 
noted in this study may be critical to its ability to withstand high 
levels of load. Deficiencies at this level may help to explain why 
the lumbar intervertebral discs of some people are prone to 
mechanical failure while those of others are not. 
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INTRODUCTION 
 
Clinical femoral geometry elements have been linked to 
epidemiological hip fracture risk [1]. Underlying mechanisms 
have been attributed to fracture strength [1], however, 
geometry also influences peak stress magnitude and location 
[2]. The goal of this project was to determine how clinical 
femoral geometry elements, previously related to femur 
fracture tolerance, correlate with simple beam model femoral 
stress predictions during a simulated lateral fall. We 
hypothesized that peak stress would correlate with femoral 
geometry, particularly the angle between femoral neck and 
shaft, and the femoral neck length. 
 
METHODS  
 
Healthy females (N=17; mean (SD) age=24.4 (3.2) years) 
underwent a 1 m/s lateral impact onto a force plate (3500 Hz; 
OR 6-7, AMTI, MA, USA). Peak force (FI) was averaged 
across three trials. Femur geometry was obtained from right 
hip dual-energy x-ray radiographs (Figure 1; Discovery QDR, 
Hologic Inc., MA, USA): femoral neck width (NW), 
intertrochanteric width (TW), femoral shaft width (SW), 
femoral neck axis length (FNAL), neck-shaft angle (NSA), 
and cortex width at the femoral shaft (FSC) and 
intertrochanteric (ITC) regions. Subject-specific curved-beam 
proximal femur models [3] were generated, with three fixed 
beams supported by a roller at the femoral head and a pin at 
the knee. Peak stress was evaluated for three clinically-
relevant cross-sections: narrow neck (NN), intertrochanteric 
(IT), and femoral shaft (FS) (Figure 1). Two loading 
conditions were simulated, corresponding to a lateral fall onto 
the hip (Figure 1), with impact vectors: 1) perpendicular to the 
femoral shaft (PERP), and, 2) coincident with the 
intertrochanteric cross-section (CO_IT). The relationship 
between femoral geometry and peak stress at each cross-
section was assessed with bivariate correlations (one tail). 

RESULTS 
 
For both loading conditions: NN peak stress was correlated 
positively with NSA (CO_IT: r=0.721, p=0.001; PERP: 
r=0.841, p<0.001) and negatively with TW (CO_IT: r=-0.581, 
p=0.007; PERP: r=-0.461, p=0.031); IT peak stress was 
negatively correlated with  ITC (CO_IT: r=-0.691, p=0.002; 
PERP: r=-0.741, p=0.001); and FS peak stress was negatively 
correlated with TW (CO_IT: r=-0.728, p<0.001; PERP: r=-
0.730, p<0.001) and FNAL (CO_IT: r=-0.473, p=0.027; 
PERP: r=-0.470, p=0.029). SW, NW, and FSC were not 
correlated with stress at any cross-section. 
 
DISCUSSION / CONCLUSIONS 
 
This study demonstrated that femur geometry is related to 
tissue level stress using a simple curved-beam modeling 
approach. Wider NSA was associated with increased femoral 
neck stress, supporting previous epidemiological studies 
linking wider NSA with increased fracture risk [4]. Several 
femur geometry elements previously associated with hip 
fracture risk (SW, NW and FSC) did not correlate with 
femoral stresses; these components likely modulate fracture 
risk primarily through fracture strength [1]. Results were 
consistent between simulated impact configurations, but 
whether this extends to additional biofidelic impact 
configurations is unknown. Further, inclusion of detailed 
experimental loading conditions (anatomical point of 
application, line of action) may better capture the influence of 
femur geometry on stress generation in the proximal femur. 
Overall, our approach was novel through the coupling of 
subject-specific proximal femur beam models and 
experimental impact data. The relationships between elements 
of femoral geometry and tissue level loads observed in this 
study should be considered in the development of personalized 
protective equipment, such as hip protectors. Future research 
should consider the potential interaction between femoral 
geometry and the soft tissues overlying the hip on femoral 
loading during a lateral impact.  
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INTRODUCTION 
 
Detailed knowledge about the loads acting on the knee is 
needed for a biomechanical understanding of the knee joint, 
validation of musculoskeletal models and testing of implants 
[1]. However, in-vivo quantification of these loads has been 
difficult, mostly due to technical limitations. The mechanical 
response of the cartilage is strongly tied to the flow of fluid 
through it. Therefore, fluid response to loading can be 
deployed as a proxy for studying cartilage response. MR 
imaging offers a unique opportunity for studying the fluid 
behaviour under loading. On the T2-weighted MR images, the 
T2 time is correlated with the fluid content of the tissue of 
interest. Therefore, T2 can be employed as a proxy for the fluid 
content of tissues [2], and any changes in T2 can be attributed 
to variations in the fluid content of the cartilage. Texture 
features may be useful for quantifying the response of 
cartilage to loading. The main purpose of this study was 
quantifying the response of the tibiofemoral cartilage to short-
term loading using quantitative T2 mapping. 
 

METHODS  
 
Seven volunteers without a prior history of knee osteoarthritis 
(27.8±6.9 yrs., 75.5±13.2 kg) sat with legs up and unloaded for 
30 minutes before a 9-minute T2-mapping MRI scan. 
Participants were then asked to stand for 1 hour and rescanned 
immediately after that. The image acquisition was carried out 
using a 1.5T GE Optima 430 MR scanner. Tibiofemoral 
cartilage was analyzed on sagittal T2 map MRI images (16 
slices, 3 mm thick, 160×160 mm field of view and 256×256 
matrix acquisition size, from 4 T2 echoes TR 2100, TE 17-
125) using home-built software to manually segment cartilage 
on the first T2 image. The T2-maps were then constructed 
automatically for a given pixel using the Nelder-Mead 
Simplex method [3]. The mean T2 and texture features: 
coefficient of variation (COV), energy, contrast, correlation, 

entropy, homogeneity, kurtosis, and skewness were then 
extracted for each ROI on the corresponding T2-map for both 
medial and lateral compartment. Because of our small sample 
size, we only estimated the effect size (ES) of differences 
between images obtained before and after loading using 
Cohen's d.  
 

RESULTS 
 
A moderate effect size was observed for the mean T2, COV, 

range, and kurtosis of the medial and lateral compartments 

before and after loading (Table 1). The lateral compartment 

demonstrated more response to loading compared to the lateral 

compartment (Table 1).    

 
DISCUSSION / CONCLUSIONS 
 
This pilot study investigated the effects of one-hour loading on 

the tibiofemoral cartilage. The results indicated that short-term 

loading could induce fluid and textural changes in the 

cartilage. The response of the lateral compartment to loading 

was more evident compared to the medial compartment, which 

likely indicates that it is more subjected to loading. Several 

limitations to the present study should be acknowledged. We 

scanned only four healthy people that limit our statistical 

power.  
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Table 1: The response of the tibiofemoral cartilage to the loading 

 
Mean T2 COV Range Kurtosis Skewness Contrast Correlation Energy Entropy Homogeneity 

Lateral Compartment 
Before 51.9±12.2 108.3±98.7 1030.5±1265.4 149.1±165.3 9.4±6.5 0.0±0.0 0.9±0.0 1.0±0.0 0.1±0.0 1.0±0.0 
After 44.7±6.3 50.9±71.0 420.2±822.1 60.4±96.2 3.0±6.3 0.0±0.0 0.9±0.0 0.8±0.4 0.2±0.4 1.0±0.0 

Effect Size -0.3 -0.2 -0.2 -0.2 -0.4 -0.1 -0.1 -0.2 0.2 0.1 

 Medial Compartment 
Before 88.1±19.2 69.9±67.0 621.1±726.2 45.5±30.4 3.9±3.9 0.0±0.0 0.9±0.0 1.0±0.0 0.1±0.0 1.0±0.0 
After 44.4±7.9 46.3±30.5 345.1±351.5 71.9±72.4 4.5±5.9 0.2±0.4 0.8±0.4 1.0±0.0 0.1±0.0 1.0±0.0 

Effect Size -0.3 -0.2 -0.2 0.2 0.0 0.2 -0.2 -0.1 0.1 0.1 
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INTRODUCTION 
Medical simulation is an important component and useful tool 
in surgical education. Unfortunately, there are very few 
training models that have both anatomic and tissue fidelity.  
We hypothesized that fidelity may be achieved by creating a 
3D printed multi-material structure suitable for an 
implementation in a patient-specific aortic geometry. 
 
METHODS  
The creation of a 3D printed multi-material composite was 
inspired by the natural tissue composition of the aorta to 
replicating the passive biomechanics of the material. We used 
Polyjet technology with the Connex3 Objet500 3D printer 
(Stratasys, Eden Prairie, USA). A flexible structure made of 
Tangoplus FullCure 930 reproduced the elasticity of the elastic 
lamellae where two layers of rigid fibers of Verowhite were 
embedded to provide structural support and tear resistance 
similar to the matrix of collagen. Support material (SUP705) 
was also added to the composite to simulate the mucoïd and 
passive cellular composition of the tissue. The multi-material 
composite was mechanically evaluated to assess its stiffness 
(apparent elastic modulus by tensile testing, ELF 3200; Bose 
Co., Framingham, USA), tactile toughness (compressive 
modulus by nano-indentation E2546, Nanovea, Irvine, USA) 
and suture retention strength (EZ Test, Shimadzu, Columbia, 
USA) essential for surgical training.  
The geometry of an ascending aorta was captured from a 
patient by diastolic gated CT using the method described in 
[1].  The multi-material composite was designed in silico. 
 
RESULTS 
The 3D printed composite has shown a compressive modulus 
(0.39±0.03MPa, N=6) and suture retention strength 
(4.25±0.67N, N=3) similar to normal and pathologic 
ascending aortas (Unpaired t-test, p≥0.05) (Figure 1). The 
stiffness however was higher than the evaluated tissues 
(0.15±0.02MPa, N=5) (Unpaired t-test, p<0.05) (Figure 1). 
In equi-biaxial tensile testing we found a stiffness of 
0.07±0.01MPa (N=4) and 0.08±0.02MPa (N=19) for the 
normal and pathologic aorta respectively. Similarly, the 
compressive moduli of healthy and aneurysmal tissues were 
0.35±0.12MPa (N=4) and 0.29±0.12MPa (N=3). The suture 
strength was limited to pathologic tissues as 3.59±2.03N 
(N=3). 
Moreover, we captured the patient geometry of a root aortic 
aneurysm which was used to implement the synthetic tissue by 
wrapping its structure over the 3D model. Figure 2 is showing 
a phantom used for cutting and suturing. 

 
Figure 1: Comparisons of the aortic tissues to 3D printed multi-
material composites in terms of apparent elastic modulus, 
compressive modulus and suture retention strength (Unpaired t-test). 
 

 
Figure 2: 3D printed aortic phantoms used for cutting and suturing. 
 
DISCUSSION / CONCLUSIONS 
The 3D printed composite mimicked ex vivo and passive 
biomechanical properties of normal and aneurysmal aortic 
tissues. More importantly, the material is suitable for surgical 
education using patient specific geometries. 
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INTRODUCTION 
The aging labour force is engaging in increasing occupational 
sedentary behaviour, predisposing workers to a greater risk of 
several health issues including osteoarthritis (OA).  Workplace 
interventions that can proactively reduce the risk for chronic 
diseases and manage health conditions that are worsened by 
age and sedentary behaviour need to be evaluated.  Exercise is 
the most effective occupational intervention aimed at 
improving worker health [1].  Recently, a leg-strengthening 
exercise program that elicited low joint loading [2] improved 
pain and physical function in older adults with OA [3-4].  This 
study compared whether a workplace exercise program would 
improve self-reported function, mobility, strength, and work-
related measures to a greater extent than no exercise among 
sedentary workers with and without OA.   
 
METHODS 
The study was a 12-week single-blinded, parallel-group 
randomized controlled trial.  Forty-three sedentary, office 
workers employed at the Ford of Canada Central Headquarters 
(Oakville, ON) were recruited.  Participants were stratified 
based on baseline self-reported lower extremity physical 
function (Lower Extremity Functional Scale, LEFS) and 
randomized into a control (n=22 [15 women]; age: 43.3±10.4 
years; LEFS: 76.1±4.5) or exercise group (n=21 [12 women]; 
age: 44.1±10.5 years; LEFS: 71.4±12.3).  The control group 
were instructed to maintain current physical activity levels at 
baseline.  The exercise group were instructed to attend at least 
3 weekly exercise classes offered at the worksite, for 12 
weeks.  LEFS was the primary outcome measure.  Secondary 
outcomes of interest included: knee strength (extension and 
flexion), mobility (stair climbing, six-minute walk), self-
reported function (pain, depressive symptoms, self-efficacy), 
and work-related measures (resilience, work ability).  Changes 
in outcome measures at the 12-week follow-up from baseline 
were calculated and compared between groups (α=0.05).     
 
RESULTS 
The exercise group displayed greater improvements in the 
primary outcome, LEFS, than the control group  (Figure 1).  
Significant between-group differences in secondary outcome 
varied based on types of measure (Figure 1).  The exercise 
group exhibited greater improvements in mobility outcomes – 
stair ascent, stair descent, and six-minute walk.  No 
differences were found in knee extension and flexion strength, 
or any of the self-reported and work-related measures. 
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Figure 1: Mean (95% CI error bars) change in select outcomes across 
exercise (EX) and control (CON) groups.  Significantly greater 
improvements in the exercise group are indicated (*).   
 
DISCUSSION AND CONCLUSIONS 
Despite the cohort performing highly across many measures at 
baseline, suggesting marginal room for improvement, the 
exercise group demonstrated greater improvements in self-
reported physical function and a number of physical health 
outcomes.  Included in the cohort were individuals of both 
sexes, all ages (24-69 years), and varying levels of function 
with and without OA, indicating high efficacy of this exercise 
program among a diverse range of individuals reflective of the 
Canadian workforce.  Moving forward, the labour force is 
projected to encounter a number of adverse chronic diseases, 
such as OA, due to age and greater occupational physical 
inactivity.  As a result, physical activity interventions 
delivered in the workplace, such as the strengthening exercise 
program investigated in the current study, may be essential to 
maintain and/or enhance worker resilience and longevity. 
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INTRODUCTION 
 
Although controversy still exists, knee osteoarthritis (OA) is 
gaining recognition as an occupational disease [1]. A possible 
reason for the increased risk is kneeling-induced maladaptations 
in neuromuscular control [2], which could result in, 
“inappropriate posture[s]” when transitioning between kneeling 
and standing positions [3].  This transition, which may be 
approached with a squat technique (Figure 1) has been 
suggested to predispose workers to meniscal tears [4], which are 
independently associated with knee OA [5]. Thus, the aim of 
this study was to evaluate the effects of simulated occupational 
kneeling on frontal plane knee motion during squatting. We 
hypothesized that peak deviation of the knee would be greater 
following kneeling and with increased speed, with no effect of 
trial, direction, or sex. 
 
 
 
 
 
Figure 1. A tile setter squatting to kneel in the workplace. 
 
METHODS  
 
Forty healthy adults participated (20 males; age: 21.4 (±2.5) 
years; body mass: 68.8 (±16.1) kg; height: 1.69 (±0.10) m). 
Ground reaction forces (OR6-7, AMTI, MA, USA) and 
kinematics of the sacrum and dominant lower limb (Optotrak, 
NDI, ON, CA) were measured, sampling at 2100 Hz and 100 
Hz, respectively. The intervention was 30-minutes long, 
consisting of two minutes of 3-point kneeling alternated with 30 
s of full-flexion kneeling (e.g. Figure 1, panel 7). Three squats 
were measured during the ascent and descent phases before, 
immediately following, and 30 min following kneeling, and at 
both a 9 squats/min and 17 squats/min pace. Frontal plane knee 
motion was defined as the distance between the knee joint 
center and a body-fixed plane created by the hip, ankle and 
midfoot (Matlab, Mathworks, MA, USA). Significant 
differences were determined using a mixed model ANOVA 
(α=0.05) (pre/post/30post x speed x direction x trial# x sex) 
(SAS Version 9.4, NC, USA). Significant main effects on 
factors with >2 levels were further explored using planned 
contrast analysis. 
 
RESULTS 
 
Peak deviation was greater than baseline post- (p = .0057), and 
30 minutes post-kneeling (p = .0267) (Figure 2a). First trial 
deviation was smaller compared to trial 2 (p = .0039) and 3 (p 
= .0010) (Figure 2b). There was no main effect of speed, 

direction, or sex. For fast squats, males decreased peak 
deviation, whereas females increased, compared to slow squats 
(sex x speed interaction p = .0210) (Figure 2c). 
 

 
 
 
 
 
 
 
 
 

Figure 2. (a) Kneeling main effect, (b) trial main effect, and (c) the 
interaction effect (sex x speed) on peak knee deviation during squat 
transitions (× male ♢ female) 
 
DISCUSSION / CONCLUSIONS 
 
Kneeling increased peak out-of-plane position of the knee 
during squats, which may contribute to the increased incidence 
of meniscal tears and subsequent knee OA development found 
in occupational kneelers [3]. Trial-dependency suggests that 
mean values may be inflated compared to actual occupational 
exposures, where squats are not necessarily performed in 
sequence. Men and women responded to speed demands during 
squatting differently, and while the cause of this difference is 
unknown, it may reflect previously reported sex differences in 
neuromuscular control of the knee [4, 5]. These results confirm 
that kneeling changes subsequent movement patterns and 
highlights changes in neuromuscular control as a continued area 
for future research.  
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INTRODUCTION 
 
The maximum reach envelope (MRE) is a volumetric measure 
of reach quantifying primary movement at the glenohumeral 
joint [1]. The MRE is used in ergonomics for workspace 
design and layout of tasks with respect to an operator, and may 
have potential applications as a kinematic methodology for 
clinical assessment of shoulder function. The objectives of this 
research were to: (1) measure differences in the  MRE 
between asymptomatic and symptomatic individuals with 
shoulder injury; (2) examine the effects of load on the MRE 
and (3) develop a method of displaying the MRE for potential 
knowledge transfer in clinical applications. 
 
METHODS  
 
3-D reach measures of the MRE were recorded by a 
computerized potentiometric system for anthropometric 
measures (CPSAM) [2] on three adult groups (a) younger 
asymptomatic 18-25 years, (b) age-matched asymptomatic 35-
70 years and (c) symptomatic rotator cuff tear (RCT) 40-70 
years (N=30). Reach trials were performed holding 0.0, 0.5 
and 1.0 Kg loads [3]. The collected MREs were converted 
from Cartesian coordinates to spherical coordinates about a 
participant’s acromion. For each participant, a median reach 
distance vector was calculated and normalized to arm length 
for each of 72 panels within the MRE, created by incremented 
banding of phi and theta angles. A general linear model 
determined the effect of age, symptomology, load, and 
location on reach distance. Logistic regression tested the effect 
of the independent variables on the probability of reaching into 
a given panel of the MRE. 
 
RESULTS 
 
Reach distances were significantly shorter for the age-matched 
and RCT groups in comparison to the young asymptomatic 
group (normalized reach vector difference = 0.42, p<.001). The 
Young, and age matched asymptomatic groups were more 
likely to reach into a panel compared to the RCT group 
(OR=19.5, 11.3 respectively). Figure 1 displays a 2-D 
representation of the panelled MRE. The effects of group and 
load  on reach panels are evident as a decrease in the percentage 
of participants able to reach into a given panel (fewer green 
panels in Figure 1). The addition of either a 0.5 or 1.0 Kg load 
decreased reach distance across all groups [3]. The probability 
of an individual reaching into a panel did not significantly 
decrease with the addition of load for the asymptomatic groups. 

 
Figure 1: Reach maps organized by group and load condition. Colour 
coded based on percentage of participants able to reach into a panel 
(Red: 0-25%, Orange: 25-50%, Yellow: 50-75%, and Green: 75-100% 
of the group respectively). 
 
DISCUSSION / CONCLUSIONS 
 
This study focused on  the measurement of the maximum reach 
envelope in a group of individuals with RCTs compared to 
young and age-matched participants. There was a significant 
difference in the MRE (reach vector length and reach panels) 
between the asymptomatic groups and the RCT group. In panels 
that were common between groups, the younger asymptomatic 
group had a larger normalized reach distance than both the age-
matched and RCT groups. 
The differences in reach distance and panels highlight the 
potential of the MRE to identify differences in function at an 
individual and group level. Spherical coordinates provided 
angular measures that may have greater clinical relevance 
compared to planar range of motion measures. Reach maps 
provide an easy visual translation of reach ability for a person 
relative to group norms. While preliminary, these maps are a 
proposed tool to target key principles of knowledge transfer by 
providing interpretable visual aids for researchers, clinicians, 
and the general population.   
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INTRODUCTION 
Variations in joint geometry can affect joint function in ways 
that have implications for pathology and treatment [1]. In 
many cases, interventions are prescribed on a patient-specific 
basis; however, treatment decisions are often made based on 
limited information, such as static planar images. A better 
understanding of the relationship between shape and function 
and its role in outcomes of orthopaedic procedures could allow 
treatments to be better tailored to a patient. For example, 
femoral trochlear groove geometry is known to affect 
patellofemoral biomechanics, and trochlear dysplasia is a risk 
factor for patellofemoral pain and instability. Yet, the role this 
geometrical feature plays in tibial tuberosity osteotomy (TTO), 
which treats pain and instability through patellar tendon (PT) 
transfer, is not well understood. We have developed a 
framework to interrogate the influence of articular geometry 
on functional outcomes of surgery. This combines a whole-
joint statistical shape model with musculoskeletal simulation. 
The effect of population variability can be examined, but there 
is also capacity for use on a patient-specific basis. Here we 
demonstrate this method by investigating how patellofemoral 
geometry interacts with surgical parameters in TTO and its 
potential to inform patient-specific surgical planning.  
 
METHODS  
The framework makes use of statistical shape modelling to 
modify articular geometry across relevant features. A whole-
joint statistical shape model was generated from the femur, 
tibia, and patella bone and cartilage surface meshes of 14 
asymptomatic controls. This was used to generate new 
geometries based on the identified principal components 
(PCs). Ligament/muscle attachments and wrapping surfaces 
were fixed to nodes in the shape model to ensure they were 
consistent with generated geometries. Of particular interest to 
TTO was a feature (PC2) which captured the trochlear groove 
depth, of relevance in patellofemoral pathology. 

Knee geometries were integrated into a musculoskeletal 
model. In simulations, the pelvis, hip, and ankle kinematics 
and tibiofemoral flexion angle were set based on measured 
data and the patellofemoral and remaining tibiofemoral knee 
degrees of freedom were simulated based on ligament, muscle, 
and cartilage contact forces using the COMAK routine [2].  

A Monte Carlo approach was used to examine the shape-
function relationship in TTO. 750 models were generated by 
selecting a random geometry between ±3 standard deviations 
of PC2 and translating the tibial insertion of the PT 0-2 cm 
anteriorly and -1-2 cm medially. The same overground 
walking kinematics and ground reaction forces were used for 
all models. We examined the effects of geometry and TTO on 
cartilage contact pressure and patellar kinematics. 

Proof of principle for use of this framework in patient-
specific surgical planning was established through a case 
study. Geometry and kinematics were captured for a TTO 
patient. The shape model aided in generation of the model and 
the PT insertion was modified in a Monte Carlo approach.  
 
RESULTS 
Joint morphology influenced the effectiveness of surgery. 
Medial PT transfer in shallow trochlear grooves resulted in 
greater changes in lateral patella translation and contact 
pressure and area. Excessive medial transfer caused the patella 
to begin to dislocate medially in the shallow trochlear grooves, 
while the bony restraint prevented this in the deep grooves 
(Fig 1). The primary effect of anterior patellar tendon transfer 
was to reduce contact force, regardless of geometry. We were 
able to identify optimal surgical parameters for the case study 
that minimized contact pressure and maximized engagement. 

 
Figure 1: Contact pressure for shallow and deep trochlear grooves 
for different medial PT transfer distances at midstance.  
 
DISCUSSION / CONCLUSIONS 
We have demonstrated that this framework can be used to 
investigate how geometry can influence pathology and 
surgical interventions. In TTO, patellofemoral geometry can 
influence the sensitivity and response to surgical parameters 
and optimal parameters can be identified based on geometry. 
These early results point to the potential for patient-specific 
models to inform surgical planning.  
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INTRODUCTION 
Osteoarthritis (OA) is a debilitating chronic disease. Currently, 
there is no cure or disease modifying treatment for OA. Using a 
Sprague-Dawley rat model, it has been shown that a high-
fat/high-sucrose (HFS) diet leads to histological OA-like 
changes in the knee within 12-weeks [1]. Additonally, there is 
prelimary evidence suggesting that exercise might mitigate 
these histological OA-like changes in the knee cartilage of rats 
fed a HFS diet [2]. However, it is not known how these 
histological cartilage changes affect cartilage function of rats 
fed a HFS diet. Therefore, the purpose of this study was to 
determine the functional properties of knee cartilage from 
sedentary rats and rats performing moderate exercise while on 
a HFS diet. 
 
METHODS  
Twelve-week-old male Sprague-Dawley rats were randomized 
into three groups: a non-exercising control group fed a standard 
chow diet (Chow, n=7), a non-exercising group fed a HFS diet 
(HFS, n=11), and an exercise group fed a HFS diet (HFS+E, 
n=11).  The exercise intervention consisted of a progressive 
treadmill training program for 12 weeks, 30 minutes per day, 5 
days a week [2]. Following completion of the training program, 
rats were euthanized, and their right tibia was harvested and 
stored at -20°C until assessments were performed. Tibias were 
thawed, then attached to a testing chamber filled with PBS, 
mounted in a 3-axis mechanical tester equipped with a camera 
registration (Mach-1 v500css, Biomomentum, QC, Canada). A 
spherical indenter (r = 150 ± 2.5 μm) was installed under the 
multiaxial load cell (force resolution: Fz = 3.5 mN and Fx = Fy 
= 2.5 mN) of the mechanical tester. A position grid was 
superimposed on the image of the tibial plateau surface for a 
mechanically-controlled surface mapping [3]. Stress-relaxation 
tests (displacement controlled – 0.04mm) were performed on 22 
tibial plateau sites using an automated mapping system, and 
stiffness at the peak and at steady state of the force curve was 
calculated. Immediately following indentation testing, the 
cartilage thickness at each of the 22 sites was determined using 
a needle probe technique (30G x ½ inch BD PrecisionGlide™ 

regular bevel needle) [3].  The sites tested were combined in 
four zones, as shown in Figure 1A, and a one- way ANOVA 
was performed using Bonferroni post hoc testing to determine 
differences between groups for each zone (α ≤ 0.05). 
 
RESULTS 
HFS fed rats had increased cartilage thickness in zones 2, 3, and 
4, a decrease in peak stiffness in zones 1, 3 and 4, and a decrease 
in steady state stiffness in all four zones.  Exercise safeguarded 
the cartilage by preventing the increase in cartilage thickness 
and the decrease in cartilage stiffness observed in the HFS rats 
(Figure 1).  
 
DISCUSSION / CONCLUSIONS 
A HFS diet led to changes in cartilage functional properties, 
making the cartilage thicker and softer. Some of the softening 
can be attributed to changes in cartilage thickness. However, 
changes in the cartilage thickness did not explain the entire 
increase in softness observed in the cartilage of the HFS 
animals. Some of the softening, thus, must be attributed to 
structural changes in the cartilage matrix. We observed reduced 
proteoglycan content in this model in previous studies [1, 2] that 
would cause some softening of the cartilage. Exercise prevented 
the changes seen in the HFS animals, indicating that exercise 
might protect cartilage at risk of OA development in an obesity 
model. In summary, we conclude that a HFS diet was associated 
with knee cartilage softening and thickening, and these changes 
were mitigated by moderate exercise 
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Figure 1. A: Right tibial plateau showing the sites used for testing and the four zones used for statistics. Each dot represents a test site. The heat 
map represents the average chow tibial cartilage thickness. B: Cartilage thickness for the three experimental groups. Cartilage is thicker for zones 
2, 3 and 4 for HFS compared to chow or HFS+E group rats. C: Peak cartilage stiffness. Cartilage is softer for zones 1, 3 and 4 for HFS compared 
to chow or HFS+E group rats. D: Steady-state cartilage stiffness. Cartilage is softer for all zones for HFS compared to chow or HFS+E group rats. 
Data are presented as means ± 1 SEM. * indicates difference from chow group. � indicates difference from HFS group. HFS: high-fat/high-sucrose; 
E: exercise. 
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INTRODUCTION 
 
Flexion relaxation (FR) is a unique characteristic of healthy 
spines, where lumbar extensor muscles become inactive near 
full trunk flexion despite a large moment demand. During FR 
it is believed that stresses within passive tissues (ie. discs, 
ligaments, and muscles) are sufficient to support the weight of 
the torso; however, the contribution of each set of tissues is 
unknown. From a basic science perspective, the inactivation of 
lumbar muscles during FR provides an opportunity to validate 
the passive tissue loads predicted by computational models. 
 
Passive muscles are often modeled by hyperbolic or 
exponential functions scaled by resting length [1]. A concern 
with this approach is that these functions are incredibly stiff at 
long lengths. Additionally, resting lengths are often assumed 
to coincide with optimal length, a feature of active rather than 
passive force generation. This has led to inaccurate predictions 
of passive whole muscle forces [2]. Here, a novel passive 
muscle model is proposed based on the observed stress-
sarcomere length (SL) relationship of spine muscles [3] and 
the measured SL of human cadavers in a neutral spine posture 
[4]. The purpose of this study was to determine (A) whether a 
computational model would predict FR and (B) the relative 
contribution of passive tissues to the L4/L5 moment. 
 
METHODS  
 
Ten male participants performed 12 trunk flexion movements. 
A pulley was used to create four different conditions by 
offloading 0, 2.3, 4.5, or 6.8 kg from the torso; this was done 
to alter the external demand on the spine. The L4/L5 sagittal 
moment was estimated using a rigid-link segment inverse 
dynamic analysis. An anatomically detailed model of the spine 
[5] including 48 muscles and 14 ligaments crossing the L4/L5 
disc was used to predict muscle and ligament lengths, moment 
arms, and physiological cross sectional areas (PCSA). L4/L5 
ligament and disc moments were predicted using established 
models [6,7]. Passive muscle moments were predicted using a 
novel model. Briefly, the average SL for each muscle was 
predicted throughout the movement by scaling the SL of each 
spine muscle measured in a neutral posture [4] and assuming 
that the number of sarcomeres remains constant. Passive 
muscle tension was then predicted by evaluating the stress-SL 

relationship [3] and scaling by PCSA. The stress-SL 
relationship was modeled as a piecewise-polynomial function 
fit to experimental passive muscle stresses collected from 
bundles of rat multifidus fibres. The active muscle moment 
was assumed to be the difference between the L4/L5 moment 
and the combined passive moment (disc + ligament + passive 
muscle). The predicted active muscle moments were compared 
with the electromyographic (EMG) recordings of the lumbar 
extensor muscles during the trunk flexion movements. 
 
RESULTS 
 
At full flexion, the predicted active muscle moments were 
< 2 Nm, indicating that minimal lumbar extensor activity (ie. 
FR) had been properly predicted. In the full body weight 
condition (0 kg) the model predicted that the L4/L5 moment 
was supported by passive muscle (44%), ligaments (37%), 
disc (17%), and active muscle (2%) at the instant the lumbar 
extensors became inactive. Reducing trunk mass with the 
pulley predicted earlier FR and trunk flexor activity, in 
agreement with experimental observation.  
 
DISCUSSION / CONCLUSIONS 
 
The novel model successfully predicted the FR phenomenon, 
providing further evidence for the theorized mechanism of FR 
and validating the proposed passive muscle model. Further, 
the model highlights that near full flexion the passive muscle 
forces are substantial, while ligaments are stiffer and more 
sensitive to spine flexion angle.  
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Figure 1: Model predicted (A) passive tissue and (B) active muscle moments.  (C) Linear enveloped EMG of lumbar extensor muscles during 
trunk flexion and extension for each condition. Note the similarities between the predicted active moments (B) and the recorded EMG activity (C). 
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INTRODUCTION 
 
It has been established that sprint running and sprint cycling 
activities can provide greater EMG normalization reference 
values and more repeatable values compared to traditional 
maximal voluntary isometric contractions (MVICs) [1]. It is 
unknown, however, how these three normalization methods 
compare to each other within the same individual. The purpose 
of the current study is threefold: to determine which 
normalization method provides the highest intra-class 
correlation, to determine which normalization method provides 
the greatest normalization reference value, and to examine how 
normalizing to each of these methods will impact signals of 
interest for each of nine lower limb muscles. 
 
METHODS  
 
Eleven young, healthy subjects were instrumented with Ambu 
Sensor N EMG electrodes (Ambu, Ballerup, Denmark) over 
nine lower limb muscles, according to SENIAM guidelines [2]. 
Three rounds of MVICs, sprint cycling and sprint running were 
performed in a block randomized order to obtain normalization 
reference values. Five trials of walking, cycling and running at 
a self-selected moderate intensity were performed, each of 
which were normalized three separate times using the reference 
values from the three normalization methods. Separate one-way 
ANOVAs (one per muscle) were used to compare ICC values 
between the three methods, peak muscle activations from the 
maximum trials (reference values) normalized to percent of the 
maximum amplitude across reference normalization methods, 
and maximum normalized peaks for the trials of interest. Post-
hoc Tukey tests were run on significant main effects. 
 
RESULTS 
 
For VM, cycling sprint resulted in a greater ICC compared to 
running sprint. For GM, MVIC resulted in a greater ICC 
compared to sprint running. Sprint running produced the highest 
normalization values for 6/9 muscles (p<0.05) (Table 1). When 
signals of interest were normalized using the three methods 
separately, normalized values for some muscles were 

significantly different (p<0.05) during walking (TA, LG, MG, 
ST, BF, GM, TFL), cycling (VM, TA, LG, ST, BF, GM) and 
running (VL, VM, LG, MG, ST) (Figure 1). When moderate 
intensity running trial data was normalized to each of the three 
normalization methods, all methods resulted in normalized 
EMG greater than 100% reference activation (Figure 1).    

                   
Figure 1: Peak normalized values for moderate running, for each 
normalization method, separated by muscle. 

DISCUSSION / CONCLUSIONS 
 
Findings of the current study can provide insight to researchers 
of triathlon and cycling/running studies as to how normalizing 
to traditional MVICs, cycling or running sprints can affect 
signals of interest. Running sprints may be a suitable alternative 
method for EMG normalization for VL, VM, LG, MG, ST and 
BF muscles since running sprints resulted in the greatest 
normalization reference values and had comparable ICC to 
MVIC and sprint cycling. Further, running did not result in 
normalized signals of interest over 100%Ref, except for in TFL.  
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Table 1: Relative muscle activations (% of maximum amplitude for each muscle). Greatest relative muscle activations are 
indicated in bold (p<0.05). * are different between MVIC and Cycle, ^ are different between MVIC and Run, # are different 
between Cycle and Run (p<0.05).  

 VL ^* VM ^# TA LG ^# MG ^# ST *# BF *# GM TFL # 

MVIC 0.692 

(0.203) 

0.506 

(0.229) 

0.905 

(0.196) 

0.380 

(0.231) 

0.443 

(0.223) 

0.869 
(0.132) 

0.889 
(0.217) 

0.512 

(0.369) 

0.747 

(0.215) 

Cycle 0.880 
(0.148) 

0.656 

(0.187) 

0.711 

(0.261) 

0.539 

(0.267) 

0.605 

(0.207) 

0.631 

(0.242) 

0.658 

(0.271) 

0.627 

(0.381) 

0.488 

(0.329) 

Run 0.917 
(0.105) 

0.973 
(0.091) 

0.803 

(0.197) 

1.000 
(0.000) 

0.987 
(0.042) 

0.922 
(0.131) 

0.934 
(0.082) 

0.857 

(0.212) 

0.827 

(0.289) 
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INTRODUCTION 
During a typical running gait, a knee extensor moment is 
produced by the quadriceps to generate power for forward 
propulsion, and a positive relationship between running speed 
and peak knee extension moment has been observed [1].  The 
peak knee extension moment, however, is greater in running 
than in sprinting [2], indicating that this relationship is non-
linear when higher speeds are considered. The speed that 
delineates sprinting has not been explicitly defined and has 
been referenced at 3.9m/s [2], and up to 8.9m/s [3]. The 
purpose of this study was to quantify the relationship between 
knee flexion-extension moment magnitude and running speed 
in a group of elite female cross country athletes. 
 
METHODS  
Twelve female cross-country runners participated in this study 
(Table 1). Position data of the lower extremities were collected 
using a 6 camera Qualisys Motion Capture system (Qualisys 
AB, Sweden), while participants ran on an instrumented 
treadmill (Treadmetrix, Park City, USA) with their own 
footwear. Participants ran at 7 speeds, from 2m/s to 5m/s in 
0.5m/s increments. Each speed was held for 30 seconds, 
during which, two 10 second trials were collected. Rest was 
given between speeds greater than 3 m/s. Visual 3D (C-
Motion Inc., Rockville, Maryland, USA) software was used 
for the kinematic and kinetic analysis. Knee internal net 
resultant moments were calculated using inverse dynamics.  
 
RESULTS 

  
Figure 1: Average peak knee extension moment at each of the seven 
treadmill speeds. (*) indicates significant difference (a = 0.05) 
between the two indicated running speeds.       
                    
A non-linear relationship between running speed and peak 
knee extension moment was found in this study (Figure 1).  
 
 

 
The knee extension moment significantly increased with each 
0.5m/s increase in treadmill speed up to 3.5m/s, after which 
there was no further increase in the sagittal plane knee 
moment with additional increases in treadmill speed. There 
was a trend towards a decrease in the knee moment between 
4.5 and 5m/s (p=0.08). The peak knee extensor moment 
occurred at different speeds for different runners, and typically 
occurred at a treadmill speed slightly above the average race 
pace for that individual (during the 2017 Atlantic University 
Sport season) (Figure 2). 

 
Figure 2: Peak knee extension moment versus speed relationships for 
four athletes with their corresponding 6km race pace.  
 
DISCUSSION / CONCLUSIONS 
The speed at which the knee extensor moment is no longer 
positively correlated to running speed may mark the person-
specific transition between running and sprinting. This 
hypothesis is made more convincing due to the proximity of 
this plateau and the self-selected race pace of elite cross-
country runners. The lack of increase in peak knee extension 
moment mirrors the finding by Schache et al., in that peak 
knee extension moment during midstance does not display a 
significant speed effect between 3.5 and 8.9 m/s [3]. Whether 
this plateau represents a limit (physiological or 
biomechanical), or a kinematic shift reflecting the subject 
specific transition from running to sprinting requires future 
research. 
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Table 1: Participant demographic and performance information 
 Mass  

(kg) 
Height  
(cm) 

BMI 
(kg/m2) 

Age 
(years) 

6km race pace 
(min/km) 

6km race pace 
(m/s) 

Mean (SD) 58.7 (6.4) 166.7 (4.1) 21.2 (2.5) 20.4 (1.8) 4:21.6 (14.3) 3.9 (0.2) 
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INTRODUCTION 
Patellofemoral pain (PFP) is an over-use knee injury that may 
occur following repetitive activities such as running and 
bicycling. PFP is the most common running injury, with nearly 
17% of running injuries attributed to PFP [1], and 5% of 
runners reporting PFP [2]. This painful knee condition is also 
reported in as many as 20% of cyclists, with 12% complaining 
of localized pain to the patella [3]. To understand and treat the 
mechanisms underlying PFP, it is necessary to understand how 
patellar cartilage acutely responds to these activities.  
Magnetic resonance imaging (MRI) enables measurement of 
acute changes to cartilage in response to activity. MRI studies 
have investigated the changes in patellar cartilage thickness 
after running 200m and bicycling for 10 min [4], showing that 
running and bicycling compress cartilage by 4-5%. This 
investigation qualitatively assessed where patellar cartilage 
deformed [4]. Functional MRI (fMRI) studies identify specific 
locations within the brain that are affected by an experimental 
stimulus using statistical parametric maps (SPMs) [5]. No 
cartilage deformation studies have adopted this approach of 
statistically assessing pixelwise changes. The purpose of this 
study was to assess changes in patellar cartilage caused by 
running and bicycling, using SPMs.  
METHODS  
Fifteen healthy men (25.8±4.2 years, 1.79±0.06 m, 75.8±9.7 
kg) completed three study visits. One visit was for 
biomechanical assessment. The remaining two visits were to 
acquire MRIs immediately preceding and following running 
and bicycling activities. Previous analyses of these data 
compared the changes in tibiofemoral cartilage caused by 
running and bicycling [6].  
Running and bicycling cumulative vertical ground reaction 
forces (vGRF) were normalized. Running data were collected 
for 5 over-ground running trials (AMTI, MA, USA). Bicycling 
data were collected for a 5-min bout of bicycling (Novatech, 
East Sussex, UK). Activity durations were calculated to 
normalize vGRF using the following equation: CL = R * I * t, 
where CL is the activity cumulative load, R is repetitions per 
minute, I is impulse per repetition and t is time (min).  
MRI scans were acquired using a 3T MR750 (GE Healthcare, 
Milwaukee, USA) and an 8-channel transmit/receive knee coil. 
For cartilage morphological assessment, a 3D sagittal fat-
saturated T1-weighted fast spoiled gradient recalled (FSPGR) 
MRI sequence was acquired before and after each activity.  
Patellar cartilage was segmented from the FSPGR images 
using a 3D convolutional deep learning algorithm trained on 
139 knee MRIs (NeuralSeg, ON, Can). Each segmentation was 
assessed and manually corrected as necessary. Each 
segmentation orientation was aligned with the xyz image axes 
using principal components analysis (PCA). Cartilage 
thickness was calculated as the minimum Euclidean distance 

between each point on the bone-cartilage-interface and the 
articular surface. Cartilage thickness maps were flattened and 
interpolated to match the median thickness map size. Finally, 
all maps were Gaussian filtered with full width half maximum 
of 4mm. 
To generate SPMs, a thickness change map (post-pre) was 
generated for each participant and each activity. Z-score maps 
were generated by comparing the mean and standard error of 
each pixel to zero. Clusters of regional changes in thickness 
were identified by thresholding z-scores at 4.0, and significant 
clusters were identified using random field theory at a p-value 
of 0.001[5].  
RESULTS 
Bicycling primarily compressed superior patellar cartilage, 
while running compressed middle and inferior cartilage 
(Figure 1). For running, it appears that cartilage thickened in 
the superior pole and thinned in the inferior pole.  

 
Figure 1: Z-score maps of significant changes in cartilage 
thickness. Regions of patellar compression are shown in blue, 
and regions of thickening in yellow. Maps were truncated at z 
±10 (p<1x10-23).  
DISCUSSION AND CONCLUSIONS 
The finding that bicycling compressed superior and running 
compressed inferior patellar cartilage aligns with expected 
patellar contact points. For example, in extended knee 
positions (running) there is contact at the inferior patella and 
for flexed knee positions (bicycling) there is contact at the 
superior patella. These deformation patterns suggest that PFP 
from these activities may require different rehabilitation and 
prevention strategies.  In particular, running may benefit from 
exercises in a more flexed position, while bicycling may 
benefit from exercises in a more extended position.  
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INTRODUCTION 
Although there are numerous health benefits associated 
with running, the high risk of developing running 
related injuries is well documented. [1] Previous 
studies have reported that men and women demonstrate 
distinctly different biomechanics during running and 
that older runners use a variety of biomechanical 
adaptations compared with younger runners. [2,3] It is 
hypothesized that excessive asymmetry due to 
biomechanical and anatomical abnormalities 
contributes to increased risk of injuries, however it is 
still unclear how age and gender might impact this. 
[4,5] Symmetry Angle(SA) has been used to quantify 
the level of bilateral asymmetry within each runner 
where the value of 0% indicates perfect symmetry and 
a value of 100% reflects two values that are equal and 
opposite in magnitude. [6] The purpose of this study 
was to understand the influence of age and gender on 
interlimb asymmetry in four distinct demographic 
groups of recreational runners. 
 
METHODS  
A cross-sectional study design was employed. Healthy 
recreational runners running at least 10km per week 
were recruited. Runners were categorized into four 
groups based on age and gender: young women under 
30(YW), young men under 30(YM), older women over 
45 (OW), and older men over 45 (OM). Subjects were 
provided with standard neutral footwear. 3D gait 
analysis was conducted on an instrumented treadmill 
(Treadmetrix, UT, USA). A 30 second trial using a 5-
camera motion analysis system (Qualisys, Goteborg, 
Sweden) was collected as participants ran at their 
preferred pace. Standard motion analysis software    
(C-Motion, MD, USA) was used to calculate peak hip 
adduction angle (HA), peak knee adduction moment 
(KAM), peak knee flexion angle (KF), and peak 
vertical ground reaction force (VGRF). These variables 
were chosen because they have demonstrated 
differences across the aging and gender spectrum. [2,3] 
SA for HA was computed using the peak HA for both 
limbs with Xleft being the peak HA for the left lower 
limb and Xright the peak HA for the right lower limb 
(Xleft and Xright).SA= (45°-arctan(Xleft/Xright))/90°×100%. 
[6] Similarly, SA was calculated for the other 
variables. Two-way multivariate analysis of variance 
was performed with age and gender as factors and SA 
values as dependent variables. Since running speed has 
been demonstrated to influence gait mechanics it was 
included as a covariate.                                                                                                    

Table1: Mean(SD)of demographic variables. 
Group Age (yrs) Height(m) Weight (kg) Speed(m/s) 
YM 22.6(2.5) 1.8(0.07) 75.6(11.1) 3.3(0.5) 
YW 25.06(3.3) 1.65(0.05) 61.35(9.08) 2.71(0.38) 
OM 49.53(4.1) 1.75(0.04) 78.4(8.94) 2.91(0.38) 
OW 52.6(3.2) 1.65(0.05) 65.2(11.9) 2.34(0.3) 

 
 
Table2: Mean(SD)of Interlimb Asymmetry. 

Group HA (%)g KF (%) KAM (%)i VGRF(%) 
YM 15.60(11.99) 4.81(3.29) 29.59(10.43) 1.42(0.85) 
YW 7.17(5.13) 4.26(2.91) 14.98(11.57) 0.98(0.50) 
OM 12.33(10.00) 2.60(2.41) 16.21(13.95) 1.29(0.96) 
OW 11.30(8.38) 4.67(4.48) 14.78(12.84) 0.93(0.63) 

isignificant interaction effect, asignificant main effect 
of age, gsignificant main effect of gender 
 
RESULTS 
Fifteen runners in each group participated in this study. 
(Table 1). Overall, gender had a significant effect on 
HA asymmetry (p=0.02) and both gender and age 
showed a significant interaction effect on KAM 
asymmetry (p=0.04). (Table 2) Neither age nor gender 
were related to KF or VGRF asymmetry. Speed did not 
impact asymmetry for all the variables in the four 
groups.  
 
DISCUSSION / CONCLUSIONS 
Previous studies have suggested that women have 
greater HA and older women demonstrate differences 
in KAM magnitude than men. [2,3] This study suggests 
that interlimb asymmetry in running gait for KAM and 
HA also differs with aging and gender. Understanding 
age and gender related adaptations in interlimb 
asymmetry will help improve running performance and 
develop programs aimed at reducing injury rates.   
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INTRODUCTION 
The tarsal complex of the foot is integral in the foot’s ability to 
adapt to varied terrain and manage load. The bones of this 
complex include the calcaneus, navicular, cuboid and talus. Due 
to the presence of soft tissue, as well as their small size and 
close-packed nature, their patterns of motion and axes of 
rotation have not been fully quantified for dynamic, in-vivo 
motions, such as running. Many investigations to date have used 
cadavers to describe joint motion [1], and in-vivo analyses have 
been completed through invasive measurements [2], optical 
motion capture and fluoroscopic studies at discrete points of the 
gait cycle [3], [4]. In this case study, a high-speed biplanar x-
ray videoradiography system captured the live running motion 
of one subject with beads implanted in the foot bones.  

The purpose of this analysis was to investigate the relative 
motion of the bones in the tarsal complex of the foot, and the 
instantaneous axes of motion during running to better 
understand healthy foot function. We hypothesized that the 
motion around the instantaneous helical axis for the subtalar 
joint (STJ), talonavicular joint (TNJ) and the cuboid- talar joint 
(CTJ) would be primarily coupled eversion and external 
rotation during the weight acceptance phase of stance, and 
inversion with internal rotation during late stance  [3]–[5]. 

METHODS  
One male subject (49y) previously had a set of three tantalum 
beads implanted in the calcaneus, talus, navicular and cuboid. 
After ethics approval and informed consent, CT scans were 
acquired of the foot (0.441x0.441x0.625mm). The subject then 
ran along a platform three times, while biplanar 
videoradiography recorded the motion (250 Hz). The beads and 
bones were segmented and registered to the dynamic data.  

The talar coordinate system was defined using a custom 
algorithm implemented in MATLAB. A plane was fit to the 
three inferior protuberances. The primary dorsiflexion (D) axis 
was defined as the vector connecting the most superior points 
in the medial/lateral ridges of the talar trochlea. The eversion 
(E) axis was defined as the mutual perpendicular of the plane 
normal and the dorsiflexion axis. The internal rotation (I) axis 
was the cross product of the D and E axes.  

The instantaneous helical axis of motion was computed for the 
STJ, CTJ and TNJ. The differentiation of the angular rotation 
around the helical axes with respect to time determined the 
angular velocity of the joint. The motion was decomposed into 
the talar coordinate system.

RESULTS 
The rotation of the navicular, cuboid and calcaneus relative to 
the talus was primarily co-axial, with a mean deviation of 13.4 
± 4.2° from the average axis over each half of stance. The 
similar pattern of the joints’ angular velocities (Figure 1) 
emphasizes this co-axial behaviour. The NTJ and CTJ angular 
velocities were closely coupled in magnitude. Both consistently 
had greater eversion and internal rotation angular velocities than 
the STJ (up to 2.5x larger). Dorsiflexion angular velocity was 
generally the lowest, but was still present. 

DISCUSSION / CONCLUSIONS 
The tarsal bones move co-axially relative to the talus. During 
early stance, they primarily evert and externally rotate while 
absorbing load, and then invert and internally rotate in late 
stance. The similar magnitudes of the angular velocity of the 
CTJ and NTJ indicate that they move as a unit, which is 
consistent with limited motion in the naviculo-cuboid joint [4]. 
The CTJ and NTJ angular velocities were both larger than the 
STJ, which is consistent with lower ranges of motion for the 
STJ in comparison to the NTJ [2]. This may indicate that the 
STJ joint is stiffer than the NTJ-CTJ unit. 

The helical axis directions varied slightly during a trial, 
however, the most variability occurred during small angular 
displacements, which is inherently subdued in the calculation of 
the angular velocity. The slight variations in direction suggest 
that the axes change with variations in loading, and support the 
screw-like motion described by Manter [5]. In addition, there 
are no tendinous insertions on the talus, meaning that ligaments 
and bony congruence control the joints passively. 

The main limitation of this study is the analysis of one subject, 
however it provides clear insight into the mechanism of motion 
of the tarsal complex. We hypothesize that individuals have a 
consistent tarsal axis, and that inter-subject variability in these 
axes is much higher than intra-subject variability. 
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 Figure 1: Angular velocity of each joint in the talar coordinate system. A. Dorsiflexion B. Eversion C. Internal Rotation. D. Helical axes of the 
cuboid, navicular and calcaneus relative to the talar coordinate system during late stance. 
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INTRODUCTION 
 
Previous work has demonstrated that dynamic lumbar spine 
stability is significantly decreased across a sample population 
after dynamically fatiguing the trunk extensor muscles [1]. 
This indicates the people may have a limited ability to 
properly respond to local perturbations when fatigued, and that 
this may predispose them to abnormal intervertebral 
movements and subsequent instability-type injuries [2]. 
However, some individuals may be more adept at coping with 
fatigue than others. Thus, understanding how muscle fatigue 
influences spine stability on an individual-by-individual basis 
may provide insight into sub-populations that have a greater 
risk of developing back injuries. 
 
Therefore, the purpose of this study was to assess whether or 
not a measure of dynamic spine stability in an unfatigued 
rested state was a good predictor of dynamic spine stability in 
a challenged fatigued state. It was hypothesized that strong 
associations would exist between the measured levels of 
stability in the two states. Specifically, it was expected that 
individuals with lower baseline (ie. in a rested state) levels of 
stability would demonstrate greater decrements in stability 
when challenged through the development of trunk muscle 
fatigue. 
 
METHODS  
 
A total of 30 participants, 15 males and 15 females, completed 
three repeated trunk flexion/extension trials (Day 1: Baseline, 
Fatigued; Day 2: Recovery) during which dynamic stability of 
the lumbar spine was assessed using maximum finite-cycle 
Lyapunov exponents (λmax). 3D lumbar spine kinematic data 
were sampled as participants completed 35 repeated spine 
flexion/extension movements during each trial. Trunk extensor 
muscle fatigue was induced through the performance of 
multiple sets of dynamic trunk extension exercises until the 
maximum voluntary extension strength declined to 60% of 
their unfatigued strength [3].  
 
RESULTS 
 
Across the whole sample population, an increase in dynamic 
spine stability when fatigued was observed (Figure 1A), as 
well as a moderate correlation (r = 0.45) between the level of 
dynamic stability at baseline and a stabilizing response when 
fatigued. Further analysis of the data on a person-by-person 
basis revealed three distinct responses in which participants 
either stabilized (n = 10), destabilized (n = 3) or had no change 
(n = 17) in dynamic spine stability when fatigued (Figure 1B). 
In addition, both stabilizer and destabilizer groups showed a 
partial recovery of dynamic spine stability after 24 hours 
(Figure 1B). 

 

 
 

Figure 1: Whole sample population (A) and individually 
grouped (B) mean (+SEM) maximum finite-cycle Lyapunov 
exponents (λmax) for baseline, fatigued, and recovery dynamic 
stability trials. An asterisk (*) indicates a significant difference 
(p < 0.05) both within groups compared to baseline (above 
bars) and between groups within each trial (above lines).  
 
DISCUSSION / CONCLUSIONS 
 
The primary goal of the current study was to assess whether a 
measure of dynamic spine stability in a normal, non-fatigued 
state was a good predictor of dynamic spine stability in a 
challenged, fatigued state. Based on our observations, the 
mean response of the sample population, suggesting a modest 
stabilizing response of the lumbar spine when fatigued, did not 
do a good job representing the true, meaningful responses of 
individuals within the population. Further, there was only a 
moderate correlation between the baseline level of stability 
and a stabilizing response when fatigued. These results 
illustrate the importance of considering individualized 
responses when examining dynamic stability measures and 
provide preliminary evidence suggesting that individual injury 
risk cannot be completely captured by measures taken in an 
unchallenged rested state. 
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INTRODUCTION 
Axial lumbar twist is a significant factor in low back pain 
development and cause of injuries [1]. While much attention is 
given to intervertebral discs, nerve roots, ligaments, and 
muscular structures, facet joints have continued to gain 
traction based on multiple controlled studes [2]. In fact, 
lumbar facet joint pain prevalence has been estimated to 
account for a wide range (7-75%) of patients reporting back 
pain [3]. The facet joints play an important role in load 
transmission and stability of the spine while also protecting the 
intervetebral disc from excessive torsion [3,4]. One study 
involving porcine spinal units identified interfacet spacing as a 
primary factor in determining the relative effectiveness of the 
facet joints to resisting axial twist [5]. The objective of this 
study was to quantify the characteristics of the facet joint 
during controlled axial rotation of the lumbar spine.   
 

METHODS  
Twenty (10 males, 10 females) healthy participants were 
recruited for this study with no history of low back pain over 
the past 12 months and who successfully passed the MRI 
screening process. A Siemens MAGNETOM 3T Trio MRI 
scanner was used to acquire 3D MRI scans, using a T1-
weighted VIBE sequence. Participants were secured to an 
MRI-safe spine board and imaged in both a neutral and axially 
twisted position. Consistency of external rotation across 
participants was achieved through the use of a padded 30° 
wedge, which was locked into the customized spine board to 
prevent movement during scans.  Following localization scans, 
the entire lumbar spine (L1-L5, or four functional spine units, 
FSU) was targeted and images were acquired.  The order of 
imaging was randomly and evenly assigned amongst sex.   
Intervertebral twist, facet angle, and inter-facet distance within 
one FSU (the inferior facet of the cranial vertebra and superior 
facet of the caudal vertebra) were measured using OsiriX (© 
Pixmeo Sarl, V 5.0.1). A mixed model ANOVA was carried 
out in R (R Core Team, V 3.4.4). 
 

RESULTS 
There was a significant interaction (p < 0.01) effect between 
position*side, evident in Figure 1. Additional interaction 
effects were found between facet angle*rotation, facet 
angle*side, and rotation*level.  These results demonstrate a 
clear difference between left and right sides in response to 
rotation, as would be expected. Table 1 displays the mean of 
rotation, facet angle and spacing across positions, sides, and 
levels.    

 
 

 
Figure 1: Mean (SE) Inter-facet spacing (mm) of Left and Right side 
between positions across lumbar levels. 
 

DISCUSSION / CONCLUSIONS 
In response to axial twist, the facet spacing changed as 
expected, with a significant increase on the ipsilateral side and 
a significant decrease on the contralateral side at all lumbar 
levels.  There was also a progressive increase toward lower 
lumbar levels, with the greatest difference occurring at the L4-5 
level, which was also the site of the greatest internal lumbar 
rotation. Furthermore, the facet angle also impacted the 
magnitude of inter-facet separation. The degree to which a 
decrease in inter-facet spacing becomes a mechanism for low 
back pain development remains to be seen, however it is clear 
that even a modest level of trunk axial twist results in a 
significant reduction in this inter-facet distance. The 
unavoidable movement of repetitive axial twisting may 
provide insight into a source of such a large proportion of low 
back pain cases. 
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Table 1: Mean Interfacet Spacing (Space_x_), Facet Angle (Angle_x) of each side (L/R), and Rotation at each FSU level. 
 Space_L_Neut Sp_L_Rot Sp_R_Neut Sp_R_Rot Angle_L Angle_R Rotation 

L1-2 1.14 1.08 1.24 1.54 65.95 66.11 1.68 
L2-3 1.38 1.24 1.41 1.79 60.44 61.54 0.91 
L3-4 1.52 1.30 1.52 1.96 53.80 51.72 1.38 
L4-5 1.78 1.42 1.80 2.32 41.78 43.38 2.55 
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INTRODUCTION 
 
Normalizing spine flexion angles to range of motion makes it 
easier to compare between individuals and provides a more 
functionally relevant variable for use in biomechanics studies. 
Typically, these normalized angles use the maximum 
voluntary flexion range of motion as 100%; however, it is not 
clear from the literature whether maximum forward spine 
flexion (MFF) should be measured in a standing or seated 
posture or how many trials should be collected. A repeated 
measurement might increase the lumbar flexion angle [1] 
whereas using only one measurement could fail to find the 
“true” maximum value. Thus, the purpose of this study is to 
determine the best way to measure the MFF and the number of 
trials that should be collected for normalizing lumbar spine 
angles. 
 
METHODS 
 
40 individuals (20 males, 20 females) with no history of back 
pain were recruited from the university population (age 18 to 
69 years). Preliminary data is available for 11 participants. 
Participants were instrumented with two accelerometers 
(ADXL335, Analog Devices, Norwood, MA, USA) at the L1 
and S2 spinous processes to measure lumbar spine and pelvic 
angles. Two static calibration postures were considered 
(standing MFF, and seated MFF).  Accelerometer data for all 
posture trials were collected for 5s at a sample rate of 256 Hz 
(Optotrak Data Acquisition Unit, NDI, Waterloo, ON, 
Canada). Participants were block randomized such that 5 
participants performed 5 trials of standing MFF first 
immediately followed by 5 trials of seated MFF and 6 
participants performed the reverse. Spine angles for each trial 
were calculated with custom code (Matlab r2017, The 
Mathworks, Nattick, MA, USA). Spine angles were compared 
with a one-way ANOVA for MFF posture (standing or sitting) 
and trial number respectively (SPSS, IBM Corporation, 
Armonk, NY, USA). Level of significance was accepted at 
p≤0.05. 
 
RESULTS 
 
There was no significance difference between the MFF spine 
angles found in either the standing or seated posture (p=0.865, 
η2=0.001) (Figure 1). There were no differences between trials 
1-5 in either the standing MFF (p=0.974, η2=0.010) or seated 
MFF trials (p=0.205, η2=0.110) (Figure 1).  
 
 
 

 
Figure 1: Average lumbar angle of 5 trials of standing and seated 
MFF with both variations being performed back to back. 
 
DISCUSSION / CONCLUSIONS 
 
The most common method for normalization includes only 
one repetition of standing MFF [2]. However, it is unclear if 
this method provides the “true” maximum. This study found 
that the largest spine angle, which we would assume provides 
us with the “true” maximum value, was captured at different 
times for different participants (e.g. not necessarily the first or 
second trial): for example, angles exceeded the value of the 
first standing MFF trial by as much as 16.92°. This would 
suggest that additional trials should be collected, however, at 
present the effect sizes are too small to draw a definitive 
conclusion. Similarly, there were also no significant 
differences between standing and seated MFF indicating that 
technically either posture would be appropriate. However, this 
conclusion is also limited by effect size. For example, we 
noted that approximately half of the participants achieved their 
greatest angle during seated MFF and the other during 
standing MFF. This suggests that MFF values should ideally 
be collected with both postures to ensure the maximum is 
captured. These conclusions are similar to Cotter et al. who 
found it is sufficient to perform one standing MFF but 
recommended to perform both standing and seated MFF. It is 
important to emphasize that our results are preliminary and the 
current effect sizes are small. The completion of this study will 
allow us to draw stronger conclusions.  
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INTRODUCTION 
 

Control of spinal motion is maintained by passive 

(osteoligamentous), active (musculotendinous) and neural 

(central and peripheral) structures. Panjabi’s model of spinal 

stability postulates that a joint with lower osteoligamentous 

stiffness must change muscular activation to compensate with 

increased active stifffness [1]. This theory forms the basis of 

stabilization exercises used in cinical practice for individuals 

who suffer a low back injury.  

 

The objective of the present study was to test the hypothesis 

that individuals with greater lumbar laxity would exhibit 

increased antagoinist activation amplitudes and less responsive 

muscle activation patterns or a sustained activation pattern 

during a highly controlled transfer task.  

 
METHODS  
 
Twenty-eight participants volunteered for this study with no 

history of LBP in the last year. All participants underwent a 

transverse plane spinal laxity test where they stood completely 

relaxed while their pelvis was slowly (7±2°/s) rotated 

clockwise and counter clockwise on a rigid body designed to 

fix their thorax and pelvis seperately. Rotation was produced 

using a steel cable, attached to a load cell. Five trials were 

collected in each direction. Spinal laxity was measured by 

using a parabolic fit of the moment data (M) from -15-15°of 

rotation with 0° set as the participants comfortable standing 

position. Stiffness was calculated as dM/d° for the fitted data 

with the participants lax zone defined as the angle which 

stiffness exceeded |0.1Nm/°| [2]  Participants were then 

separated as high or low laxity using a median split approach. 

 

All participants then performed a highly controlled right to left 

lift and replace task three times [3]. Electromyographic (EMG) 

data collected at 1000Hz from 24 trunk muscle sites 

(abdominal and back extensors) were full wave rectified and 

low pass filtered (6 Hz), time normalized to 100% (entire 

exercise) and amplitude normalized to maximum voluntary 

isometric contractions (MVIC). EMG ensemble-average 

waveforms for each muscle site and subject were entered into 

principal component (PC) analysis models for abdominal and 

back sites separately [3]. Mixed model ANOVAs (group, 

muscle) were conducted for each PC score (α=0.05).  

 
RESULTS 
 
Fourteen participants were in each group, with no difference in 

age, mass, height, or sex distribution. 

  

For the back extensors 3 PC’s explained 96% of the EMG 

variance. Two group main effects were found. For PC2 

(p=0.017) a greater difference between early and late % Time 

was found for those with more laxity, exhibiting a greater 

responsiveness to the lateral flexor moment (Figure). PC3 

(p<0.001) captured a higher relative amplitude at 50% or a 

greater responsiveness to the mid-task flexion moment in the 

high laxity group. For the abdominals, 2 PC’s explained 97% 

of the variance. A group main effect for PC1 (p=0.045) 

captured those with more laxity exhibited lower abdominal 

activation amplitudes.  
 

 
Figure: Comparison of left erector spinae between participants with 

high and low laxity, with arrows showing PC’s contribution. 

 
DISCUSSION / CONCLUSIONS 
 

The results of this study show those with higher laxity utilized 

less antagonist (abdominal) activation, and were more 

responsive to the changing external moment demands of the 

controlled dynamic lifting task. These findings reject our 

hypothesis developed as individuals with a history of back 

pain use sustained activation and increased antagonist 

activation believed to compensate for increased spinal laxity 

[3]. However, spinal stability can be achieved through both 

increased activation of agonist and antagonist [4], where these 

data suggest in individuals without a recent history of back 

pain muscle activations may compensate for decreased 

stability by increasing the responsiveness of agonist muscles. 
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INTRODUCTION 
 
To safely bear loads and reduce the risk of low back injury, 
individuals need to appropriately control the movements of 
their spine [1]. In the motor control literature, it has been 
shown that people’s focus of attention (FOA) can affect their 
neuromuscular control, altering task accuracy and 
performance. Specifically, motor control differences have 
been seen when individuals focus on their body movements 
(i.e. internally) versus when they focus on the effect of their 
movement (i.e. externally). However, there is uncertainty 
within the literature, with some tasks appearing to benefit from 
an external FOA (e.g. golf [2], balance [3] and supra-postural 
tasks [4]), while other tasks are unaffected (e.g. gait local 
dynamic stability [5]).  
 
The uncertainty of whether FOA affects all movements raises 
concern regarding trunk motor control, which is often 
measured through local dynamic stability (LDS) calculations 
from repetitive spine flexion tasks (e.g. [6]). If FOA does have 
an effect on trunk motor control, then the reliability of 
measurements obtained through these protocols can be 
improved by controlling for FOA. Therefore, the goal of this 
study was to determine if there are changes in trunk motor 
control due to the object of a participant’s FOA during a 
repetitive spine flexion task. Based on previous literature 
demonstrating an effect of FOA across a wide range of 
activities, it was hypothesized that there would be 
improvements in spine control when participants focus 
externally vs. internally. 
 
METHODS  
 
Fourteen healthy adults (7 male and 7 female; 24 years 
(SD=5), 170.5 cm (SD=8.2), 66.7 kg (SD=12.9)) performed 35 
cycles of a repetitive spine flexion task while constrained at 
the hip. Participants were instructed to touch two buttons, one 
at shoulder height and the other at knee height to the beat of a 
metronome (0.5 Hz; 4 seconds/cycle). Participants performed 
the task under two FOA conditions: external FOA (instruction: 
focus on touching the button exactly on the beat of the 
metronome) and internal FOA (instruction: focus on 
controlling the movement of your trunk between beats of the 
metronome). Participants indicated on a visual analogue scale 
(VAS) how much of their attention was focused on their 
instructions; a score of less than 50% was deemed a mistrial 
and was repeated. Motion capture data of clusters located over 
the T10-T12 vertebrae and over the sacrum were collected at 

120 Hz, which was then imported into Visual 3D (V5, C-
motion, MD, USA) to calculate Euler angles of the lumbar 
spine (i.e. the T10-T12 cluster relative to the pelvis cluster). 
Trunk LDS was then calculated from the sum of squares of the 
3D Euler angles, by first creating a 6D state space using the 
method of delays, and then calculating the maximum local 
divergent exponent (λmax) using the Rosenstein method [6]. A 
paired samples T-test (α = 0.05) was used to detect any 
differences in λmax between FOA conditions. 
 
RESULTS 
 
There was no significant difference in λmax between the 
internal and external focus conditions (p = 0.202) (Table 1). 
Participants were able to focus more on what was instructed 
during the external focus condition compared to the internal 
focus condition (p = 0.002) (Table 1). 
 
DISCUSSION / CONCLUSIONS 
 
Despite previous studies finding differences in performance 
and movement quality when an individual’s FOA was 
adjusted, we found no difference in spine control when the 
participant focused on controlling their trunk movements (i.e. 
internal FOA) vs. when they were focused on pressing the 
buttons in synchrony with the metronome beat (i.e. external 
FOA). Despite these findings, we still recommend providing 
clear instructions regarding FOA to participants to minimize 
potential sources of inter-subject variability on LDS results. 
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Table 1. Mean values. Participants were able to maintain a similar amount of trunk control between FOA conditions. 

Focus Condition λmax ± SD VAS score ± SD 
Internal 2.11 ± 0.21 74 ± 13%* 
External 2.01 ± 0.20 85 ± 10%* 

Legend: * significant difference at a critical significance level of p < 0.05 
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ANNULAR DELAMINATION FOLLOWING PRESSURE-INDUCED VERTEBRAL END-PLATE FRACTURE 

 
Diane E. Gregory1,2, Chelsea R. Snow1, Maxine Harvey-Burgess2, Brigitte Laird2, Stephen H.M. Brown3  

11Department of Health Sciences, 2Department of Kinesiology & Physical Education Wilfrid Laurier University, Waterloo, 
Canada, 3Department of Human Health & Nutritional Sciences, University of Guelph, Guelph, Canada 

Email: dgregory@wlu.ca
 
INTRODUCTION 
 
Intervertebral disc herniation is a common source of low back 
pain and disability. Previous research has shown that specific 
annular defects and/or damage in the intervertebral disc are 
precursors to herniation. While certain movements, such as 
repetitive flexion and extension [1], and prolonged twist [2], 
have been linked to these annular defects,] previous research 
has also identified a link between vertebral fracture and 
subsequent herniation [3], suggesting fracture may also result 
in annular damage. A previous study using a porcine spine 
model did not report any visual damage to the annulus 
following endplate fracture [4], but it is possible micro-level 
damage may have been present. The aim of the current work 
was to determine if endplate fracture, created using a novel 
high nucleus pulposus pressurisation mode, creates micro-
damge that alters the mechanical properties of the annulus. 
 
METHODS 
 
Using a porcine cervical spine, the current study created 
endplate fractures using a previously established rapid 
pressurisation model of the nucleus pulposus [4]. Specifically, 
intervertebral discs were rapidly injected with hydraulic fluid 
via a standard inflation needle (Figure 1), which resulted in a 
fracture of the endplate. Twenty-eight functional spine units 
(FSU), each containing two vertebrae and the intervening disc, 
were isolated from the porcine cervical spines and randomly 
separated into two groups: fracture and control. For the 
fracture FSUs, the inflation needle was inserted through the 
anterior wall of the disc into the nucleus pulposus which was 
slowly injected with hydraulic fluid until resistance to further 
injection was felt. Additional fluid was then injected in a rapid 
manner until an audible pop sound was heard indicating 
fracture of the endplate. The control FSUs did not undergo 
rapid pressurisation of the nucleus. 
 

 
 
Figure 1: Illustration of experimental set-up. A pressure transducer 
was connected in series with a hydraulic pump filled with fluid; the 
fluid was injected into the disc via a standard inflation needle.  
 

 
Two tensile tests were conducted on annular samples obtained 
from both the fractured and un-fractured specimens: a 180ᴼ 
peel test in order to isolate the interlamellar matrix (adhesive 
layer between the annular lamellae) and a bilayer sample to 
test the circumferential tensile properties of the annulus. Both 
samples were dissected from the posterior region. 
 
RESULTS 
 
All 14 FSUs which underwent rapid pressurisation (max 
pressure 1.08 MPs (±0.18) fractured in the endplate region 
(Figure 2); all fractures occurred in the posterior region of the 
inferior endplate of the superior vertebrae. In these fractured 
spines, the peel strength, and thus lamellae adhesion strength, 
was 31% lower compared to the un-fractured spines. 
Interestingly, in the fractured spines, annular samples appeared 
to manually delaminate more easily prior to conducting the 
peel test compared to samples from the non-fractured spine, 
corroborating this finding. No differences in bilayer annular 
mechanical properties were observed between the fracture and 
un-fractured spines. 
 
 
 
 
 
 
 
 
 
 
Figure 2: Typical fracture pattern on the inferior end-plate of the 
superior vertebra; transverse (A) and sagittal (B) view. 
 
DISCUSSION / CONCLUSIONS 
 
The findings from this study suggest that damage as a result of 
rapid nuclear pressurisation and thus endplate fracture is not 
isolated to the vertebra. Rather, such loading also negatively 
impacts lamellae adhesion strength. Decreased adhesion 
strength would likely translate to increased delamination of the 
IVD, a precursor of herniation, thereby explaining the 
documented link between vertebral fracture and herniation.  
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INTRODUCTION 
Stooping and crouching (SC) movements are critical to many 
daily tasks such as reaching to low shelves and retrieving items 
from the floor. Epidemiologic data suggests that 1 in 4 older 
adults experience significant difficulty performing SC 
movements [1], which can lead to functional limitations that 
jeopardize independence and quality of life. While differences 
in control strategies between young and older adults have been 
investigated in closely monitored squat-to-reach tasks [2,3], 
little is known about movement strategies naturally adopted 
during unconstrained SC tasks more closely resembling those 
encountered in daily life. Accordingly, our objectives were to 
assess the influence of aging on SC task performance by 
comparing whole body centre of mass (COM) and lower limb 
kinematics, and underfoot centre of pressure (COP) and COM 
velocity and trajectory adjustments between younger and older 
participants during tasks that differed in: (1) initial lift height, 
(2) precision demand, and (3) duration. 
 
METHODS 
Twelve young (22.8 ± 2.4 yrs) and 12 older (69.5 ± 6.9 yrs) 
community-dwelling adults performed object-retrieval tasks 
varying in: (1) initial lift height (10%, 20%, 30%, 40%, and 
50% of hip height), (2) precision demand (small versus large 
item), and (3) duration (short versus long). Infrared markers 
placed bilaterally on the upper and lower limb segments, and on 
the posterior aspects of the sacrum, thorax, and head were used 
to track body movements. A force platform under the feet 
measured ground reaction forces and moments. Kinematic data 
were used to calculate whole body centre of mass (COM) and 
flex/extension angular velocities and displacements of the knee 
and hip. Force and moment data were used to calculate 
underfoot centre of pressure (COP). Isometric peak torques for 
the knee extensors and flexors were obtained using a Cybex II 
dynamometer. Passive ranges of motion (ROM) of the knee and 
hip were obtained with a Leighton flexometer. Strength and 
ROM values were compared between young and older adults 
using t-tests. Mixed-model ANOVAs were used to compare 
kinematic and COP measures between young and older adults 
in each of the three task variants. An alpha level of 0.05 was 
used for all statistical analyses.  
 
RESULTS 
Isometric strength and ROM tests revealed that older adults had 
lower knee extensor (1.58±0.67 vs 2.28±0.75 Nm/kg) and 
flexor (0.72±0.24 vs 1.05±0.37 Nm/kg) torques, and less 
passive knee flexion (128.7±15.3° vs 144.5±11.5°) compared to 
young participants (p < 0.05 for all). Older participants moved 
significantly slower than younger participants when 
transitioning into (Fig. 1a) and out of postures used for all tasks. 
Movement differences were characterized by lower maximum 

knee and hip velocities, which led to slower whole-body COM 
vertical velocities. Older adults also adopted postures that were 
more upright than those used by younger participants, as 
characterized by less flexion in the knees and hips, which led to 
a higher COM. During longer duration tasks (i.e. retrieving 12 
plastic chips versus 1 chip), older adults tended to avoid high 
knee-flexion, forefoot crouching postures employed by younger 
participants (Fig. 1c). In all tasks, older adults exhibited a higher 
degree of COP trajectory adjustments, as demonstrated by a 
higher ratio of COP to COM velocity (Fig 1b.).  

Figure 1: (A) COM vertical velocity and COP to COM (horizontal) 
velocity ratios (B) shown for young (black line) and older (grey line) 
participants during the varying lift height tasks. Forefoot crouching 
posture comparison (C) shown for the longer duration tasks. 
Significant age (a) and lift height (h) effects depicted in figure.  
 
DISCUSSION AND CONCLUSIONS 
These findings show that while community-dwelling older 
adults move slower and through smaller ranges of motion than 
younger participants when performing SC tasks, they tend to 
adjust their COP trajectory more throughout the movements. 
The finding that older adults also tend to avoid high knee 
flexion, passive crouching postures during longer duration tasks 
may be related to deficits in knee extensor strength and active 
range of motion required to safely transition to and from these 
postures. Future work should focus on investigating causal 
relationships between physiological and functional traits (i.e., 
strength and ROM) and SC ability, with an eye towards training 
specific elements that may improve task performance in this 
important activity of daily living.  

REFERENCES 
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INTRODUCTION 
 
Understanding how pre-balance response measures influence 
individuals’ balance capabilities is an important element of 
assessing fall risk.  If predictive measures can be identified, 
they can be targeted and influenced to improve balance control 
and reduce the risk of falling.  Both centre of mass position 
and velocity have previously been suggested for consideration 
when studying balance control [1, 2].  The goal of this study 
was to characterize aspects of pre-balance responses, peak 
platform acceleration, and peak anteroposterior (AP) centre of 
mass (COM) acceleration and their respective predictive 
contributions to single step response outcome measures during 
AP surface translations. 
METHODS  
 
Twenty-three younger adults (mean (SD) age=24.0 (3.6) y, 
mass=73.2 (12.5) kg, height=1.71 (0.08) m) were perturbed 
using a translating surface.  Participants stood upright on a 
4.87x2.10 m platform and were connected to an overhead 
safety harness system.  The platform translated 0.3 m with 
varying velocities (0.5-1.0 m/s) and accelerations (0.5-3.5 
m/s2) in four directions (forward/backward/left/right) for a 
total of 119 trials. Translation order was randomized to 
minimize anticipation effects. Step length normalized to leg 
length and minimum margin of stability (MOSmin) after heel 
strike were calculated. Pearson product correlations were 
performed between these outcomes and both peak platform 
acceleration and peak AP COM acceleration in backward 
translations that were successfully responded with a single 
step. 
RESULTS 
 
896 backward perturbation trials were examined, and 
participants successfully maintained balance using a single 
step in 96.4% of trials.  No steps and multiple steps were used 
in 2.5% and 1.1% of trials respectively.  Moderate correlations 
were observed between peak platform acceleration and step 
length and MOSmin (r2=0.597, p<.001 and r2=0.541, p<.001 
respectively).  Stratifying the data based on velocity (low vs. 
high) resulted in stronger correlations between peak platform 
acceleration and step length and MOSmin (low: r2=0.741, 
p=.003 and r2=0.706, p=.036; high: r2=0.762, p<.001 and 
r2=0.672, p<.001).  Moderate correlations were observed 
between peak AP COM acceleration and step length and 
MOSmin (r2=0.559, p<.001 and r2=0.507, p<.001 respectively).  
Similar to peak platform acceleration, grouping the data based 
on peak velocity (low vs. high) resulted in stronger 
correlations between peak AP COM acceleration and step 
length and MOSmin (low: r2=0.731, p=.010 and r2=0.696, 
p=.114; high: r2=0.659, p<.001 and r2=0.610, p<.001). 

 
 

 
 
Figure 1: Correlation between Peak AP COM acceleration (mm/s2) 
during backward surface translation with step length during “high” 
velocity translations. 

DISCUSSION / CONCLUSIONS 
 
These data suggest that accelerations associated with both the 
surface underlying the feet, and the COM, are predictive of 
stepping responses. Correlation values became stronger when 
data was stratified based on perturbation velocity, confirming 
that velocity is an important component to be considered.  
Multiple linear regression approaches will be used to 
determine the combination of factors that best predict stepping 
responses. The linear regression will also take into 
consideration a measure of ankle co-contraction index, AP 
COM position, AP COM velocity and AP COM acceleration 
at the time of perturbation to investigate their influences on the 
predictive capabilities of the COM acceleration. The findings 
may assist in the development of recommendations for surface 
translation perturbation parameters in future studies, in 
addition to providing insights into dynamic balance control 
strategies/mechanisms.  
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INTRODUCTION 
The human body is inherently unstable in standing; 
constant regulation of ankle torque by a combination of 
intrinsic properties, peripheral reflexes, and central 
commands is required to maintain stability. The 
relative contribution of each factor is unclear; however, 
it is widely agreed that ankle intrinsic properties 
contribute significantly to stance control. The 
contribution of the joint intrinsic properties to standing 
can be quantified in terms of its stiffness, defined as the 
relationship between the joint angle and the torque 
acting about it.  
Ankle joint stiffness has been usually regarded constant 
in standing, although there is strong evidence from 
supine experiments that the stiffness changes greatly 
with ankle operating conditions, defined by its mean 
angle and muscle activation [1]. In standing, both the 
joint angle and muscle activation change continuously 
with postural sway. Therefore, it seems likely that 
ankle intrinsic stiffness will be modulated by sway in 
stance. The objectives of this study were to: first, 
characterize the modulation of ankle intrinsic stiffness 
with postural sway in normal standing; and second, 
determine how the stiffness changes in three more 
demanding postural tasks: standing over inclined 
surfaces, while leaning, and while carrying loads. 
 
METHODS  
Ten healthy participants stood on a standing apparatus, 
while subjected to bilateral, uncorrelated, pseudo 
random binary sequence (PRBS) perturbations of ankle 
position. Bilateral foot and shank angle, pelvis angle, 
ankle torque, and EMG of major ankle muscles 
(Triceps Surae (TS) and Tibialis Anterior (TA)) were 
measured during 2-minute trials. Experiments were 
performed under four different conditions: 1- Normal 
standing; 2- Standing over an inclined surface (to 
change ankle operating angle); 3- Standing while 
carrying loads (to increase ankle torque); 4- Sanding 
with arbitrary forward or backward lean (to change the 
joint angle and torque simultaneously). 
For each condition the analysis proceeded as follows: 
1- The PRBS foot position was divided into a series of 
pulse perturbations using its velocity extrema. 2- The 
torque response to each pulse was divided to three 
phases: pre-response, intrinsic response, and reflex 
response. 3- Descriptive statistics in pre-response phase 
were used to compute background torque (and 
background EMG, ankle joint, and pelvis angle). 4- 
Intrinsic torque responses with similar background 
torques were grouped together. 5- Parameters of an 
intrinsic stiffness model [2] were estimated for each 

group. 6- Modulation of the elastic component (K) of 
ankle joint intrinsic stiffness with background 
measures was investigated. 
 
RESULTS 
Figure 1 illustrates typical results as follows: 1-normal 
standing: the intrinsic stiffness was modulated 
significantly by sway; larger background torque was 
associated with higher K (and TS activity). 2- Inclined 
surface: the results were similar to normal stance; in 
both toe-up and toe-down conditions, higher 
background torque was associated with higher K. 
However, values of K were similar in the level and toe-
down conditions but higher during toe-up. 3- Load 
carrying: torque and activity of ankle muscles did not 
change and the stiffness was the same as normal 
stance. 4- Lean: in forward lean similar behaviour to 
normal stance was observed, although the stiffness was 
higher. In backward lean, in contrast to the other 
conditions, larger background torque was associated 
with smaller stiffness (due to higher TA activity). 

 
Figure 1: Modulation of K as a function of ankle 
plantarflexion background torque for a typical subject: (A) 
Inclined surface, (B) Load carrying, (C) Lean. 
 
CONCLUSIONS 
This study demonstrated that ankle intrinsic stiffness is 
modulated significantly with postural sway in standing. 
If standing condition changes, the stiffness shows 
similar behaviour, i.e. it changes heavily with the sway. 
However, the stiffness values may change. 
Interestingly, these changes can be explained by the 
modulation of ankle operating angle (surface 
inclination) or the activity of ankle muscles (lean). 
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INTRODUCTION 

Falls cause up to 80% of traumatic brain injuries (TBI) in 
older adults [1]. Head impact occurs in over one-third of falls 
in long-term-care (LTC) residents [2]. Backward falls create 
the greatest risk for TBI [3]. Backward falls typically involve 
impact to the pelvis before the torso or head. In the current 
study, we analyzed video footage of real-life falls experienced 
by older adults in LTC, to test the hypothesis, based on 
angular momentum considerations (Figure 1), that torso 
stabilization, and the probability for head impact, is reduced 
by raising the legs after pelvis impact. 

 
Figure 1. Angular momentum considerations in a backward fall. 
 
METHODS 

From a database of 2321 videos of real-life falls in older 
adults in LTC [4], we identified 215 strictly backward falls 
where the pelvis and torso impacted the ground (Figure 2). 
Head impact occurred in 85 falls. We analyzed the fall videos 
to determine whether, at the instant of pelvis impact, the torso 
was closer to the vertical or horizontal, and whether there was 
observable raising of the legs after pelvis impact.   
 

 

 
Figure 2. Examples of falls where (a) head impact occurred and (b) 
head impact was avoided. The fall without head impact involved leg 
raise and a trunk angle (at pelvis impact) closer to the vertical. The 
fall with head impact involved no leg raise and a trunk angle closer 
to the horizontal. 
 
We used Chi-square to examine the associations between the 
occurrence of head impact, the occurrence of leg raise, and 
trunk angle at pelvis impact. 
 
RESULTS 

Leg raise occurred in 69% of falls (n=148; Table 1). In falls 
that involved leg raise, 28% involved head impact (n=41). In  
 

falls that did not involve leg raise, head impact occurred in  
66% of cases (n=44). There was a significant difference in the 
frequency of head impact between falls with and without leg 
raise (X2=27.8, p<0.0001). The odds for head impact were 4.9 
times higher in falls that did not involve leg raise compared 
to falls with leg raise [OR=4.9 (2.7-9.3)] (Figure 3). 

 
 
 
 
 
 
 
 
 
 
 

Figure 3. Mosaic plot showing distribution of head impact and leg 
raise.  
 
The trunk angle at pelvis impact was closer to the vertical than 
horizontal in 54% of falls (n=96; Table 1). Falls involving a 
trunk angle closer to vertical were more likely to involve leg 
raise than falls where the trunk angle was closer to horizontal 
(81.3% versus 61.4%; X2=8.673, p=0.003). 
 
DICUSSION / CONCLUSIONS 
We found that, during backward falls in older adults, leg raise 
after pelvis impact was common, and reduced the odds for 
head impact by nearly 5-fold. The presumed mechanism is 
angular momentum that slows downward rotation of the torso 
and head. Leg raise was facilitated by impacting the pelvis 
with the torso vertical. Improved understanding is required on 
how leg raise depends on passive dynamics versus active 
neuromuscular responses, and on muscle strength and 
flexibility. Exercise training, and a simple instruction to “raise 
your legs after your pelvis contacts the ground,” may enhance 
the natural tendency for humans to utilize this response for 
protecting the head and brain during falls.  
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Table 1: Frequency of head impact and trunk angle, with and without leg raise. 
 Head impact  Trunk angle  

Leg raise 

 Yes No Total  Closer to horizontal Closer to vertical Total 
No 44 (65.7%) 23 (34.3%) 67 (31.2%)  32 (38.6%) 18 (18.8%) 50 (27.9%) 
Yes 41 (27.7%) 107 (72.3%) 148 (68.8%)  51 (61.4%) 78 (81.3%) 129 (72.1%) 
Total 85 (39.5%) 130 (60.5%) 215 (100%)  83 (46.4%) 96 (53.6%) 179 (100%) 

(a) (b) 
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INTRODUCTION 
The medial longitudinal arch (MLA) is structurally important 

in the foot.  It is formed by the calcaneus, navicular and first 

metatarsal.  The angle made by these bones (Figure 1, top) is 

concave downward [1].  The MLA flattens (angle increases) 

when biomechanically loaded and rebounds when unloaded 

(angle decreases).  But it is very difficult to measure in vivo.  

Too high an MLA defines pes cavus deformity (i.e. high 

arches).  Too low an MLA defines pes planus (i.e. flat foot).  

Bi-planar x-ray fluoroscopy and the radio-stereometric 

analysis (RSA) method can directly measure MLA angle in 

vivo (Figure 1) during walking gait [2].  The objective of this 

study is to compare MLA angles between foot types and to 

determine the effect of wearing running shoes during walking 

gait compared to walking barefoot.   

 
METHODS  
Fifteen participants were studied, five from each foot type. 

Foot type was diagnosed by a certified Canadian Pedorthist, 

based on navicular height above the ground during quiet 

standing while barefoot.  Each participant walked along a 

raised wooden walkway.  The left foot was imaged with two 

fluoroscopes during the stance phase of their third step.  Three 

trials were captured while barefoot.  Then three trials were 

captured wearing running shoes (New Balance 882).  Each 

participant wore a leaded wrap-around vest, kilt and thyroid 

shield during all trials. Following data collection, each patient 

underwent a computed tomography (CT) scan of their left foot 

to create computer models of the three bones of the MLA; 

calcaneus, navicular and first metatarsal, needed for the RSA 

method.  Using bi-plane fluoroscopy, the positions and 

orientations of the three bones of the MLA were tracked and 

the MLA angle was measured at the moment of mid-stance for 

each trial and each participant. MLA angles were averaged 

over the trials for each condition.  Average MLA angles were 

compared for barefoot versus shoed gait within each foot type.  

Average MLA angles were also compared between foot types.  

 
RESULTS 
MLA angle was significantly different between foot types 

(Table 1).  Pes cavus had the smallest angle and pes planus the  

largest. However, there were no significant differences in 

barefoot versus shoed MLA angles. 

 

 

 

 
Figure 1:  Measuring the MLA angle during walking gait using 

fluoroscopic RSA to track the calcaneus (red), navicular (blue) and 

first metatarsal (purple).  Two views of the same foot are shown: 

sagittal view (top) and transverse view (bottom). 

 
DISCUSSION 
This study demonstrated that the state of the MLA is different 

between the three clinical foot types during the dynamic 

biomechanical loading of walking gait as it is during quiet 

standing.  It was also shown that donning shoes had little 

influence on the state of the arch at midstance. 
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Table 1:  MLA angle (std. dev.) for 

barefoot and shoed walking 

conditions for the three foot types; 

cavus, normal and planus. 

Table 1 Cavus (n=5) Normal (n=5) Planus (n=5) 

Barefoot  119 (8.1) 133 (7.7) 141 (4.7) 

Shoed 119 (9.1) 132 (8.3) 139 (4.7) 

Mean difference -0.11 (2.4) -1.14 (2.6) -1.80 (1.8) 
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INTRODUCTION 
The use of smartphones has increased significantly in recent 
years, with 18-24 year olds having the highest level of usage 
with over 980 minutes of call time and 1200 text messages 
sent per month [1]. There are documented effects in the 
literature that suggest altered kinematics, and gait 
charatersitics as an outcome of texting, i.e.  the cervical spine 
can have up to 40° flexion, and decreased axial twist from 
cessation of arm swing [2,3,4].  Known changes of flexed 
spinal postures on gait present a need to further understand the 
relationships between smartphone use, spinal kinematics, 
kinetics, and gait.  The objectives of this study are to better 
further investigate the impact of smartphone use on gait, and 
trunk posture and muscle activation. 
 
METHODS  
Participants (10 males & 10 females) were recruited from a 
University population (26.6 ±2.3 years and 25±1.3 years, 
respectively). Muscle activation was recorded from eight 
muscles bilaterally: rectus abdominis, internal oblique, 
external oblique, gluteus medius, lumbar erector spinae, 
thoracic erector spinae, latissimus dorsi and upper trapezius 
(Bortec Biomedical, Calgary, Canada). Motion of the trunk 
and limbs were tracked using 43 markers (3D Investigator, 
NDI, Waterloo, Canada). Data from the neck (base of skull to 
C7), upper thoracic (UT: C7 to T6), lower thoracic (LT: T6 to 
T12), lumbar (T12 to PSIS), and pelvis were reported. The 
participants walked over a 4.9m pressure mat (Protokinetics® 
Zeno Walkway System, Florida, USA) in five different 
conditions: (1) control, (2) hold smartphone with one hand 
(Hold-1H), (3) hold smartphone with two hands (Hold-2H), 
(4) texting with one hand (Text-1H) and (5) texting with two 
hands (Text-2H). For the hold and text conditions, participants 
were instructed to look at their smartphone with the screen off, 
and to respond to a verbally delivered questionnaire in a 
notepad application respectively. Stride length (cm), stride 
length variability (%), stance time (% of gait) and gait velocity 
(cm/s) were collected. 
   
RESULTS 
Relative neck flexion increased during Text 2-H for both 
males and females (respectively 18.8°, and 8.4° p<0.001 – see 
Figure 1).  Females showed greater flexion of their shoulders 
(7.1°, p<0.05) and elbows (4.9°, p<0.05) during smartphone 
conditions. The upper thoracic region showed an increase in 
flexion during texting conditions relative to control, with the 
greatest difference in the Text-2H condition (3.2°, p<0.001). 
The lower thoracic region did not show any significant 
differences. Both groups increased lumbar extension (3.0°, 
p<0.001) and posteriorly rotated the pelvis (2.4°, p<0.001) in 
the smartphone conditions. Average abdominal muscle activity 
decreased in texting conditions (p=0.014). Texting conditions 
had shorter stride lengths (9.5 cm less than control, p<0.002). 
Stride length in Text-2H was 73.9% more variable than 
control (p=0.001) and 59.8% more variable than Hold-2H  

(0.030). Velocity was reduced for both males and females 
(21.9%, and 18.2%, p<0.05) in the Text-2H conditions 
compared to control. Stance phase increased from 61.0% 
stance in control to 62.6% and 62.7% stance for Text-2H and 
Text-1H respectively.  
 
DISCUSSION / CONCLUSIONS 
Increased cervical, and thoracic flexion while texting and 
walking suggests a potentially harmful postural adaptation to 
smartphone usage. Greater elbow and shoulder flexion while 
texting in females in comparison to males highlights a group 
difference that may be due to anthropometry along with a 
possible postural strategy adopted to mitigate neck flexion. 
The impact to gait could be a result of loss of spatial 
awareness along with additional cognitive motor demands 
required to operate the smartphone. The gait disturbances 
imply that smartphone usage should be restricted to situations 
with low attentional demand so that users may detect and 
avoid hazards.  The use of smartphones is unlikely to decrease 
despite the known effects flexed postures. Further 
investigation is needed to determine if the increased duration 
in these flexed postures (and/or suspected static muscle 
activation) impacts subsequent responses to typical work 
exposures (e.g. office or manual materials handling) as well as 
ability to avoid/respond to a perturbation while walking 
(obstacle, slip/trip, etc.).   
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Figure 1 – A comparison of the average posture adopted by females 
(top) and males (bottom) for control, Hold-2H & Text-2H conditions.  
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INTRODUCTION 
 
Hip fractures are a substantive public health issue. Lateral 
pelvic impacts that cause hip fractures have commonly been 
modeled as simple mass-spring or mass-spring-damper systems 
[1]. However, the biofidelity of these models is questionable as 
the femur/pelvis system is comprised of complex biological soft 
and skeletal tissues. This study investigated how increasing the 
complexity of contact models (from geometric and damping 
perspectives) improved the accuracy of impact dynamics 
predictions during sideways falls. 
 
METHODS  
 
Forty-six participants (<35 years) underwent simulated 
sideways falls, which involved their pelvis impacting a force 
plate with a low (but clinically relevant) velocity of 1 m/s. 
Simulations (MapleSim Version 6.4, Waterloo, ON, Canada) 
implementing five contact models (mass-spring (MS), Voigt 
(VG), Hertzian (HZ), Hunt-Crossley (HC), volumetric (VO)) 
estimated normal force during impact (Figure 1). Subject-
specific input parameters (mass, stiffness, and damping) were 
incorporated using previously-derived regression equations. 
Model predictions of peak force magnitude (Errmax) and loading 
duration (ErrTTP), and performance over the impact period 
(RMSE (ErrRMSE), impulse (Errimp), and prediction within an 
experimental corridor (Errcorr)) were evaluated against subject-
specific experimental data. A 5-percentage-point improvement 
in accuracy was considered “substantial”. 

RESULTS 
 
Baseline errors for MS were: Errmax 44.7%, ErrTTP 66.8%, 
Errcorr 69.0%, Errimp 39.5%, ErrRMSE 568.1N. Inclusion of 
simplified geometry (HZ, HC, Table 1) improved peak force 
estimates over MS. Time-to-peak force predictions were 
improved for models including damping (VG, HC, VO). 
Damping resulted in stronger Errcorr performance for HC, and 
Errimp performance for VG, HC and VO. ErrRMSE improved for 
all models, particularly HC, in comparison to MS.  
 

Table 1: Error reduction (% points) over MS 

*substantial differences based on 5-percentage point threshold  
 

DISCUSSION / CONCLUSIONS 
 
We compared the accuracy of complex contact models at 
predicting the loading response of the pelvis system during 
lateral impacts relative to a simple MS model. Geometric 
components had stronger effects on peak force prediction 
improvements, while damping components had stronger effects 
on timing characteristics. Results for discrete evaluation criteria 
(Errmax, ErrTTP) carried through to performance in time-varying 
outcomes (Errimp, Errcorr, ErrRMSE). HC produced improvements 
across criteria, and is relatively simple/efficient to implement. 
Accordingly, it has potential to assist in developing more 
effective hip fracture prediction models, and could be used to 
estimate loading parameters for inclusion in tissue-specific 
models. Demonstrated improvement in replication of the hip 
impact loading characteristics via damping and geometric 
characteristics likely carry through to other biomechanical 
systems, and should be considered when modeling other 
biomechanical systems under dynamic loading conditions.  
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 HZ VG HC VO 
Errmax  31.9* -3.4 39.3* 6.3* 
ErrTTP -16.2 64.0* 64.0* 40.1* 
Errcorr 1.2 -2.5 14.0* 3.4 
Errimp 9.2* 37.2* 35.2* 39.3* 

ErrRMSE 13.6* 26.1* 42.7* 13.8* 

Figure 1: Model schematics and normal force formulae for the MS, 
VG, HZ, HC and VO systems. 
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INTRODUCTION 
When performing high knee flexion movements (>120º), the 
thigh and calf (as well as heel and gluteal region in flexible 
individuals) come into contact and transmit force between 
segments [1-3]. The effect of this force transfer on net external 
knee joint forces and moments has been assessed in the saggital 
plane [3,4] and in a model where some components were 3D 
[2], but sagittal plane thigh-calf (TC) centre of force (CoF) 
location was used and assumptions made on the orientation of 
the 2D force vector. Therefore, the purpose of this study was to 
quantify the effect on external forces and moments acting at the 
knee joint by incorperating the 3D location and orientation of 
TC and heel-glute (HG) force. 
 
METHODS  
Sixteen participants completed five repetitions of six high-
flexion movements: heels-up squat (HS), flatfoot squat (FS), 
dorsiflexed kneel (DK), plantarflexed kneel (PK), dorsiflexed 
unilateral kneel (DU), and plantarflexed unilateral kneel (PU). 
TC and HG contact was measured at 100 Hz using a pressure 
sensor (3005E, Tekscan Inc., MA, USA) which was fixed to a 
4 mm thick 23 x 19 cm Lexan sheet and positioned against the 
popliteal fossa during movements. Kinematics of the Lexan 
sheet, pelvis, thigh, shank, and foot were measured at 100 Hz 
using an optoelectronic system (Optotrak, NDI, ON, Canada). 
Ground reaction forces on the foot and shank (during kneeling 
movements) were measured at 2100 Hz from two embedded 
force plates (OR6-7, AMTI, MA, USA). Kinematic and kinetic 
processing was completed using Matlab 9.2 (The Mathworks, 
MA, USA). Inverse dynamics were calculated with and without 
TC and HG force to determine the change in magnitude. All 
external forces and moments were normalized to a percentage 
of body weight (%BW) or percentage of body weight times 
height (%BW * Ht) respectively. Kinetics are reported locally 
with respect to the proximal end of the tibia at maximum knee 
flexion angle during descent from standing in each movement. 
A total of 36 paired-sample t-tests were completed, therefore, 
our significance criterion was adjusted to 𝛼 = 0.0014.  
 

RESULTS 
Three-dimensional forces and moments without TC and HG 
inclusion are reported in Table 1.  Columns signified with (∆) 
were calculated as the original value (without TC or HG 
contact) minus the value from including TC and HG contact. 
Significant reductions occurred in tibial posterior force and 
flexion moment (p < 0.001) across all movements when 
including TC and HG forces. Similarly, in DK (p = 0.001) and 
DU (p < 0.001) there was a significant change in medial-lateral 
force which presented as increases to the ab/adduction moment.   
 
DISCUSSION / CONCLUSIONS 
During high knee flexion movements, there is a significant 
reduction in AP forces (~50%) and F/E moments (~27%) as a 
result of considering contact between lower limb segments. 
Novel to this study is the ability to account for the 3D force 
vector and CoF location of TC and HG by tracking the motion 
of the pressure mat. This methodology allowed for the 
calculation of the effect on frontal plane moments. There was a 
significant increase in the Ab/Ad moment (~60% in DK and 
DU) which is a known risk factor for knee osteoarthritis 
development [4]. These results will improve the biofidelity of 
future high flexion musculoskeletal models of the knee. Future 
work is required to determine if findings from this young and 
healthy population translates to occupational or individuals that 
habitually kneel. 
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Table 1: Mean forces and moments (± 1 SD) at peak knee flexion angle across participants for high flexion movements. AP is anterior 
(+)/posterior (-), Axial is along the long axis of the tibia with tension (+)/compression (-), ML is medial (-)/lateral (+), Ab/Ad is abduction (-)/ 
adduction (+), Int/Ex is internal (+)/external (-) rotation, and F/E is flexion (-)/extension (+). Residuals after incorporating TC and HG forces 
are indicated with a ∆. Significant changes are bolded with * (p = 0.001) and † (p < 0.001). 

 

 Force (%BW) Moment (%BW * Ht) 
Movement AP ∆ AP Axial ∆ Axial ML ∆ ML Ab/Ad ∆ Ab/Ad Int/Ex ∆ Int/Ext F/E ∆ F/E 

HS -54.4 ± 13.4 -30.7† 4.7 ± 22.7 1.9 11.8 ± 8.4 -0.9 -2.1 ± 1.3 0 0.1 ± 0.3 -0.2† -9.3 ± 2.9 -2.8† 
FS -49.9 ± 13.9 -20.3† 4.1 ± 24.4 -0.1 19.9 ± 8.8 2.1 -3.6 ± 1.8 -0.1 0 ± 0.4 0 -8.3 ± 2.7 -1.8† 
DK -59.8 ± 15.4 -30.6† 2.1 ± 18.5 0.6 2.8 ± 13.7 -7.8* -0.5 ± 2.5 0.8* 0.1 ± 0.4 0 -10.6 ± 3.1 -2.8† 
PK -54.4 ± 16.8 -17.7† 6.5 ± 23.5 1.4 2.3 ± 10.2 -6.2 -0.4 ± 1.7 0.6 0.2 ± 0.2 -0.1 -8.7 ± 2.9 -1.7† 
DU -59.3 ± 16.6 -40.5† 6.2 ± 24.6 4.1 2 ± 8 -6.2† -0.4 ± 1.4 0.6† 0.2 ± 0.3 0.3 -10 ± 3.4 -3.3† 
PU -55.3 ± 15.7 -26.5† -1.7 ± 21.7 2.7† 6.6 ± 5.8 -2.1 -1.1 ± 0.9 0.2 0 ± 0.3 0 -7.4 ± 2.6 -2.3† 
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INTRODUCTION 
A high-fidelity lower extremity human model has highly 
nonlinear motion equations, nonlinear muscle dynamics, and 
complicated foot-ground contact model. Thus, a lower 
extremity task prediction, independent of tracking 
experimental data, is one of the most complicated analyses in 
biomechanics. The aim of this study is to develop a 
computationally-efficient predictive simulation for a lower 
extremity task considering a natural foot-ground contact 
model. To focus on the predictive control approach and foot-
ground contact model, muscles and out-of-sagittal plane 
motion are purposely disregarded. 
In this study, two 2D torque-driven human models have been 
developed for the human vertical jump, toeless and toe-
included models, in order to shed light on the importance of 
the toe body in lower extremity tasks. In addition,  two 
different contact models have been studied: 2D kinematically-
constrained contact model and 3D ellipsoidal volumetric 
contact model [1] to highlight the main role of a natural 
contact model in predictive simulations. For the purpose of 
prediction, a global direct collocation optimal control method 
has been exploited since it can solve nonlinear and multi-phase 
optimization problems using orthogonal collocation. 
 

METHODS 
The skeletal human and contact models have been generated in 
MapleSim to symbolically extract motion dynamics equations 
and reaction force equations. Then the symbolic equations 
have been exported to MATLAB to be used in the predictive 
optimization process, which has been developed by GPOPS-II, 
a direct collocation optimal control toolbox for MATLAB [2]. 
Three separate models have been generated: (1) toeless and (2) 
toe-included models with 2D kinematically-constrained 
contact and (3) toe-included model with 3D ellipsoidal 
volumetric contact. The jumping task has been divided into 
two phases for models (1) and (2) and three phases for model 
(3). In the 2D kinematically-constrained contact, the foot is 
fixed to the ground when in contact with the ground. In the 3D 

ellipsoidal volumetric contact model, the foot is modeled by 
three ellipsoids in order to simulate a realistic contact between 
foot and ground; the foot can freely move with respect to the 
ground even when in contact with the ground. Table 1 
illustrates the structures and degrees of freedom (DOF) of the 
models. 
In the optimization process, a physiological cost function has 
been defined to maximize the vertical velocity at the end of 
preflight phase, and maximize the jump height at the end of 
flight phase, with the aim of predicting optimal joint angles, 
torques and foot-ground contact forces for the human vertical 
jump model. Moreover, the essential physiological constraints 
leading to a realistic jumping model are considered. 
 

RESULTS AND CONCLUSION 
The time histories of the joint angles, joint torques, foot-
ground contact forces and foot position and orientation, 
predicted for the three models during jumping, have been 
obtained and compared with experimental data. 
The toeless model is not able to produce high torques and 
cannot jump as high as the toe-included models. However, the 
toeless model is more stable than the toe-included model when 
the contact is kinematically modeled. 
In the third case with detailed contact model, there are no 
sharp torque fluctuations and negligible horizontal deflection 
when compared to the previous two models. 
In conclusion, the most natural prediction of human jumping 
has been obtained using a model that includes the toe and a 
volumetric model of foot-ground contact. 
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Table 1: The three models. PP and FP represent prefight phase and flight phase of the jumping task, respectively. CP and TP 
represent crouching phase and thrust phase of the jumping task, respectively. HT denotes Head and Trunk. 
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INTRODUCTION 
It is well established that bone undergoes morphological 
changes (remodeling) in response to external mechanical 
demands [1,2]. Many mathematical formulations have been 
proposed to link morphological alternations to local 
mechanical stimuli. Generally, internal bone remodeling 
theories govern the rate-of-change of bone density as a 
function of a mechanical stimulus (e.g., via strain-energy 
density). The numerical implementation of  these theories, 
with finite element (FE) modeling, allows for continuum-level 
predictions of morphological changes of bone. 

With numerical simulations of bone remodeling, two 
distinct types of discontinuities are evident: near-field and far-
field. The near-field discontinuity (also identified as “checker-
board pattern”) occurs near the load application, and is 
characterized by a discontinuous density pattern, in which 
adjacent elements will be either completely saturated or 
resorbed. The far-field discontinuity is characterized by 
column-like regions, which appear remote from the load 
application. It is believed that the far-field discontinuity is an 
accurate simulation of bone physiology, while the near-field 
discontinuity is undesirable, and is associated with limitations 
of the FE analysis.  

Two different numerical implementations of bone 
remodeling (element-based and node-based) have been 
implemented in the literature to address the “checkerboard” 
phenomenon. It was previously shown that the checkerboard 
pattern occurs only in the element-based approach [1,2], while 
the node-based approach eradicates it, but requires much more 
computational time [2]. The objective of this study was to 
evaluate an alternate approach which eradicates the 
checkerboard pattern while implementing the more-efficient 
element-based approach.  
  

METHODS  
Bone remodeling was implemented in FE models by adopting 
a strain-energy-based remodeling theory, where the governing 
equation is a first-order non-linear ordinary differential 
equation. Euler’s forward scheme was implemented for 
numerical integration of this equation. 

The FE models were simulated using ABAQUS 6.13. 
Two numerical implementations of bone remodeling were 
incorporated into FE models: element-based, and node-based 
approaches. In the element-based approach, the bone 
remodeling equation was solved at integration points; with the 
node-based approach, remodeling was solved at nodes. The 
density of the bone is updated at each node or integration 
point, at the end of each increment, based on its bone 
remodeling stimulus value (strain-energy-density per bone 
density) [2]. In FE packages, mechanical stimulus (e.g. stress, 
strain) are defined and solved at integration points; hence, the 
mechanical stimulus can be directly calculated from stress and 
strain values at each integration points in the element-based 

approach, from which the density is updated. In the node-
based approach, mechanical stimulus needed to be 
extrapolated from integration points to nodes, which 
potentially causes inaccuracy. In addition, since FE packages 
only restore these values at integration points, they have to be 
externally restored and updated at each increment, which 
increases the run-time [2]. 

In order to address the checkerboard pattern in the 
element-based approach, the continuity of bone density was 
enforced across the element boundaries. This was achieved by 
extrapolating the density values from integration points to 
nodes and averaging them. Since this did not enforce an 
additional constraint on the model, run-time was reduced in 
comparison to the node-based approach. 

The suitability and effectiveness of the two approaches 
were examined by using a standard plate model [2,3]. This 
model has been studied extensively in the literature [2,3], and 
adopting it allowed us to compare our findings to previous 
studies. The model was discretized using quadratic rectangle 
elements, with reduced-integration scheme. 
  

RESULTS 
Figure 1 shows the distribution of bone density using different 
bone remodeling approaches. The near-field discontinuity of 
previous element-based approaches is illustrated in Figure 1.a 
[2]. The result of the node-based approach is illustrated in 
Figure 1.b. The proposed element-based approach with 
enforced continuity of density (Figure 1.c) eradicated the near-
field discontinuity and, when compared to the node-based 
approach, took 1/10th the time (node-based approach: 76152 
seconds; proposed approach: 4892 seconds). 
 

 
Figure 1: Bone density distribution of different numerical 
approaches of bone remodeling. (a) element-based approach reported 
by [2], (b) node-based approach, and (c) proposed element-based 
approach with enforced continuity. 
  

CONCLUSIONS 
The proposed element-based approach shows great potential 
for simulating bone remodeling as it eradicated the near-field 
discontinuity present in similar numerical implementations 
while maintaining a robust solving procedure.  
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INTRODUCTION 
 

Lightweight bone-like cellular structures with excellent 

mechanical properties widely exist in nature. A novel 

optimization strategy for designing functionally graded 

cellular structures is proposed in this work. By generating 

variable density cellular structures based on gyroid and then 

performing topology optimization, tailored mechanical 

properties of a component with cellular structures can be 

designed. The results of the final optimization have the 

advantages of good togetherness, adjustable mechanical 

properties and large specific surface area. Therefore, this 

method can be used for the personalized design of bone 

implant prosthesis.  

 
METHODS  
 

In this work, we choose gyroid structure, which has been 

discovered to exist in nature stably [1]. The advantages of 

gyroid structure are: (1) the open cell structure which enables 

easy removal of powder; (2) the self-support helical structure 

which does not require any supporting materials during AM 

processes; (3) high specific surface area and low relative 

density while retaining higher specific strengths than other 

regular lattices in certain circumstances [2]. Moreover, the 

effective mechanical properties of gyroid have less variation 

along with different directions than other types of lattice 

structures, as shown in Figure 1. 

 

Figure 1: (a) Cubic; (b) Body-centered cubic; (c) Gyroid 

 

Firstly, the design system computes a conservative mesh 

voxelization with a target resolution to determine all voxels 

lying in the interior of the surface. Secondly, the anisotropic 

constitutive laws are used to express the effective mechanical 

properties of the gyroid cellular structures. According to the 

results, an equation of volume fraction is established to 

demonstrate the equivalent elastic modulus of the specific 

cellular structures. Thirdly, the penalization function in 

traditional structure optimization method is replaced by the 

calculated homogenized model. The accurate volume fraction 

of each unit is obtained by figuring out the scaling laws added 

topology optimization problem.  

 
RESULTS 
 

We optimize internal structure of a bone prosthesis based on 

the way the actual bones are stressed. With the natural 

optimization process, the bone consists of two forms: dense 

cortical bone forms an external shell, and its interior is 

occupied by trabecular bone, as shown in Figure 2a. It makes 

the bone adapts itself to the mechanical loads and constraints. 

Therefore, high-density cortical bone is concentrated near the 

shell, and low-density spongy bone is attached along the 

directions of the principal stress. We give a 3D femur-shaped 

design space, as shown in Figure 2b. The infilled femur 

apparently aligned to the principal stress directions as shown 

in Figure 2c. Notably, the porous structures produced by our 

method are interconnected, which is close to the real bones.  

 

 
Figure 2: (a) Cross-section of a human femur; (b) illustration of 

principal stress directions under major mechanical loads; (c) cross-

section of the optimized cellular infill in a 3D bone model. 

 
DISCUSSION / CONCLUSIONS 
 

Our proposed methodology can be used to map mechanical 

properties into 3D design space. We will test the mechanical 

behavior of the optimized structure in the future work. 
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INTRODUCTION 
While self-driven overground gait reflects typical walking used 
in day-to-day, adequate testing space to kinematically assess 
overground walking of more than 10-15 consecutive steps is a 
rarity. In contrast, a lab based treadmill would remove these 
space constraints considerably and allow of continuous data 
collection. However, the efficacy of a treadmill to recreate 
typical walking patterns has been questioned [1]. The split-belt 
treadmill, where each foot is driven independently, has shown 
the possibility for gait pattern rehabilitation in stroke patients 
[2]. However, in order for this type of training to be 
implemented, we must first assess if older adults are capable of 
recreating their typical walking pattern on the treadmill. This 
project aimed to assess if and how the gait pattern compares 
between typical overground walking and when walking on a 
split-belt treadmill with both belts at the same speed in healthy 
young and older adults. 
 
METHODS  
Steady-state gait analysis of healthy participants (n=9 young 
adults 23.3±3 years, n=8 older adults 72.8±6 years) was 
completed at a typical walking pace overground and while 
walking on a split-belt treadmill with both belts running at the 
same speed (tied-belt). Participants walked at a self-selected 
comfortable pace for 2 minutes in each of the walking 
conditions: 1) overground along an 11 meter hallway, turning 
around a cone at each end, and 2) during steady state tied-belt 
walking. Participants wore 6 APDM tri-axial movement sensors 
(APDM Wearable Technologies, Oregon, USA) which 
wirelessly collected gait kinematics (Cadence, Swing/Stance, 
Dual Support, Step Length, Step Time, Trunk Range of 
Motion). Gait characteristics were calculated for each 
participant and compared between walking conditions 
(Overground vs Tied-Belt) and between participant groups 
(Young vs Older Adults) using walking speed as a covariate. 
 
RESULTS 
Once walking speed was taken into account, both young and 
older adults made similar changes their walking pattern to 
accommodate the physical constraints of the split-belt treadmill 
(Figure 1). Firstly, there was no significant change in walking 
cadence between conditions or between participant groups 
(p>0.05), indicating no significant change to step length from 
overground walking. This was confirmed with a lack of 
significant differences in gait symmetry (step length or dual 
support) between walking conditions or participant groups with 
all participants maintaining symmetrical gait patterns from 
overground to treadmill walking (p>0.05). Both young adults 
and older adults significantly increased the proportion of their 
gait cycle spent in stance (right, left) and dual support while 
walking on the split-belt treadmill (p<0.05). Trunk movement 

in the sagittal plane (forward-backward flexion/extension) was 
not statistically significantly different between participant 
groups or walking conditions. However, young adults increased 
trunk ROM in the frontal plane (lateral flexion) on the split-belt 
treadmill while older adults reduced trunk lateral flexion 
(p<0.05).  

 
 

Figure 1: Gait characteristic changes from over ground walking. 
 
DISCUSSION / CONCLUSIONS 
While both young adults and older adults are capable to 
successfully accommodating the physical constraints of split-
belt treadmill to their typical walking, gait pattern changes 
existed. While the treadmill did not affect walking symmetry, 
all participants significantly increased time spent in stance and 
dual support, possibly to increase proprioceptive feedback from 
the foot sole in preparation for upcoming gait cycles. The gap 
between belts on the split-belt treadmill (3cm), which has 
shown to increase walking base of support [1], did correspond 
to an increase in lateral trunk flexion in young adults. However, 
older adults decreased lateral trunk flexion during split-belt 
walking, perhaps in an effort to reduce the overall degrees of 
freedom to be controlled and maintain gait symmetry. Our 
results suggest that the physical constraints of the split-belt 
treadmill must be taken into account when assessing gait 
patterns of healthy young and older adults. 
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INTRODUCTION 
 
No muscular activation waveforms of the vastus intermedius 
(VI), adductor magnus (AM), or semimembranosus (SM) have 
been reported for kneeling or squatting movements. These 
waveforms are needed for muscle modeling in high knee flexion 
postures (>120º). There is precedent for representing deep 
muscle activation with proxy surface muscles in the leg [1], 
lower back [2], and shoulder [3]. Therefore, the purpose of this 
study was to quantify the activation of VI, AM, and SM using 
fine-wire electrodes and to compare these signals to easily 
accessible surface locations. Two criteria were used to evaluate 
if the surface locations sufficiently represented the deep muscle 
sites were: Coefficient of determination (R2) greater than 0.85 
and RMS difference less than 10% MVC [1-3]. 
 
METHODS  
 
Sixteen participants completed five repetitions of six high-
flexion movements and walking (Table 1). Muscle activation 
was recorded at 2100 Hz from fine-wire (VI, AM, SM) and 
surface locations (vastus medialis (VM), vastus lateralis (VL), 
rectus femoris (RF), biceps femoris (BF), semitendinosus 
(ST), as well as directly over insertion sites for AM and SM) 
using a telemetric EMG system (Wave Plus, Cometa, 
Lombardy, Italy). Ultrasound (M-Turbo, Sonosite Inc., WA, 
USA) was used to guide fine-wire insertions. Processing was 
completed using Matlab 9.2 (The Mathworks, MA, USA). 
Activation waveforms were visually screened for motion 
and/or contact artifacts, then processed using a 2 Hz low-pass 
single-pass Butterworth filter to produce a linear envelope and 
normalized to isometric MVCs [4]. Within a trial, activation 
waveforms were averaged from heel-strike to end of descent in 
high flexion movements and from heel-strike to toe-off in 
walking. The activation of VI was compared to three surface 
vastii locations (VL, RF, VM), with SM compared to three 
surface hamstring locations (surface SM, BF, ST) and AD 
compared to its surface location. RMS values were calculated 
between fire-wire and surface locations within each participant 
and movement, then averaged across participants. Regression 

was performed between fine-wire and surface locations using 
a least-squares quadratic polynomial to establish our R2 
criterion [3]. 
 
RESULTS 
 
Average RMS and R2 for each movement are reported in Table 
1. Overall, no surface locations satisfied our criteria to act as a 
proxy of fine-wire locations for these movements. 
 
DISCUSSION / CONCLUSIONS 
 
Although vastii musculature did not meet our criteria across this 
small sample, some participants met both criteria in select 
movements (primarily squatting activities). Our results would 
suggest that VI is likely the only muscle that could be modeled 
if a more relaxed RMS criterion could be accepted, but only for 
high flexion movements, not walking. The results of SM 
comparisons should be viewed with caution as the descent 
phase of high flexion activities generally requires less than 20% 
MVC from hamstring muscles [4]; the small magnitudes of the 
signals allow for both criteria to be met despite a poor fit in 
terms of pattern. The surface location for AM, although 
confirmed appropriate via ultrasound, had a small magnitude 
for most participants which suggests this waveform may not be 
reliable from surface measurement in these activities. 
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Table 1: Average RMS/R2 values across participants for high flexion movements compared to fine-wire signals. Movements 
listed in the leftmost column are: heels-up squat (HS), flatfoot squat (FS), dorsiflexed kneel (DK), plantarflexed kneel (PK), 
dorsiflexed unilateral kneel (DU), plantarflexed unilateral kneel (PU), and walking (WK). 

Indwelling VI AM SM 
Surface VL RF VM AM BF ST SM 

HS 15.6/0.4 16.3/0.3 14.7/0.4 40.7/0.4 27.3/0.3 26.6/0.4 26.9/0.3 
FS 19.7/0.4 25.3/0.4 18.5/0.4 49.0/0.3 29.2/0.2 26.0/0.4 40.3/0.3 
DK 17.2/0.5 17.7/0.5 15.4/0.4 43.0/0.3 21.6/0.2 20.8/0.3 35.5/0.4 
PK 20.6/0.4 19.6/0.4 17.4/0.3 45.7/0.3 21.8/0.2 22.5/0.3 37.7/0.4 
DU 21.2/0.5 20.1/0.4 18.0/0.4 41.9/0.3 23.2/0.3 18.9/0.3 18.6/0.4 
PU 18.6/0.4 18.7/0.4 17.0/0.4 49.6/0.2 23.7/0.2 16.7/0.2 19.7/0.3 
WK 39.3/0.4 36.3/0.3 35.2/0.4 76.1/0.5 33.5/0.4 32.8/0.5 34.7/0.5 
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INTRODUCTION 
 
The use of kneeling and squatting postures (with a knee flexion 
angle of >120o) varies between eastern and western cultures. In 
western cultures, these postures are often assumed in 
occupational settings while East Asian cultures tend to use these 
postures during activities of daily living [1]. Despite the varying 
frequency of adoption, postures of high knee flexion have been 
associated with increased risk of knee osteoarthritis (OA) in 
individuals of both European and East Asian decent [2,3]. 
While high external moments about the knee have often been 
associated with an increased risk of OA in deep knee flexion 
postures [4-5], coincident muscular demands have yet to be 
explored. Therefore, the objectives of this study were to 
determine the differences in neuromuscular recruitment 
strategies between ethnicities and sexes of the biceps femoris 
and rectus femoris coincident with the external peak knee 
flexion moments in four kneeling and squatting postures.  
 
METHODS  
 
Thirty-one Canadian raised participants, nineteen (11 males) of 
Caucasian descent and twelve (6 males) of East Asian descent 
provided informed consent prior to participating in the study 
approved by the university’s ethics board. Kinematic and 
kinetic data were collected from each participant’s lead leg 
using an 18 camera motion capture system (Optotrak, NDI, ON, 
Canada) at 64Hz, two force platforms (AMTI, MA, USA) at 
2048Hz, and wireless EMG electrodes (WavePlus, Cometa, 
Italy) on the rectus femoris and biceps femoris at 2048Hz. Each 
EMG signal was normalized to peak muscle activity, obtained 
from 2 maximum voluntary contractions trials [6]. 
 
Five fully randomized trials each of flatfoot squatting (FS), 
heels-up squatting (HS), dorsiflexed kneeling (DK) and 
plantarflexed kneeling (PK) were performed. EMG activations 
coincident with peak external flexion moments for the descent 
and ascent phases were calculated while mean activations were 
calculated for the static hold phase; all were averaged across 
trials. For biceps femoris and rectus femoris activations in each 
phase of motion, a 3-way mixed model (pose (4) x ethnicity (2) 
x sex (2)) ANOVA was performed with a significance level of 
0.05. Post hoc Tukey tests were performed where significant 
main effects were detected. 
 
RESULTS 
 
Muscle activations for biceps femoris and rectus femoris 
during all phases of motion were analyzed (Figure 1). A sex 
main effect suggests that males recruited the biceps femoris 
significantly less than females in all phases while an ethnicity-
sex interaction indicated Asian males had the overall lowest 
activation during ascent. Rectus femoris, during descent and 

static hold, was most active in FS, while no significant 
difference was found between FS and HS in Ascent. 

 
Figure 1: Biceps femoris and rectus femoris activation during flatfoot 
squat, heels-up squat, dorsiflexed kneel, and plantarflexed kneel. Post 
hoc pose effects are marked with lower case letters. 
 
DISCUSSION / CONCLUSIONS 
 
While muscle recruitment was found to differ across postures 
and sexes, muscle activation was found to be highest in 
squatting independent of ethnicity, while no statistical 
differences were found between kneeling postures. It could 
therefore be recommended that a healthy population adopt 
squatting postures in order to maintain quadriceps strength 
however a weaker population might be advised to kneel in order 
to potentially avoid excessive compressive loads at the knee due 
to the higher muscular demands of squatting, associated with 
increased risk of knee joint degeneration. 
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INTRODUCTION 
The ability to turn while walking is essential for daily living 
activities. Turns comprise 45 percent of the total steps a person 
makes in a given day [1]. Turning movements present a 
significant challenge to persons with mobility difficulties, such 
as individuals with Parkinson’s disease (PD), placing them at 
increased risk for falling. PD shorten the corner of the angle of 
turns to compensate for postural instability resulting in wider 
projected paths [2] and a decrease in cranio-caudal rotation 
[3]. Cranio-caudal rotation sequencing during walking turns 
are known to play a critical role in reducing risk of falling 
while turning [3]. Therefore, promoting cranio-caudal 
sequencing in persons with PD has important impact on their 
functional mobility. An interesting aspect of PD is that visual 
cues can help overcome difficulties in initiation of movement   
and freezing of gait [3]. Therefore, visual cues during walking 
turns, have the potential to promote initiation of cranio-caudal 
rotation sequencing. The purpose of this study was to examine 
how discrete external visual cues influence acute turning in a 
Parkinsonian sample compared to a neurotypical young adult 
sample. We hypothesized that while visual cueing should have 
limited effects on young adult segment rotations, visual cueing 
would improve cranio-caudal sequencing in the PD group.  
 
METHODS  
This study consisted of two sample groups: 10 neurotypical 
young adult male and female volunteers (20-30 years of age) 
and 10 male and female individuals affected by Parkinson’s 
disease (45-75 years of age) whose Hoehn and Yahr stage was 
1-3. Participants completed three sets of trials on a course 
consisting of a straight walkway leading to a 90-degree left 
turn. Trials were blocked by visual condition: non-cued 
baseline turns (5 trials), visually cued turns (10 trials), and 
non-cued retention turns (5 trials). Segment kinematics were 
recorded using two Optotrak cameras (Northern Digital Inc., 
ON, Canada). Rigid bodies, consisting of three IRED markers, 
were attached to the head, trunk, pelvis and feet and 
anatomical landmarks were digitized. Vertical velocity of the 
heel markers determined heel contact events over the walk 
ipsilateral foot contact (IFC1) prior to the turn to contralateral 
foot contact (CFC) following the turn, giving two steps prior 
and one step following the turn event. Timing of initiation of 
rotation with respect to IFC1 was calculated using 
displacement and velocity trajectories of each of the segments 
about the vertical axis. 
 
RESULTS/ CONCLUSIONS 
Preliminary results indicate that in neurotypical young adults, 
a distinct cranio-caudal rotation order is observed in all turning 
trials (Figure 1). In contrast, during baseline walking turns PD 
appear to produce segment rotations of the head, trunk, and 

pelvis almost simultaneously (Figure 2). However, during 
visual cueing trials, Parkinsonian patients appear to adopt a 
more distinct cranio-caudal order. These early findings support 
our hypotheses and suggest that discrete external visual cues 
during walking turns assist PD to sequence head and trunk 
movement. These findings will contribute to the 
implementation of techniques in movement programs for 
individuals with PD and possibly others, to promote 
movement rehabilitation. 

Figure 1: Segment displacement trajectories for a neurotypical 
young adult.  Illustrates a distinct cranio-caudal order of head, trunk, 
and pelvis rotation about the vertical z-axis.  The vertical black lines 
on the graph represent the IFC1 and CFC window. 
 

 
Figure 2: Segment displacement trajectories for a PD patient 
during a baseline turning condition.  Shows simultaneous head, 
trunk, and pelvis rotation about the vertical z-axis.  The vertical black 
lines on the graph represent the IFC1 and CFC window. 
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INTRODUCTION 
Parkinson’s disease (PD) is a progressive neurodegenerative 
disease of the basal ganglia that affects movement control [1]. 
PD is a hypokinetic movement disorder, which significantly 
alters gait performance. Those with PD exhibit reduced gait 
velocity, reduced stride length and increased double support 
time during the gait cycle [2]. These gait changes make 
turning movements particularly precarious. Research has 
shown that 35-45% of all steps taken in a day are involved in 
some form of turning [3]. As such, difficulties in turning 
represent a significant risk of falls during an individual’s daily 
life. However, an interesting aspect of PD is that visual cueing 
can improve movement control [4].  
 
The purpose of this study was to examine stride length, stride 
width, and double support time during turning with the 
presence of visual guidance cues in a group of neurotypical 
young adults and a group of persons with PD. We 
hypothesized that because neurotypical young adults should 
perform turning tasks without issue, that the presence of visual 
cues would not significantly effect step length, step width, and 
double support time. Conversely, we hypothesized that visual 
cueing would improve turning by increasing step length, 
decreasing step width, and decreasing double support time in 
the PD group.  
 
METHODS  
An artificial hallway simulating a 90q left turn was 
constructed. Seven healthy young adults and four Parkinsonian 
individuals, collected to date, were brought into the lab for 
testing. All participants completed three sets of trials: 1) No 
cues present (baseline), 2) Cues present, 3) No cues present 
(retention). Each trial consisted of walking down the hallway, 
completing a 90° turn, and continuing to the end of the course. 
Cues consisted of four posters which measured 30.48cm width 
by 43.18cm length, placed at equivalent intervals from 0° to 
90° about the corner upon the wall facing the participant.  
 
Participants were allowed to use a self-selected pace while 
performing each trial. Twenty trials were completed in total by 
each participant, split into 5 trials prior to cues being present, 
10 trials with cues present, and 5 trials performed after the 
cues had been removed to measure retention. A 15 minute 
break occurred between the cued and the retention trials. 
 
Position data of the left and right feet were collected through a 
2-camera Optotrak motion capture system (Northern Digital 
Instrument, Waterloo, ON, Canada). Rigid bodies consisting 
of three non-colinear markers were placed on the dorsal 
surface of the left and right feet, adhered to the participant’s 
shoes via their laces. Imaginary markers were defined at the 
toe, heel, and fifth metatarsal for each foot using a digitizing 

probe. Velocity of the vertical displacement of the toe and heel 
were used to calculate heel contact (HC) and toe-off (TO) of 
each respective step. These points were defined as the time at 
which velocity crossed from negative to positive, indicating 
direction of travel had changed from downward (negative) to 
upward (positive). Position data in the mediolateral and 
anteroposterior planes of the first ipsilateral and contralateral 
steps about the turn, provided calculation of step width and 
length respectively. Double support % was calculated by 
determining the time portion of the gait cycle between heel 
contact of one foot contact and the subsequent toe off of the 
other relative to the overall time of the stride. 
 
RESULTS 
Data processing is currently in progress. Preliminary results 
indicate that step length and step width slightly increase at 
non-significant levels with visual cueing in neurotypical young 
adults. Pre cue averages were 62.7 ± 6.4 cm step length and 
18.5 ± 15.9 cm step width. Cued were 63.8 ± 4.9 cm step 
length and 20.1 ± 12.3 cm step width. Retention were 63.0 ± 
9.7cm step length and 24.9 ± 14.8cm step width. PD averages 
appear to show a slight decrease in step length and increase in 
step width with cueing. Retention trials increase step length 
and marginally decrease step width. Pre cue averages were 
61.7 ± 4.0 cm step length and 33.4 ± 9.3 cm step width. Cued 
were 60.9 ± 6.7 cm step length and 36.1 ± 5.8 cm step width. 
Retention trials were 65.8 ± 14.8 cm step length and 35.1 ± 6.3 
cm step width.  
 
DISCUSSION / CONCLUSIONS 
Preliminary results indicate a non-significant increase in step 
width and length in neurotypical young adults. This supports 
our initial hypothesis that visual cues would not alter turning 
kinematics in neurotypical young adults. In PD, minimal 
differences seem to occur between baseline and visual cueing 
trials but a larger increase in step length was observed so far in 
retention trials. Further analysis of additional PD participants 
will provide greater power for statistical analyses for gait 
changes due to visual cues in PD. Results of this study will aid 
in developing visual cue rehabilitation techniques for 
individuals with PD in turning. This may improve the overall 
quality of life for these individuals, by reducing their risks for 
falling in such a large portion of their lives. 
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INTRODUCTION 
 
Gait asymmetry is a common adaptation observed in lower-
extremity amputees [1] but the underlying mechanisms that 
explain this gait behavior remain unclear for amputees that use 
transfemoral prostheses. These amputees must compensate for 
both a weak push-off and weak collision of the prosthetic 
limb, and expend more energy with their intact knee and hips 
than non-amputees [2]. What explains these compensations 
and how they are linked to stepping asymmetry and increased 
energy expenditure is an important question to answer given 
the high rate of falls in transfemoral prosthesis users [3]. Our 
objective was to develop a working hypothesis to explain 
chronic gait asymmetry in otherwise healthy amputees that use 
transfemoral prostheses. 
 
METHODS  
 
The study was approved by the University Research Ethics 
Board and all participants provided signed informed consent 
prior to participating. Two amputees (both through-knee; one 
with a C-Leg microcontrolled knee user, and one with a 
Mauch hydraulic knee) and fourteen control subjects 
participated. Three-dimensional kinematics and force plate 
data were acquired in a motion analysis laboratory at normal, 
fast and slow walking speeds. Spatio-temoral data included 
stride distance, stride velocity, stance duration and double 
support time for both right and left (prosthesis and intact) 
strides. Joint angles, internal moments and powers were 
computed as well as external work rate on the body center of 
mass (CoM). Gait parameters, joint power and CoM work rate 
were analyzed for the push-off and collision limbs during the 
double support phase of gait for the two amputee participants 
by comparing them to control subjects using single-sample t-
tests. From this we formulate a working hypothesis to 
mechanistically explain the observed stepping asymmetry.  
 
RESULTS 
 
For both amputtees at all three speeds, stride kinematics and 
the stance and swing phase durations were similar to control 
subjects for the prosthesis side, but were significantly (p<.001) 
different for the intact limb, which had a significantly longer 
stance duration. 
 
For both amputtees the prosthesis limb did significantly 
(p<.01) less work on the body CoM compared to control 
subjects at all three gait speeds, and had significantly (p<.01) 
lower ankle and knee work on the prosthesis side compared to 
control subjects. As expected, significantly (p<.01) more work 
was done by the intact knee and both hips during stance phase. 
 

The timing of the delayed stance phase corresponded to an 
abnormal but persistent positive power generation of the intact 
knee just following its heel strike but prior to the weak push-
off of the prosthetic limb, as shown in Figure 1. 

 
Figure 1: Bilateral data for control subjects with +/-1s.d. 
boundaries with an amputee’s data superimposed. Impulse work rate 
on CoM shown on left and knee joint power shown on right. TO=toe 
off, OHS=opposite heel strike. 
 
DISCUSSION / CONCLUSIONS 
 
The data suggest the following hypothesis: To compensate for 
deficiency of the prosthesis, the intact leg at heel strike first 
provided aid to the prosthetic ankle/foot during its push-off by 
doing positive work with the intact knee, then executed a 
typical stance phase pattern. The resulting delay in toe-off of 
the intact limb facilitated energy transfer from the more robust 
intact push-off limb to the weaker colliding prosthesis limb. 
This strategy, observed for both amputees, appeared to achieve 
near normal stance/swing duration for the prosthetic limb at all 
three walking speeds, but in doing so increased work of 
muscles controlling the intact knee and both hips. 
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INTRODUCTION 
 
Although wearable robotic exoskeletons have been 
commercially available since 2009 [1], research has focussed 
primarily on clinical studies of gait training for brain and 
spinal cord injury [2]. Exoskeletons also have the potential to 
improve home and community activity in seniors, and reduce 
occupational injury in otherwise healthy adults, but there is 
less evidence to support the adoption of this technology in the 
home or work place. Research in this area has tended to focus 
on the biomechanical and physiological impacts [3,4], but 
there are no studies on the effects of cognitive load while 
using a robotic powered exoskeleton.  
 
To fill this gap in knowledge we designed an experiment to 
evaluate spatio-temporal gait performance when using a 
lower-extremity exoskeleton to perform a walking task (timed-
up and go test) with and without a mental subtraction task and 
an obstacle crossing task. We tested the hypothesis that 
wearing an exoskeleton would decrease task performance 
when cognitive loading increases during the task.  
 
METHODS  
 
The study was approved by the University Research Ethics 
Board and all participants provided signed informed consent 
prior to participating. 
 
Twelve healthy adults (6M, 6F) participated in the study. Each 
subject had two visits. During the first visit the exoskeleton 
was fitted and tuned for the participant as per manufacturer 
instructions. The exoskeleton used in the study was a knee-
powered device that orthotically fits to the lower-extremities, 
and has been described in detail elsewhere [3]. Participants 
were assigned a testing sequence that randomized the order of 
exoskeleton states: no exoskeleton, exoskeleton in passive 
mode (motors just overcome internal friction), and in active 
mode (motors actively contribute); and cognitive loading 
states: no loading, mental task (serial subtraction), motor task 
(obstacle cross), and mental+motor. 
 
During the second visit, motion analysis was used to quantify 
lower-extremity kinematics during a 3m timed-up and go task 
where the participant started in a seated position, stood and 
walked forward, around a cone placed 3m from the chair and 
then returned to a seated position.  
 
Total TUG time, turn time, stride length, step width and toe 
clearance were compared within and between exoskeleton 
states and cognitive loading states using a two-factor repeated 
measures ANOVA. 
 

RESULTS 
 
TUG time and turn time increased significantly (p<.05) and 
stride length decreased significantly (p<.05) when using the 
exoskeleton compared to not using the exoskeleton. However, 
there was no significant (p>.05) effect or interaction with 
cognitive load via mental task (serial subtraction), motor task 
(obstacle cross) or the combination of the two. There was no 
significant difference (p>.05) between using the exoskeleton 
in its active and passive state. There was no difference in toe 
clearance (p>.05) for any of the exoskeleton or cognitive 
loading states. TUG time results are shown in Figure 1. 

 
Figure 1: Timed up and go time performance when using the 
exoskeleton in combination with mental (serial subtraction) and 
motor (obstacle cross) tasks. 
 
DISCUSSION / CONCLUSIONS 
 
We found that healthy adult users took significantly longer to 
perform a TUG test when wearing the exoskeleton, which was 
largely explained by taking longer to execute the turn. 
Introducing cognitive load by mental and/or motor distraction 
did not impact users’ spatio-temporal walking performance 
during the TUG. We conclude that walking performance while 
wearing an exoskeleton is minimally impacted by cognitive 
load. Toe clearance was always maintained, which is an 
important safety factor for unsupervised use of exoskeletons. 
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INTRODUCTION 
 
Aberrant joint mechanics following knee ligament injury are 
theorized to contribute to the development of post-traumatic 
knee osteoarthritis. Traditionally, kinematics and kinetics 
estimates are computed using marker-based Motion Analysis 
(MA) and force measurement systems. However, soft-tissue 
movement artifact (STA) [1] greatly limits the sensitivity of 
MA to detect small changes in joint kinematics and kinetics. 
High-speed Dual Fluoroscopy (DF) is a non-invasive 
alternative to quantify skeletal kinematics [2], thereby 
removing STA and enhancing measurement sensitivity. 
However, currently there are no methods available to 
determine joint kinetics estimates using DF. The specific 
challenge of the DF method relates to the limited field of view, 
which prohibits simultaneous multi-joint imaging. The 
objective of this research is to develop an integrated systems 
approach, combining MA and DF technologies, to determine 
high-accuracy knee joint kinetics.  
 
METHODS  
 
Synchronized MA, DF, and ground reaction force (GRF) data 
were collected for six healthy males performing treadmill 
walking. First, structural Magnetic Resonance (MR) imaging 
of the right knee was conducted (1.5T, General Electric, 
USA). Then participants were fitted with 32 reflective markers 
and a standing neutral trial (MA neutral) was performed using 
the MA system (MA, USA). Participants were then fitted with 
a protective lead vest and a second neutral trial was performed 
using both MA and DF (MADF neutral; pelvis markers not 
visible). Thereafter, MA (120Hz), DF (60Hz) and GRF (1kHz, 
Bertec, USA) data were collected for treadmill walking.  
 
An integrated data processing pipeline was developed. 3D 
bone models, created from MR images (Amira, Germany), are 
used to determine six degree of freedom bone kinematics 
using 3D-2D registration (AutoScoper, Brown University). DF 
and MA global coordinate systems are co-registered using a 
calibration frame imaged in MA and DF. MA and DF 
calibration frame marker coordinates are identified and the 
relative transform computed in Matlab. Segment local 
coordinate systems (LCSs) are determined using the MA 
neutral trial. To provide common LCSs for MA and DF data, 
these LCSs are then translated into the MADF neutral trial. 
This approach enables the use of a common reference posture 
for MA and DF data. MA and DF joint kinematics are then 
determined with respect to the MA global coordinate system 
using custom written code in Matlab. Joint kinetics are then 
determined using an inverse dynamics approach combining 
DF femur and tibia bone kinematics and MA foot kinematics 
using custom Matlab code. 
 
RESULTS 
 
An integrated kinematics pipeline was successfully 
implemented and used to quantify knee joint kinematics 
differences between MA and DF approaches. Preliminary 

results for one participant (Fig. 1) indicate that MA data may 
over estimate knee extension (mean difference (MD) 0.5 ± 
1.6°), knee adduction (MD 2.4 ± 0.9°), and external rotation 
(MD -2.8 ± 2.4°). These observations are in line with those for 
bone pins and skin surface markers [3]. Successful 
implementation of an integrated kinematics approach forms 
the foundation for further work to determine joint kinetics 
using an inverse dynamics approach. 
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Figure 1: Knee joint kinematics estimates for walking using the MA 
(solid line) and DF (dotted line) approaches. Data (degrees) are 
presented for one individual for knee flexion/extension, 
adduction/abduction and internal/external rotation respectively.   
 
DISCUSSION / CONCLUSIONS 
 
The current results provide a proof of concept for combining 
MA and DF data to provide an integrated systems solution to 
determine joint kinetics. The next steps in pipeline 
development will focus on the implementation of the inverse 
dynamics approach using synchronously collected GRF data. 
The processing pipeline developed for this research will 
provide the foundation for future research investigating the 
determination of joint kinetics using DF data only.  
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INTRODUCTION 
 
Due to the diversity of walking patterns associated with 
paediatric hemiplegia, several studies have developed 
classification methods to improve our understanding of 
hemiplegic gait and identify effective treatment interventions 
[1-2]. To date, most research has used parameterization 
techniques to extract predefined parameters from  gait 
waveforms.  The purpose of this study was to to examine 
differences in gait waveforms between hemiplegia and control 
data using principal component analysis (PCA). PCA does not 
require a priori determination of discriminating variables and 
eliminates redundancy in the multitude of waveforms and 
variables.  The use of waveform techniques may provide 
additional insight into hemiplegic gait patterns. 
 
METHODS  
 
Fifteen (n=15) paediatric participants with hemiplegia were 
recruited between the ages of 4-11 years (mean age=7.6±2.2 
years).  In addition, fifteen (n=15) age-matched typically 
developing children were recruited (mean age=7.8±2.3 years). 
A 12 camera T160 ViconTM motion capture system (Oxford 
Metrics Group, Oxford, UK), sampling at 100 Hz, was used to 
track the three-dimensional trajectories of reflective markers 
placed on the participant's trunk, pelvis and lower extremity. 
Six KisterTM force plates (Kistler Instruments, Winterhur, 
Switzerland), measured the three-dimensional forces and 
moments during each gait cycle at a sampling frequency of 
1000 Hz. Euler angles were used to define the three-
dimensional relative joint angular motion of the trunk, pelvis 
and paretic lower extremity. Net joint moments and joint 
power for the hip, knee, and ankle joints were estimated using 
inverse dynamics. PCA was applied to twelve kinematic and 
seven kinetic waveform variables for the paretic limb. All 
waveform data were transformed into principal components 
(PC) using an eigenvector analysis of the covariance structure 
[3]. By scaling the eigenvalues to the percentage of total 
variation captured, the number of principal components to 
retain for comparison was determined using parallel analysis. 
For each of the waveform variables, significant group 
differences (P < 0.05) were tested using a series of one-way 
ANOVA’s with Bonferroni adjustments.  All statistical tests 
were performed using MatlabTM (MathWorks Inc, Natick, 
USA). 
 
RESULTS 
 
Significant group differences (P < 0.05) were found for six of 
the principal component scores including, sagittal ankle angle 
and moment, ankle power, sagittal knee angle, pelvic rotation 
angle, and hip power.  For example, PCA identified a 
significantly different pattern of variation that exists at 
midcycle for hip power between hemiplegia and control data.  

Approximately 80% of the total variability accounted for by 
the principal component was at 40% of the cycle with the 
hemiplegic data showing increased hip flexor moments 
(Figure 1). For each waveform variable, the number of 
principal components retained for comparison ranged from 
two to five. On average, these principal components accounted 
for 89.4% (SD 3.67) of the variation in the biomechanical 
data. 
 

Figure 1: Mean hip power curve (thick green line) along with 
waveforms that correspond to control data (red dashed line) and 
hemiplegic data (solid blue line). 
 
DISCUSSION / CONCLUSIONS 
 
Similar to previous work, the results of the PCA suggest that 
children with hemiplegia demonstrate differences in the ability 
to counteract passive dorsiflexor moments and/or control tibial 
advancement [1-2]. Pelvic rotation angle and hip power 
findings suggest differences in the mechanisms used to 
advance the paretic limb forward. PCA revealed important 
homogeneous differences in timing, patterns, and magnitude 
of gait variables, which are not well described in current 
research. Increased understanding of hemiplegic gait patterns 
can lead to improved treatment and quality of life.   
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INTRODUCTION 
 
In a typical biomechanics laboratory, optical motion capture 
data is collected within a callibrated space or ‘volume’ that is 
of limited size. Thus, to investigate continuous walking 
researchers often collect biomechanical data whilst individuals 
walk on a treadmill. This allows time series data to be 
recorded. Typically, researchers assume some initial 
accommodation period while participants become used to the 
treadmill. This accommodation period is disgarded with the 
assumption that the remaining data  approximates overground, 
‘steady-state’ walking. The length of the accommodation 
period varies between experimentors, from a few strides to 
several minutes. One subject of investigation that such 
protocols are used for is minimum toe clearance/foot height 
during swing [e.g. 1,2]. Our intention was to establish whether 
continuous overground walking was ‘steady’ and how long it 
took for ‘steady-state’ to occur during continuous treadmill 
walking, in the context of minimum foot height during swing 
(MFHDS). We hypothesised that MFHDS would remain 
constant over time whilst walking overground and that, after 
an intial increase, would plateau during treadmill walking at a 
comparable value to when walking overground.  
 
METHODS  
 
Sixteen adults gave informed consent and participated in the 
experiment. Motion capture data were recorded while six 
walked continuously overground for 10 minutes along a 
figure-of-eight with two 10m straights within the motion 
capture volume. The other ten participants walked 
continuously on a treadmill for 25 minutes. All walked at their 
self-selected walking speed. Each had an opto-reflective 
marker placed above the toes on their right shoe. MFHDS was 
defined as the minimum height of the toe marker during mid-
swing. It was recorded for all steps along the straight for those 
walking overground, and for every step for those walking on a 
treadmill. Median MFHDS for each minute of walking, and 
average median MFHDS across each trial were calculated. The 
first minute where the median MFHDS was equal or less than 
average median MFHDS was then recorded as an indicator of 
‘normal’ walking. Average median MFHDS at the first and 
10th minute (and 25th for treadmill) walking was also 
recorded. 
 
RESULTS  
 
Time to average MFHDS was 7.4 (4.3) minutes for treadmill 
walking, however one individual took until the 15th minute and 
three others until at least the 10th minute, while one individual 
only took two minutes (Figure 1). Time to average MFHDS 

was 1.6 (1.3) minutes for overground walking, however all 
participants, but one, were at or below average MFHDS during 
minute one of walking. For overground walking average 
MFHDS at minute one was 7.9 (0.4) cm and 7.9 (0.3) cm at 
minute ten. For treadmill walking average MFHDS at minute 
one was 7.9 (0.7) cm, 7.6 (0.7) cm at minute 10 and 7.5 (0.6) 
cm at minute 25. 
 

 
Figure 1: Median MFHDS for each minute for two participants 
while treadmill walking continuously for 25 minutes who took until 
the 15th (dots) and 2nd (dashes) minutes to reach average MFHDS and 
one exemplar participant walking overground for 10 minutes. 
 
DISCUSSION / CONCLUSIONS 
 
The results of this preliminary study indicate that, in the 
context of MFHDS, overground walking can be considered to 
be ‘steady-state’ almost immediately. Conversely, the time 
taken to accommodate to treadmill walking, in the context of 
MFHDS, varied markedly between individuals. Four out of 10 
participants did not reach average MFHDS until after 10 
minutes of treadmill walking, whilst one reached it during 
minute two. Average median MFHDS, during treadmill 
walking, dropped by 3mm during the first ten minutes and a 
further 1mm by the end of the protocol, thus not plateauing. 
This suggests, perhaps, that using treadmill walking to 
investigate MFHDS and/or minimum toe clearance is not 
appropriate. Notwithstanding that, the results certainly suggest 
that researchers should provide more time than previously 
thought sufficient for individuals to accommodate to treadmill 
walking prior to data collection. 
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INTRODUCTION 
Entropy measures, such as Sample Entropy [1] (SampEn), are 
measuring the complexity of dynamical systems, which 
represents  the degree of difficultness of describing the patterns 
of systems trajectory. Previous studies have shown the validity 
of using entropy measures for stability analysis of human gait 
when applied to the center of pressure displacement [1]. 
However, these measures have not been compared to methods 
that have previously been used to quantify the stability of 
human gait, such as largest Lyapunov exponent (LLE) [2]. LLE 
is a measure of the local stability of systems trajectory and 
quantifies the average logarithmic rate of divergence of a 
system after small perturbations. A comprehensive review has 
shown that short-term LLE (𝜆𝑠), which is the slope of the mean 
divergence curve over 0 to 0.5 strides, outperforms long-range 
LLE (𝜆𝐿), which is the slope over 4-10 strides [3]. The aim of 
this study is to compare SampEn and 𝜆𝑠 to see whether they lead 
to the same results when comparing two walking conditions, i.e. 
walk only (WO) and dual-task walking (DT) on a treadmill.  
 
METHODS  
Twenty-nine healthy young participants (24-33 yrs.) walked on 
a Bertec treadmill (Bertec Corporation, Ohio, USA) while 
viewing an 80-centimeter display at eye level. Participants 
walked on the treadmill for 1-minute intervals under two 
conditions; 1) walk only (WO) condition and b) while also 
performing a visuospatial cognitive task [4] or dual-task (DT) 
condition.  The goal of the cognitive game was to move a game 
paddle (using head rotation) to catch targets while also avoiding 
distractor objects. A commercial motion-sense wireless mouse 
(SMK Electronics, USA) was used to translate left/right head 
rotations to the cursor movement. The game objects appeared at 
random locations at the top of the display every 2 seconds and 
moved diagonally toward the bottom of the display. Center of 
pressure displacement in the medio-lateral direction (ML COP) 
was collected at 1000 Hz.   
 
Signals were low-pass filtered with a cut-off frequency of 30 
Hz, and downsampled to 125 Hz. Approximately 30 strides 
were used for SampEn and 𝜆𝑠 calculation. For SampEn, 
template size of 4 and tolerance of 0.2 times the standard 
deviation of all time series were used. For 𝜆𝑠, each signal was 
time normalized to have the same 30 × 142 = 4260 data 
points. An embedding dimension of 5 and a time delay of 15 
were used to reconstruct the state space before calculating 
 𝜆𝑠 (Figure 1) [2]. A paired t-test with the significance level of 
0.05 was performed for both methods, i.e. SampEn and 𝜆𝑠 .  
 
RESULTS 

 

 
Figure 1:.Calculation process of 𝜆𝑠 ; A) 4 strides of ML COP, B) 3D 
reconstruction with time delay of 15, C) the slope of mean divergence 
curve over 0 to 0.5 stride.  
 
SampEn increased significantly from WO to DT (p=0.001). 
Likewise, short-term LLE increased significantly when dual-
task walking (p=0.005). 
 
Table 1: Mean (SD) SampEn and 𝜆𝑠 of WO and DT condition along 
with their p-value 

 WO DT p-value 
SampEn 0.095 ± 0.011 0.103 ± .011 0.001 

    
𝜆𝑠 2.562 ± 0.182 2.679 ± 0.207 0.005 

 
 
DISCUSSION / CONCLUSIONS 
The results of SampEn and 𝜆𝑠  show that ML COP displacement 
during DT walking is more irregular and less stable than that of 
WO. Increased intra-stride variations in the trajectory of ML 
COP displacement caused by the DT interference could explain 
this finding. For ML COP displacement and the selected DT 
condition, both measures were sensitive to the DT interference 
effect. This observation strengthens the validity of entropy 
measures as indirect representatives of gait stability.  
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INTRODUCTION 
 

There is lower electromyographic (EMG) activity of thigh 
musculature in full flexion kneeling compared to at 90º 
suggesting a relationship between thigh-calf contact and muscle 
activity [1]. Lower muscle activity during thigh-calf contact 
may allow for unloading of the knee joint by reducing the 
extensor moment required. At a given knee flexion angle, we 
compared muscle activity between two scenarios: one with and 
one without thigh-calf contact. We hypothesized that thigh-calf 
contact would significantly reduce EMG magnitude and that 
there would be a negative correlation between compressive 
force and EMG activity. 
 

METHODS  
 

Participants performed four high knee flexion movements, a 
dorsiflexion kneel (DK), plantarflexion kneel (PK), 
dorsiflexion unilateral kneel (DUK), and plantarflexion 
unilateral kneel (PUK) at a self-selected speed. Motion of the 
right foot, shank, thigh, and the pelvis was recorded at 64 Hz 
(Optotrak, NDI, Waterloo, ON). Right leg vastus medialis 
(VM), vastus lateralis (VL), and rectus femoris (RF) muscle 
activity was recorded at 2048 Hz (WavePlus, Cometa, Italy). A 
pressure mat (3005E-FScan, Tekscan, Boston, MA) was fixed 
to the posterior of the thigh to measure thigh-calf contact force 
and determine onset flexion angle. Participants were excluded 
if there was greater than two standard deviations of difference 
in flexion angle onsets between trials of a given movement. 
Included participants were further screened by having a 
minimum mean difference in onset angle of 3º between the 
paired movements (DK/PK, DUK/PUK). This criteria resulted 
in a sample of n=16 for the symmetrical kneeling conditions 
(DK/PK) and n=21 for the unilateral kneeling conditions 
(DUK/PUK). Paired t-tests (α = .017) compared muscle activity 
at a knee flexion angle where a participant had thigh-calf 
contact in one movement (PK and PUK) but not the 
corresponding paired movement (DK and DUK). A subset of 
seven participants with large onset angle differences (>10º) 
were analyzed at 2.5º increments from onset to 10º after onset, 
to compare the magnitudes of differences in compressive force 
to magnitude of difference in EMG activity between unilateral 
kneeling conditions. 
 

RESULTS 
 
Thigh-calf contact generally occurred at a lower flexion angle  
in the plantarflexion kneels (PK 116.6º ± 5.7º, PUK 116.7º ±  

4.9º) than the dorsiflexion kneels (DK 123.2º ± 5.9º, DUK 
126.0º ± 7.0º). For the same flexion angle, mean EMG activity 
in the three knee extensor muscles was lower (p < 0.001) in the 
activity with thigh-calf contact than without contact for the 
symmetrical kneels, however, in the unilateral kneels only VM 
was significantly different (p = 0.010). The mean differences 
between muscle activity with and without thigh-calf contact for 
symmetrical and unilateral kneeling are reported in Table 1. 
Mean compressive force at thigh-calf contact onset was 10.34 
N (± 6.05N) for symmetrical kneeling and 11.34 N (± 10.69 N) 
for unilateral kneeling. In the subsample of participants with 
large onset angle differences, there was not an obvious 
relationship between magnitude of compression force and 
magnitude of difference in EMG activity. 
 

DISCUSSION / CONCLUSIONS 
 

Quadriceps activity was consistently lower in symmetric 
kneeling when thigh-calf contact occurred. However, only the 
vastus medialis muscle was lower during unilateral kneeling 
movements. The reduction in muscle activity during thigh-calf 
contact would support the theory that thigh-calf contact allows 
for unloading of the knee joint by reducing the extensor moment 
required. We hypothesized that there would be a negative 
relationship between compressive force and EMG activity at 
onset, however no trends emerged. In general, compressive 
forces at thigh-calf contact onset were small, which could 
explain the lack of relationship. A potential limitation of the 
current study is that not all differences in muscle activity may 
be due solely to thigh-calf contact since external rotation of the 
shank differed between movements. Changes in moment arms 
of muscles and thigh-calf contact force (i.e. the location of 
centre of pressure on the pressure mat) were not taken into 
account. The original pressure mat data was noisy due to 
pressure mat crinkling but a reliable masking procedure was 
used to reduce noise [2]. Despite this approach, the variation in 
onset forces was still relatively high. 
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Table 1: Mean difference (± SD) for muscle activity and thigh-calf force at a knee flexion angle where participant had thigh-calf contact in one 
movement and not the other paired movement. 

Movement Pair Rectus Femoris [%MVC] Vastus Medialis [%MVC] Vastus Lateralis [%MVC] Thigh-Calf Force [N] 
DK v. PK 9.3 (5.5) 11.8 (6.5) 11.0 (5.9) 10.3 (6.1) 
DUK v. PUK 5.5 (4.9) 6.5 (5.6) 6.0 (4.0) 11.3 (10.7) 
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INTRODUCTION 
 
Cumulative occupational carrying may be a risk factor for knee 
osteoarthritis (OA) [1]. Possibly, the increased risk is due to 
greater loading at the knee, similar to proposed theories linking 
excess loading associated with obesity to knee OA [2]. Front 
load carriage has been evaluated [4], but outcome variables 
were limited to the external knee adduction moment (KAM), 
and normalization was based on body mass, not total system 
mass. This study aimed to quantify the effects of a front carry 
on variables of gait with links to knee joint loading and OA, 
using two normalization techniques. We hypothesized that the 
peak external KAM and peak rate of loading (ROL) would  
increase with a load, but only when normalizing to body mass. 
 
METHODS  
 
Forty healthy adults (20 males; age: 21.4 (±2.5) years; body 
mass: 68.8 (±16.1) kg; height: 1.69 (±0.10) m) completed three 
gait trials on an 8 m walkway, both normally (unloaded – UL) 
and while carrying a 20% body mass load (L). Gait speed was 
controlled (1.4 m/s ±5%). Kinematics of the lower limb 
(Optotrak, NDI, ON, Canada) and ground reaction forces (OR6-
7, AMTI, MA, USA) were measured. Kinematics were sampled 
at 100 Hz and forces at 2100 Hz. The peak KAM during the first 
half of stance phase and the peak ROL were calculated (Visual 
3D, V4.96.13, C-Motion, MD, USA; Matlab, V2015a, 
Mathworks, MA, USA). Peak ROL was determined from the 
vertical force data filtered at 100 Hz. Data were normalized both 
to body mass (BM) and system mass (SM), where SM = BM + 
load = 1.2BM. A 2-way mixed model ANOVA was used to 
evaluate the results of each normalization method (α=0.05) 
(SAS V9.4, NC, USA). Cadence was assessed as a potential 
explanatory variable using the same statistical approach. 
 
RESULTS 
 
When normalized to BM, the peak KAM was greater with a load 
(p < .0001); however, the difference was not significant when 
normalized to SM (p = .2042) (Figure 1a). There was no 
interaction effect of sex and load on peak KAM (BM: p = .7883, 
SM: p = .4798). Overall, females had a greater peak KAM 
compared to males (BM: p = .0104, SM: p = .0112).  When 
normalized to BM, peak ROL was greater with a load (p < 
.0001); however, the difference was not significant when 
normalized to SM (p = .0981) (Figure 1b). There was no 
interaction effect of sex and load on peak ROL (BM: p = .9282, 
SM: p = .6749). There was no main effect of sex (BM: p = 
.1055, SM: p = .0685). Cadence was  higher in females 
compared to males (116.2 steps/min vs. 110.89 steps/min, p = 
.0034). Regardless of sex, cadence was higher with a load (UL: 
111.3 steps/min vs. L: 115.7 steps/min, p < .0001). 

 

 
 

Figure 1: a) Peak KAM and b) peak ROL normalized to kg body mass 
(BM) or system mass (SM). Significant differences between unloaded 
(UL) and loaded (L) gait noted with an asterisk (*) (α=0.05). 
 
DISCUSSION / CONCLUSIONS 
 
As expected, carrying a front load increased the peak KAM and 
peak ROL. However, this increase was proportional to the mass 
of the carried load - no difference was found when normalized 
to SM. This suggests that there was no inordinate effect of load 
carriage on either variable. Women had a greater peak KAM 
compared to males, which has been shown previously [5]. To 
maintain gait at 1.4 m/s, females had greater cadence compared 
to males. Both sexes increased cadence when carrying a load.  
This implies that workers, (in particular, females) may 
experience increased exposure to potentially injurious knee 
loads when carrying a load due to the combined effects of 
increased KAM and ROL, and greater repetitive exposure due 
to increased cadence. Future research is necessary to quantify 
the potential cumulative exposure effects of occupational front 
load carriage and associated knee loading, with attention given 
to differences associated with sex.    
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INTRODUCTION 
 
Foot orthoses can be used in the management of 
musculoskeletal pathologies by altering the external forces 
applied to the foot, which could consequently alter internal 
forces generated by muscles. However, little is known about 
whether systematic changes in foot orthosis geometry result in 
systematic changes in activation of lower limb muscles. 
Reduced muscle activation could mean less force through soft 
tissue which might facilitate healing in pathologies like tibialis 
posterior tendon dysfunction. The aim of this study was to 
establish if medial heel wedging and increased medial arch 
height have effects on EMG of shank muscles and foot and 
ankle moment/motion.  
 
METHODS  
 
Healthy participants (n=23) performed walking trials in 
standardised shoes with five inserts in a random order: i) a flat 
inlay and ii) a standard prefabricated Salfordinsole®, and a 
Salfordinsole® with iii) a 6 mm increase in arch height, iv) an 
8 mm increase in medial heel wedging and v) both a 6 mm 
increase in arch height and an 8 mm increase in heel medial 
wedging. EMG data from tibialis posterior (TP) was captured 
using a bipolar fine-wire electrode (44 gauge × 100 mm 
paired-hook wires, Teflon-coated stainless-steel wire) and a 
Delsys spring contact sensor (Delsys Inc., Boston, USA) via 
the posterior approach. Delsys Trigno™ standard surface 
EMG sensors were used for the tibialis anterior and medial 
gastrocnemius and Delsys Trigno™ Mini surface EMG 
sensors for peroneus longus and abductor hallucis. Lower limb 
kinematic and kinetic data was collected concurrently. The 
root mean squared (RMS) EMG signal was normalised to the 
overall peak of the average of the six gait cycles in the flat 
inlay. A repeated measures ANOVA, or non-parametric 
equivalent, was used to compare peak EMG signals across 
early and late stance between conditions. A Bonferroni post-
hoc test was performed when an effect was identified.  
 
RESULTS 
 
Tibialis posterior activity reduced by 17% (p=0.001) and 14% 
(p= 0.047) in early stance in the wedge condition and arch and 
wedge conditions respectively vs. the flat inlay (Table 1, 
Figure 1). Response to orthoses in late stance had high 
variability (Table 1). There was no effect of orthotic geometry 

on the other muscles. There was typically a reduction in ankle 
eversion moment across stance for all orthotic conditions. 
 

 
Figure 1: Average RMS amplitude of the tibialis posterior over the 
gait cycle expressed as a percentage of the grand peak of the flat inlay 
condition. Red line: flat inlay; yellow line: standard Salfordinsole®; 
black line: 6 mm increase in arch height; green line: 8 mm increase in 
medial wedging and blue line: both a 6 mm increase in arch height 
and an 8 mm increase in medial wedging. Shaded pink area 
represents average standard deviation of flat inlay condition. 
 
DISCUSSION 
 
The findings of this study are similar to that of Murley et al. 
[1] who found TP activity reduced by 12-19% in early stance 
with orthoses vs. shod. The trend towards reduced TP EMG 
signal with orthotic modifications suggests a possible link 
between design and effect, although this was not statistically 
significant for all conditions. The results concur with the 
suggestion that it is possible to have a response to extrinsic 
rearfoot posting in walking in kinematic and kinetic variables 
without an effect on EMG of other calf muscles [2, 3]. The 
reduction in TP activity with wedging may be beneficial in 
treating specific muscle, tendon and joint pathology.  
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Table 1: Mean ±SD (ES) of peak TP EMG in early stance and median ±IQR (ES) of peak TP EMG in late stance across conditions 

 Normalised EMG (%) Flat inlay Salfordinsole® Arch Wedge Arch & wedge 

Mean ±SD (ES) 89 ±12  83 ±25 (0.31) 78 ±23 (0.61) 72 ±17* (1.15) 75 ±21* (0.85) 

Median ±IQR (ES) 100 ±26 77 ±40 (0.20) 65 ±56 (0.44) 75 ±52 (0.17) 63 ±57 (0.27) 
(* p<0.05 with respect to flat inlay), ES= effect size with respect to flat inlay 
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INTRODUCTION 
 
During a typical gait data collection subjects are aware 
they are being recorded whilst walking. Anecdotally, 
some operators report that when subjects think the 
collection is completed or paused, their gait changes. 
Walking speed affects lower body kinetics and 
kinematics during gait, while walking speed is affected 
by protocol [1]. Therefore, the purpose of this study was 
to determine whether differences in speed occurred as a 
result of subjects being aware, versus unaware, that data 
were being recorded, during both discrete and 
continuous walking trials. We hypothesized that 
walking speed would be faster when subjects were 
aware that data were being collected than when they 
were unaware, but only during discrete trials.  
 
METHODS  
 
Twenty two individuals (5 f, 22 ± 2years, 179 ± 7cm, 73 
± 14kg) gave informed consent and participated in the 
study. All were given detailed, explicit instructions that 
data would be collected as they walked from a start line 
to a finish line, 12 m apart, implying that data would not 
be collected at any other time.  All were told to return to 
the start line once they passed the finish line. Half were 
told to continue to walk, without stopping, once back at 
the start line, while the other half were told to wait at the 
start line until instructed to walk again. Skin-mounted 
marker trajectories were recorded using an 11-camera 
Qualisys system. Walking speed was defined as the 
mean forward velocity of the pelvis segment through the 
data collection volume. Walking speed variability was 
defined as the inter-trial variability of walking speed. 
Comparisons were made using a two-way ANOVA with 
group (trial mode) and awareness as factors. 
 
RESULTS  
 
There was no significant main effect of awareness or of 
trial type on walking speed (P>0.05), however there was 
a significant interaction effect on walking speed. 
Individuals walked faster when aware of being recorded 
during discrete trials (P=0.04), but awareness had no 
effect during continuous walking (Fig. 1). 

 

 
 
Figure 1: Group average (SD) walking speed during discrete 
(blue) and continuous (red) walking trials while aware (left) 
and unaware (right) of data collection. 
 
DISCUSSION / CONCLUSIONS 
 
Our hypothesis was supported. Individuals walked, on 
average, 0.06m/s (4%) faster when they were aware that 
data were being recorded during discrete trials. 
However, during continuous walking trials, there was no 
significant difference in walking speeds whether the 
subjects were aware or unaware that data were being 
collected. There was no statistical difference in walking 
speed between discrete and continuous trials, which 
differs from our previous study [1]. The differences in 
the results between this and our previous study are likely 
attributable to the different study designs. This study 
further demonstrates the effects of gait lab environments 
on individuals’ walking, and together both studies 
suggest that continuous walking is more representative 
of ‘normal walking’.   
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INTRODUCTION 
There is an elevated risk of knee osteoarthritis associated with 
deep knee bending activities such as kneeling and squatting 
[1]. This could be an occupational hazard for workers like 
carpenters and roofers [1-3], or, in an athletic context, baseball 
catchers [4]. Many baseball catchers wear pads known as knee 
savers that sit behind the knee between the thigh and shank to 
avoid injury at the knee joint. However, little research has 
evaluated the effect of wearing knee savers on knee joint 
loading. The purpose of this study was to investigate the effect 
of using knee savers on the knee adduction moments across 
three deep flexion postures: kneeling, heels raised squatting, 
and flat foot squatting. It is hypothesized that the knee 
adduction moment would decrease with the use of knee savers 
due to the changes in the kinematics, mainly a decrease in 
peak knee flexion angle.  
 
METHODS  
Twelve participants were recruited (ages 18-39, height=1.7 
(0.08) m, mass =73.15 (25.4) kg). All participants confirmed 
that they had no previous knee injuries and gave informed 
consent to participate. Participants completed 5 trials of each 
of the postures, dorsiflexed kneeling, heels raised and flat foot 
squatting. A trial consisted of stepping forward onto force 
plates, descending, holding for 10 seconds in the static fully 
flexed position, ascending, and stepping off the force plates.  
Ground reactions were collected using two (for squatting) or 
four (for kneeling) force plates (OR6-7; Advanced Mechanical 
Technology, Inc., Watertown, MA, USA). Kinematic data 
were collected using an 18-camera Optotrak motion capture 
system (Northern Digital Inc., Waterloo, ON, CA) and rigid 
bodies on the feet, shanks, thighs, and the sacrum. Data was 
collected for 2 equipment conditions (with and without knee 
savers) and 3 postures. Test conditions were randomized first 
by equipment and then by posture.  All poses were performed 
symmetrically with right leg as the lead leg. Data from the 
right leg was analyzed. Knee joint moments were expressed in 
the shank coordinate system (Visual 3D, C-Motion, 
Germantown, MD). During transitions, the peak adduction 
moments were determined from each trial. For the static phase, 
the mean adduction moments were calculated. Two-way 
repeated measures (pose (3) x equipment (2)) ANOVAs were 
run on the adduction moments, flexion moments, flexion 
angles and adduction angles in the descending, static, and 
ascending phases. Paired t-tests (α=0.016) compared the two 
equipment conditions for each activity separately.  
   
RESULTS 
There were no significant pose x equipment interactions. A 
knee savers main effect was found for the mean flexion angle 
during the static phase of all poses. Paired t-tests also showed 
a significant difference between the mean of the flexion angle 
with and without knee savers (P<0.01) in all poses. There was 
a main effect of knee savers for the mean adduction angle 

during the static phase. However, the paired analysis only 
showed a significant difference between the two conditions for 
squatting postures. There was no significant knee savers main 
effect on the maximum of the adduction moment during 
transition phases or the mean adduction moment during the 
static phase (Figure 1). A knee savers main effect was found 
on the mean flexion moment during the static phase. The 
paired t-test analysis of the flexion moment during static phase 
indicated a significant difference between the with and without 
knee savers conditions for the two squatting poses. 
 

 
Figure 1: Average peak and mean adduction moment for the three 
postures and two equipment condition (KS: with knee saver, WO: 
without knee saver).  
 
DISCUSSION / CONCLUSIONS 
Using knee savers decreased the knee adduction moment, 
which is often used as a surrogate measure of medial knee 
loading and is associated with increased prevalence and 
progression of knee joint damage [5]. However, this effect was 
not statistically significant. It should be noted that the thigh-
calf contact forces and the contact forces between the knee 
saver and the thigh were not measured in this study, thus they 
were not included in the rigid link segment model. Because of 
this limitation, the effect of the knee savers on earlier initiation 
of thigh calf contact and potential decrease in the knee 
extensor activity was not considered in this study. It has been 
reported that thigh calf contact during deep knee bending 
would lead to a decrease in net extensor moment, causing a 
decrease in compression at the knee [6]. 
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INTRODUCTION:  
 
It is recommended that all adults get at least 150 
minutes of moderate-to-vigorous physical activity in 
minimum 10 minute bouts every week [1]. Since 
walking is the most popular aerobic activity amongst 
adults [2], walking cadence is one easy, useful way to 
estimate moderate intensity for the general public; 
100 steps per minute is generally suggested as a 
sufficient cadence to reach moderate intensity [3]. 
However, recent research has shown that 100 steps 
per minute may be too slow to reach moderate 
intensity [4]. It is also known that adults cannot 
determine their moderate intensity cadence [5]. It is 
unknown if many of the devices currently available 
to measure walking cadence are valid, especially at 
different speed and slopes. The objectives were to 
validate: 1- the ability of the Piezo RxD pedometer, 
Polar M400 watch, and Garmin FR60 watch to 
measure walking cadence at different speeds and 
slopes and 2- an extra feature of the Piezo Rxd: the 
ability to identify bouts of moderate to vigorous 
intensity using walking cadence.  
 
METHODS 
 
Participants (n=51) completed a VO2peak test to 
determine maximal aerobic capacity and 40% of VO2 
reserve, our criterion for moderate intensity. 
Inclusion criteria included being age 19 or above and 
being able to reach moderate intensity when walking 
without an incline. Walking cadence measurements 
for the Piezo RxD, Polar M400 and Garmin FR60 
were compared to a manual measurement of walking 
cadence during a series of one-minute walking stages 
at several speeds (2.5 km/h-5.5km/h and inclines (0-
15%). Walking cadence to reach moderate intensity 
was determined using indirect calorimetry (Parvo 
Medics), and used to validate the Piezo RxD’s 
estimation of bouts of moderate to vigorous intensity 
using walking cadence. 
 
RESULTS  
Median walking cadence to reach moderate intensity 
for the sample was 122 steps per minute. All 
correlations between manual measurement of 
walking cadence and the three devices were found to 
be significant regardless of speeds (p£0.05) and 
slopes (p£0.05). Linear regression showed no 
significant difference (p>0.05) in walking cadence 

measured by each of the three devices when 
compared to the manual measurement. Compared 
with indirect calorimetry, the Piezo RxD was able to 
correctly measure 10 minute bouts of MVPA for all 
but one participant. Sex and cardiorespiratory fitness 
were found to be significant predictors of walking 
cadence to reach moderate intensity.  
 
DISCUSSION / CONCUSIONS:  
 
All three step tracking devices provided accurate 
measurements of walking cadence at all speeds and 
slopes, with no difference observe compared with 
manual count. 100 steps does not appear to be a 
sufficient walking cadence to reach moderate 
intensity for most adults. Walking cadence does not 
appear to change with changing slope, meaning that a 
prescribed cadence to reach moderate intensity on flat 
ground is useful at all slopes. The Piezo RxD appears 
to be an effective tool at measuring bouts of walking 
at moderate intensity. 
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INTRODUCTION 
 
In motion analysis, link-segment 
coordinate systems are required 
to measure anatomically relevant 
kinematics. To create these 
segments, bony landmarks are 
manually palpated and identified 
each session. This approach has 
resulted in operator bias errors up 
to 25mm between operators and 
sessions[1]. Anatomical markers 
are used to define the coordinate 
systems of the segments while tracking markers are used only 
to track the dynamic activities of the motion. Anatomical 
palaption training is specific to each research facility, and while 
some have internal regulations, there is no gold standard for 
training palpators, or to check their accuracy. It is unknown 
whether precision errors will vary throughout the waveform or 
whether they can be corrected via an offset post-collection, and 
whether this variation will result in different findings for 
different palpations. We hypothesized that the shape of the 
waveforms would vary between and within operators, and that 
axes with lower ranges of motion would be more sensitive to 
changes in palpation. 
 
METHODS  
 
A single subject (1.78m, 71.5kg) was palpated by 8 different 
operators twice on two separate days for a total of 4 palpations 
by each operator (32 total palpations). The operators varied on 
experience level from no experience to 10+ years of clinician 
experience. Markers were placed on lower limb anatomical 
landmarks at 18 different locations (Fig1.) A single walking 

trial was collected using a unique set of 
tracking markers. A marker alignment 
device (MAD) was previously shown to 
reduce operator bias errors both 
between and within sessions and 
eliminated the need for replacing 
anatomical markers in test-retest studies 
[2]. Using this MAD, anatomical 
markers are registered with respect to a 
MAD-fixed coordinate system, so that 
when subjects return for test re-test 
protocols, their original, palpated 
anatomical markers can be reapplied 
virtually. A MAD was used to align 
subjects so that the same tracking 
markers and dynamic trial could be 
used  
as a comparison for each palpation. 
Seven link-segments were created (C-

Motion: pelvis, thighs, shanks, feet) for each palpation based on 
the anatomical markers from each palpation. The link-
segment’s coordinate systems were used to compute lower limb 
kinematics. The average coordinate system was also computed 
for each segment by taking the quaternion mean.   
For each joint and direction, the difference between the average 
joint angle and the operator joint angle was computed and then 
divided by the total range of motion.  
 
RESULTS  
 
The kinematics were plotted by palpator (Fig. 3) and by 
experience level. No difference was seen between beginner and 
experienced palpators. The maximum differences between the 
average joint angles ranged from 0% to 29% of the joint’s range 
of motion with the adduction and internal rotation axes of the 
knee having the largest differences with 29% and 21%, 
respectively. (Fig. 2 and Fig. 3).  

 
Figure 3: Knee adduction for all palpators and average (thick, 
black), standard deviation for N-58 healthy controls (grey bar). 
 
DISCUSSION / CONCLUSIONS 
 
Kinematic waveforms vary between and within operators. The 
importance of this issue is highlighted in the adduction axis of 
the knee as the range between adduction and abduction varies 
between and within palpators. Further research should be 
conducted to test a subject with an exaggerated lower limb 
pathology to determine if the bias between and within operators 
is small enough to still accurately measure the pathology. We 
also found that experience level did not affect the repeatability 
of kinematic waveforms.  
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Figure 1: Anatomical 
and tracking trajectories. 

 
Figure 2: 
Coordinate systems 
for each joint, 
operator, and trial 
(colour), with 
average (black). 
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INTRODUCTION  
Osteoarthritis (OA) is the most common form of arthritis, 
occurring frequently in the medial compartment of the knee1. 
One non-invasive treatment of OA is the unloader knee brace, 
which applies a three-point bending load to the knee joint, 
inducing an abduction (valgus) moment to shift loads away 
from diseased areas of the knee2. Schmalz et al. (2010) 
introduced a method for determining brace moment using 
standard optical motion capture3. Optical cameras were used to 
measure the deflection of the brace and the brace moment was 
computed using a pre-determined stiffness. The model 
calibrated the force-deflection relationship of braces in fully-
extended positions using three reflective markers to measure 
deformation. However, it is not possible to accurately 
distinguish between flexion, abduction, and internal rotation 
using only three markers. Therefore, the purpose of this study 
was to compare a novel method for non-invasively measuring 
the moment applied by valgus braces by creating a 3 degree-
of-freedom (DOF) deflection model for the brace to isolate 
abduction to a previously established method for measuring 
brace moment using strain gauge instrumentation. 
 
METHODS   
An OA Assist brace was obtained for this study (DJO Global, 
California). The brace was instrumented with two 350 Ω strain 
gauges in a half-bridge configuration to allow for measurement 
of strain purely due to bending. Clusters of four markers were 
attached at the proximal and distal ends of the lateral beam with 
an additional marker fixed at the brace joint centre. We 
developed a custom mechanical apparatus rigidly attached to 
two six DOF load cells (force plates) to measure brace moment 
directly. This was used to calibrate brace moment to both 
deflection and strain. The brace was strapped to the apparatus 
and a load was applied to the centre of the lateral beam to deflect 
the brace primarily in abduction. Throughout these calibration 
trials, reaction forces and moments, motion capture, and strain 
data were captured synchronously.  
 
After the calibration, three subjects performed static and 
walking trials on a dual-belt instrumented treadmill (AMTI, 
MA). An eight-camera motion capture system (Qualisys, 
Sweden) was used to record marker trajectories, and the strain 
data were simultaneously collected. The moment applied by the 
instrumented brace was calculated using both deflection and 
strain methods. 
 
RESULTS  
Both regression models exhibited linear relationships with 
brace moment throughout loading (0-10 Nm). The stiffness of 

the brace, averaged across the four trials, was found to be 0.82 
Nm/deg. The deflection method predicted average brace 
moments of 8.7 Nm across static trials (Fig. 1). Mean error 
between deflection model predictions and gold-standard strain 
gauge measurements was 0.32 Nm. Mean brace moment 
predictions throughout gait ranged from 7.1-8.7 Nm using the 
deflection model. Maximum differences (MAE) over the gait 
cycle in mean and peak brace moments between methods were 
1.50 Nm (0.96) and 0.60 Nm (0.42) respectively. 

 
Figure 1: Mean (solid) ±1 SD brace moments across a gait cycle 
from six walking trials (3 subjects, 2 trials each, 2F, 1M, 23 ±1.5 
years, 79 ±4.2 kg) wearing the unloader brace. 

DISCUSSION / CONCLUSIONS  
Our proposed method enables quantification of brace abduction 
moments without the use of custom instrumentation. While the 
deflection-based method is similar to that implemented by 
Schmalz et al. (2010), the proposed method isolates abduction 
deflection from the 3 DOF angular changes that occur within 
the brace. Though the accuracy of the model developed was 
demonstrably poor during swing (MAE=1.16 Nm), it was found 
that this accuracy is influenced by the uncertainty in angle 
measurement due to cluster spacing. In conclusion, the results 
demonstrate that the deflection-based method developed can 
predict comparable brace moments to those of the previously 
developed strain method. 
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INTRODUCTION 
 
Knee instability (KI) is considered a precursor to osteoarthritis 
(OA), a leading form of joint conditions. KI may be defined as 
alterations in knee movements within the three dimensional 
(3D) planes. These movements are typically calculated using 
Euler angles. Controversy surrounding the reliability of these 
Euler angles remains [1], and may be due to: 1) The 
conventional method (multi-camera system [MS] with 
reflective markers placed on the skin) usually contains skin 
movement artifacts, causing inaccurate representations of bone 
movements [2] and 2) Euler angles assume the bones rotate in 
a specific planar sequence. To avoid skin movement artifacts, 
this study used a high-speed bi-planar videoradiography 
(HSBV) system to obtain accurate bone movements of the 
knee. The finite helical axis (FHA) representation was selected 
versus Euler angles as it may quantify more natural knee 
movements (the FHA assumes the bones rotate in all planes 
simultaneously and removes the constraint of sequenced 
movements). Large variability of FHA parameters reported for 
healthy knees using a MS  may have resulted from skin 
movement artifacts [3]. The purpose of this study was to 
compare the variability of the FHA parameters of healthy 
knees between the HSBV and MS. 
 
METHODS  
 
Six healthy male participants were recruited for this ethics 
approved study. 1.5T Magnetic Resonance (MR) images 
(FIESTA sequence [0.40 x 1.00 x 0.40 mm]) for the dominant 
leg were obtained. Six reflective markers were placed on the 
thigh and shank of the same leg. HSBV data and MS data were 
recorded at a rate of 60 Hz and 120 Hz, respectively, while 
performing a single leg squat. MS data were tracked using 
Cortex© (Motion Analysis, CA, USA). The HSBV provided 
biplanar images of tibio-femoral movement. Using the MR 
images combined with Amira segmentation software (Thermo 
ScientificTM, MA, USA) 3D femur and tibia models were 
created. These 3D models were manually aligned onto each 
two dimensional image in every frame using XROMM 
Autoscoper (Brown University, RI, USA). FHA rotation 

matrices between the two bones were calculated at each frame 
relative to a neutral standing trial. Seven FHA parameters 
were calculated: location, translation, orientation, dispersion, 
path length, and excursion (anterior-posterior [AP] and 
proximal-distal [PD] directions) [3]. All parameters were 
calculated during the flexion phase of the squat. 
 
RESULTS 
 
The seven FHA parameters for one individual are presented as 
an example (Table 1). With the exception of orientation and 
dispersion, the HSBV had smaller parameter magnitudes than 
the MS. The differences of the HSBV relative to the MS 
ranged from 7.69% to 268.03%. 
 
DISCUSSION / CONCLUSIONS 
 
Using the FHA combined with the HSBV successfully 
described the movement of the knee joint. The gold standard 
HSBV provides an advantage over the MS by eliminating skin 
movement artifacts and reveals smaller magnitudes for most of 
the FHA parameters. Further analysis of the remaining 
participants will provide the data necessary to determine how 
much of the variability discovered with the MS is caused by 
skin movement artifacts. A novel measure of KI may help 
determine instability patterns associated with joint injury, 
muscle weakness, normal aging, and other factors associated 
with KI. This may provide clinicians with the ability to 
diagnose OA and execute an appropriate rehabilitation 
program dependent on the measures obtained. 
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Table 1: The mean (SD) of the seven calculated FHA parameters using the HSBV and MS. 

FHA 
Parameter 

Location (mm) Translation 
(mm) 

Orientation 
(deg) 

Dispersion 
(deg) 

Path 
Length 
(mm) 

Excursion (mm) 

AP PD AP PD 

HSBV 
12.24 
(2.19) 

18.86 
(1.65) -0.43 18.53 (7.94) 6.54 (4.85) 2.09 0.44 0.68 

MS 
34.68 
(8.10) 

26.10 
(10.86) -5.59 15.44 (1.99) 2.44 (1.64) 2.95 1.25 2.14 
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INTRODUCTION 
 
Walking is an major part of everyday life and although 
commonplace, walking is a complex movement that 
requires both anticipatory and reactive responses to 
various inputs [1]. These responses maintain an upright 
posture where the head, arms and trunk (HAT) are 
balanced by the muscles of the hip [2]. Carrying a load 
(ie. a bag of groceries) only on one side of the body can 
complicate the control of gait. Such an assymmetrical 
task will challenge the locomotor control. 
 
The purpose of this study was to examine how hip 
muscles stabilize the trunk to address the introduced 
assymmetry while walking with and without an added 
load carried at the side by the upper limb. 
 
METHODS  
 
Study Design: Eight university-aged individuals were 
recruited to perform a series of walking trials. Each trial 
consisted of four steps. Initially, five trials were 
performed to establish a baseline (Control). The 
experimental condition consisted of five trials where the 
participant carried a load in their right hand ‘Load 
(Initial)’. The load consisted of a bottle filled with 
pellets to approximately 10% of their body mass. This 
was followed by a washout period and another round of 
trials with the load ‘Load (Final)’.  
 
Kinematics: Thirty infrared light-emitting diodes 
(IREDs) in the form of eight rigid bodies and six 
individual markers were placed on the head, trunk, and 
pelvis as well as bilaterally on the arms, thigh, shank and 
foot of the participant.  Active motion capture of the 
IREDs was provided by a bank of six Optotrak cameras 
(Northern Digital Inc., Waterloo, ON, Canada). 
 
Kinetics: For each trial, the ground reaction forces of the 
participant were collected using four force plates 
(AMTI, Watertown, MA, USA).  The forces and 
moments, in conjunction with participant’s kinematics, 
were used to calculate their body-segment kinetics. 
 
Electromyography:  Muscle activation was determined 
through the surface electromyography (Bortec, Calgary, 
AB). 18 electrodes (Ambu, Glen Burnie, MD) were 
placed on 9 muscles of interest. Bilaterally on the lumbar 
erector spinae (ES), as well as on gluteus maximus 
(GMx) and medius (GMd).  Unilaterally on the tibialis 
anterior (TA), soleus (SOL) and peroneus longus (PL) 
of the right leg. Surface EMG activity of each muscle 

was normalized to maximum voluntary contractions of 
that particular muscle. 
 
RESULTS 
 
The participants were able to complete all stepping trials 
without losing balance. In the load carrying trials, the 
participant’s posture became asymmetrical. Special 
consideration was made to muscle activity following the 
heel contact of the right foot. Using a 2-way repeated 
measures ANOVA, a main effect of LOAD was 
observed in the maximum muscular activity of both the 
left (p = 0.006) and right (p = 0.004) ES muscles 
following right heel contact (Figure 1). Post-hoc 
analysis clarified that muscle activation increased in the 
left ES but decreased in the right ES. 

 

 

Figure 1: Maximum activation of the Erector Spinae 
muscles following heel contact of the right foot. 

 
DISCUSSION / CONCLUSIONS 
 
In order to maintain balance, a person’s center of mass 
should be located within their base of support. To 
facilitate this, the muscles of the hip are designed to 
control movement of the trunk. In this study, an 
asymmetric load altered the participant’s center of mass.  
To compensate for this alteration and to ensure that the 
person maintains their balance while walking the ES 
muscles were differentially activated. 
 
The torque generated due to the asymmetric load would 
cause the center of mass to move in the direction of the 
load. Increased activation of the left ES would create an 
opposing torque and return the center of mass to its 
original position. To increase the efficiency of this 
movement, the activation of the right ES was reduced.  
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INTRODUCTION 
Talipes equinovarus (TEV), or club foot, is a congenital defect 

in infants, affecting approximately 1 to 3 in every 1000 births 

[1,2,3,5]. This musculoskeletal defect occurs due to excessive 

posterior-medial tension in the soft-tissue structures of the 

ankle and foot, causing the foot to turn inward [1,2].  

 

In the last decade, there has been a shift away from the 

surgical correction of TEV, toward a method of physical 

manipulation and long-term casting [3]. However, prior to this, 

surgical intervention via posterior-medial release was the most 

common method of correction [3].  

 

Gait patterns in children who have undergone a surgical 

clubfoot correction present several abnormalities, including 

decreased range of motion (ROM) and decreased strength of 

ankle muscles [4]. These gait abnormalities decrease in 

severity when the clubfoot is treated via physical therapy and 

long-term casting in comparison to surgical correction [4]. 

 
METHODS 
The subject for this case report was a 17-year-old male high 

school basketball athlete. The subject underwent clubfoot 

posteromedial release surgery bilaterally, more intensively on 

the right than left, at the age of seven months. With walking, 

he developed internal rotation of the right foot which required 

an additional surgery of a right tibial osteotomy and 

application of external rotation of the foot, at the age of seven. 

 

A Qualisys Oqus (Qualisys AB, Göteborg, Sweden) 12-

camera motion capture system, a high-speed camera and 3 

force platforms (Advanced Mechanical Technology, Inc., MA, 

USA) were used to record movements during walking gait. An 

entire set of retro-reflective markers was worn by the 

participant to allow for the three-dimensional tracking of body 

segments. Self-selected walking speed was determined using 

timing gates on a walking track prior to placement of the 

markers. Four complete strides for each limb were captured at 

the selected walking speed, with only the lower extremity joint 

angles during the stance phase being presented in this study.    

 

Prior to collecting the gait data on the case subject, normative 

(control) walking data was captured in a similar manner on 20 

male athletes between the ages of 15-20 years of age with no 

previous foot or ankle pathologies. Bilateral ankle, knee and 

hip angles (in the sagittal plane) were generated in Visual3D 

Biomechanics software (C-Motion, Inc., ON, Canada) and 

means and standard deviations of the angle waveforms were 

calculated and compared between the control group and case 

subject using Matlab 2017b (The Mathworks, Inc., CA, USA). 

 

RESULTS 
Analysis of stance ankle, knee and hip angles were found to be 

within normal limits of the control group on the left side (one 

surgery). However, on the right side (two surgeries), ankle 

plantarflexion fell outside the normal limits by more than two 

standard deviations during the early loading phase of stance. 

Right knee angle for the case subject during mid to late stance 

was more extended, falling outside the two standard deviation 

limit of that of the control group. The case subject’s hip angles 

were within the control group’s normal range bilaterally. 

 
 
 
 
 
 
 

 
 
 
 
 
 
Figure 1: Ankle, knee and hip sagittal angles during stance. The 

blue line depicts the mean waveform of the control subjects with the 

standard deviations shown by the blue dotted line. The red line 

depicts the mean waveform of the case subject. 

 
DISCUSSION / CONCLUSIONS 
The increased plantar flexion during the loading phase of early 

stance on the right side suggests that the case subject has 

increased plantarflexion relative to the tibia on the right side. 

This has been shown with surgical clubfoot correction and is 

thought to be due to decreased ROM and muscular action of 

dorsiflexion which can lead to knee hyperextension as seen 

later in stance [4,5]. Further investigations will be carried out 

to explore the joint moments and electromyography activity of 

the lower limb musculature during walking gait. Findings from 

this case study are in agreement with previous studies that 

found that the severity of the clubfoot deformity results in 

greater gait disturbances [2,4].   
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INTRODUCTION 
Foot orthosis (FO) is implemented as an interaction between 
foot, shoes and ground to alleviate several pathologies. The 
bony structures of foot move differently during different 
phases of walking. Recent studies looked at foot motion as 
multi-segment model to achieve more realistic foot 
kinematics. FO might either assist or resist the movement in 
different regions of foot during gait cycle. This role can be 
controlled by the design and rigidity of FO. Previous research 
has reported different foot kinematics by changing FO 
material [1]. In addition, it is revealed that various designs of 
FOs suh as medial posting, lateral posting, heel cups, arch 
supports, etc modify the foot, knee, and hip kinematics 
differently [2, 3]. Although FO and foot are in-contact 
components, their deformation due to the ground reaction 
force might be independent. Therefore, reporting foot 
kinematics could underestimate the biomechanical effect of 
FO. To our view, an optimal FO can be acquired if it 
optimizes a cost fuction that combines foot kinematics and FO 
deformation. No previous studies reported  FO deformation 
during dynamic loading. The aim of this study is therefore to 
see whether FO deformity during dynamic loading could be 
reconstructed from a set of FO deformations applied by 
random dynamic loadings using deep learning.   
 
METHODS 
Two similar pairs of ¾ length FO were customized designed in 
CATIA v5.R20 (Dassault Systems) based on 3D scan of foot. 
Six removable triads were designed to be fitted on the outline 
of each FO, three of them for positioning on the medial arch, 
one on the heel, and two on the lateral arch. Nylon 12 was 
selected for 3D printing of FO and triads. Three spheres on 
corners of each triad, covered with reflective tape, worked as 
reflective markers. Fifty-five retroreflective markers were 
taped to the inner surface of the FO (Figure 1). Two different 
sessions were recorded using 18-camera motion capture 
system (VICON, Oxford, United Kingdom) at a frequency of 
100 Hz. In both sessions, the area of heel contact on FO was 
fixed. In the first session, model training (mt) to be used in 
deep learning (with 100 epochs, 4 layers (2 hidden) design; 
tensorflow) [4], was recorded by applying a combination of 
different loads manually to deform the FO on all the regions 
and orientations. These deformations were assumed to 
simulate those during dynamic activities. Triad markers 
coordinates are the predictors and inner surface markers are 
the targets. In the second session, for model, five different 
trials were recorded for different FO deformations to be used 
for model validation: bending in longitudinal direction to 
simulate plantarflexion (t1), torsional load on medial arch to 
simulate eversion (t2), torsional load on lateral arch to 
simulate inversion (t3), pressure load both medially and 
laterally to simulate arch collapse (t4), bending in longitudinal 
direction to simulate dorsiflexion (t5). To quantify the 

accuracy of inner surface reconstruction, the mean ± standard 
deviation of root mean square error (RMSE) was calculated 
between the measured and predicted marker positions.  
 

 
Figure 1: (A) foot orthosis marker set and triads, (B) reconstructed 
markers in model, (C) deformed foot orthosis  
 
RESULTS 
The RMSE for reconstruction of training session by itself was 
RMSEmt/mt=0.72±0.30 mm. Mean values of RMSE differed 
according to the validation trials: RMSEt1/mt= 2.90±10.71 mm, 
RMSEt2/mt= 1.37±0.79 mm, RMSEt3/mt= 0.94±0.58 mm, 
RMSEt4/mt= 0.94±0.80 mm, RMSEt5/mt= 1.09±1.12 mm. 
 
DISCUSSION and CONCLUSIONS 
The results of this study showed that FO deformity could be 
estimated from removable triads of markers attached to the 
outline of the orthosis after a machine learning training. The 
reconstruction error was maximum in t1 and minimum in t3 
and t4 trials. Based on our observation, in the first trial the 
maximum deformation on FO exceeded that from the training 
session. To verify, we trained t1 and mt trials with t1 trial, and 
we got lower error RMSEt1/t1= 0.36±0.17 mm, and higher error 
RMSEmt/t1= 3.59±10.62 mm compared to mt trial as trainer. 
Therefore, the accuracy of our approach significantly depends 
on the loads in the reconstruction session to be a subset of 
loads in training session. In order to reconstruct FO 
deformation during a gait cycle, it is quite important to 
recognize all possible deformations in terms of orientation and 
magnitude. A training session which covers the whole range of 
deformations could guarantee the accuracy of reconstruction 
approach. This approach will be used to quantify orthosis 
deformation during walking and running using shoes with 
holes. Such an information can be helpful in optimizing the 
design and rigidity of FO in order to reach better functionality 
of FOs to overcome different pathologies. 
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INTRODUCTION 
 
It is well-known that reductions of plantar temperatures (PT) 
lead to decreased foot sensitivity [1]. Opposite responses have 
also been proven by increasing PT [2], probably due to 
increased blood flow caused by blood vessel dilation. Based 
on those physiological mechanisms, implementing special 
insoles created to increase PT would be a viable alternative for 
enhancing foot sensitivity. Therefore, we analyzed possible 
changes in PT and vibration perception thresholds (VPT) after 
a 30 min walk using special insoles. We hypothesized 
increased PT and reduced VPT after walking.  
 
METHODS  
 
Sixty-two healthy subjects (24.4±3.0 yrs) participated in this 
study. After 15 min of acclimatization, VPT and PT data were 
collected during two conditions: Pre and Post a 30 min 
walking intervention (treadmill, 4-6km/h). In a first 
experiment (exp. 1), subjects used magnetic insoles 
(CARE4YOU®) placed in a randomized and blinded way: one 
intervention insole with magnets (MI), and another without 
magnets (control insole: CI_1). Three trials of VPT (200 Hz, 
Hallux) were measured. PT was measured using an infrared 
thermal camera. In a follow-up study (exp. 2), data collection 
was performed similarly as in exp. 1. However, textured 
insoles (TI) were used (LECOrubb) as the intervention insole 
(compared to control insole: CI_2). Mean±SD of VPT (raw 
and naturally logarithmized) and PT were calculated. 
 
RESULTS 
 
Changes in PT and VPT for exp. 1 and exp. 2 are presented in 
Table 1. Comparisons within the groups (Pre vs. Post) showed 
significant differences for all groups in both analysed 
parameters. No significant differences between groups (CI_1 
vs. MI, and CI_2 vs. TI) were present before or after the 
intervention (Pre and Post) for PT or VPT. 
 
DISCUSSION / CONCLUSIONS 

Special insoles led to higher PT and also to lower VPT, 
confirming previous concepts [2]. However, since both control 
groups also presented significant enhancements and no 
differences were found between control and special insoles 
after walking, no additional effects of the special insoles were 
proved. Therefore, our hypothesis was rejected. Palluel et al. 
[3] also found no improved plantar sensitivity after using spike 
sandals. However, they did not measure PT and their 
intervention lasted only 5 min. Although Weintraub et al. [4] 
tested the effects of magnetic insoles for a longer period 
(4 months), they also did not show any change in sensory 
testing in subjects with diabetic neuropathy. As evident in exp. 
1 and 2, PT increased up to. 8 °C after 30 min of walking and, 
therefore, presumably enhanced sensitivity, independently of 
the use of special insoles. Another study examined the 
influence of walking (daily step activity) on plantar sensations, 
and only small positive effects were found with increasing step 
activity [5]. This may be because their subjects did not walk 
30 min consecutively. Hence, in their study, PT did not vary 
(±1 °C). In conclusion, we showed that 30 min of walking on a 
treadmill increased PT and improved VPT. These positive 
effects were independent of the use of special insoles, which 
raises questions regarding their therapeutic benefit.  
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Table 1: Mean±SD of vibration perception thresholds (VPT) and plantar temperatures (PT) for control insoles (CI_1 and CI_2) 
and intervention insoles (MI and TI) for pre and post conditions. Symbols represent significant pairwise differences: all p˂0.05. 

  Pre Post 

  CI_1 MI CI_2 TI CI_1 MI CI_2 TI 

VPT Raw (μm) 1.90±1.43 1.95±1.58 1.95±1.56 2.08±1.61 1.14±1.20 1.15±1.24 1.12±0.97 1.32±1.30 

Log VPT (μm) 0.34±0.82 ¶ 0.35±0.83 ǂ 0.32±0.92 * 0.41±0.89 δ -0.39±1.05 ¶ -0.40±1.08 ǂ -0.26±0.91 * -0.11±0.90 δ 

PT (°C) 25.9±2.4 § 26.0±2.5 ɣ 22.4±3.2 ψ 22.0±3.0 ∫ 32.5±2.1 § 32.7±2.1 ɣ 30.7±3.3 ψ 30.6±3.4 ∫ 
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INTRODUCTION 
 
Slip and fall incidents can lead to serious injuries. The direct 
cost of these incidents in the U.S. is approximately $9 billion 
in 2011 [1]. Icy surfaces, such as sloped curb cuts, present a 
substantial mobility challenge and fall risk, particularly for 
older adults. However, the effect of both slippery surface and 
inclination have not been systematically examined. 
Accordingly, the goal of this study was to compare differences 
between strategy and performance of young and older adults 
on icy and inclined surface.  
 
METHODS  
 
Twelve healthy young adult participants (24.9 ± 3.9 years; 4 
male, 8 female) and twelve healthy older adult participants 
(71.5 ± 5.0 years; 5 male, 7 female) walked at their preferred 
self-selected pace in WinterLab (Toronto Rehab Institute-
UHN, ON, Canada). Participants wore the same make of 
winter boots and walked up and down a walkway (4 x 0.5m). 
Walkway conditions (smooth concrete walkway [CON] and 
wet ice walkway [ICE]) were presented in randomized order, 
and surfaces were tested at four slopes (0°, 2.9°, 4.8°, and 
7.1°), with two trials per combination of surface and slope. 
Ambient temperature in Winterlab was controlled at 9.3 ± 1.0 
°C. The surface temperatures were 0.8 ± 0.9 °C for CON and -
1.7 ± 0.4 °C for ICE. Water was mopped across the ice surface 
to create the ICE condition. Temporal-spatial gait parameters 
were captured using reflective markers secured to participants’ 
footwear and pelvis and an optical motion capture system 
(Motion Analysis, CA, USA). Gait characteristics were 
determined: step width (SW), stance phase (SP), and walking 
speed (S). All data were analyzed across the three surfaces, 
four slopes, and two age groups with a mixed-model repeated 
measure. ANOVA with significance set at p<0.05. 
 
RESULTS 
 
A significant surface by slope interaction for SP indicated that 
participants increased SP for ICE compared to CON 
(p<0.001), and the effect of slope on SP was observed for ICE 
only (p<0.001) for both uphill and downhill walking (Figure 
1a). S decreased during ICE conditions compared to CON 
(p=0.001, Figure 1b) and decreased during uphill walking 
compared to level for ICE only (p<0.001). No age group 
differences were observed for SP or S. For downhill walking, 
walking on ICE increased SW (p<0.001) and decreased S 
(p<0.001) for both age groups. However, there were no 
significant pairwise comparisons for young adults. Only older 
adults had increased SW for higher slope when walking 
downhill on ICE (p=0.002, Figure 1c).  

  

 
Figure 1: Temporal-spatial gait parameters for different slopes and 
walking surfaces.  (A) SP. (B) S. (C) SW. * Significantly different 
from level. # Significantly different from CON. 
 
DISCUSSION / CONCLUSIONS 
 
Both groups chose conservative strategies (reduced S, 
increased SP) on the slippery ICE surface, consistent with 
previous reports [2, 3]. Slope effects were observed for S and 
SP on ICE only, suggesting that inclination further exacerbates 
the perceived risk of slips and falls for slippery surface. Older 
participants were able to adapt their gaits to ICE surface. They 
were more cautious when walking on icy surface since they 
also significantly increased their SW to improve their stability. 
In addition, they perceived downhill walking to be more 
hazardous, suggested by the further increase of SW on ICE for 
slope of -7.1°.  
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INTRODUCTION 
 
The portable nature of inertial measurement units (IMUs) is an 
ideal feature for potential use of gait analysis tools in clinical 
settings. Wearable sensors have been used to characterize 
changes to stance and double support time associated with aging 
and other neurological impairments during level ground 
walking [1]. Using standard kinematic methods, adaptations to 
increased lower limb weight occured seemlessly in healthy 
adults by altering swing phase kinematics [2]. The current study 
is focused on advancing understanding that would impact the 
potential use of IMUs in clinical settings and with more variable 
gait patterns, such as the amputee population. Transfemoral 
amputees often decrease knee flexion range of motion during 
walking as a common gait outcome to their surgical procedure 
[3]. Imposed kinematic restrictions require multiplanar 
movements to overcome tasks such as obstacle avoidance. 
Compensatory movements of this nature may include varying 
degrees of hip hiking, limb vaulting, and hip circumduction all 
working to increase toe height during the swing phase and 
obstacle clearance [3]. A range limiting knee brace can be used 
to manipulate intact movement patterns and attempt to mimic 
these impairments. The purpose of this research project is to 
determine if IMUs can detect compensatory movements in 
healthy adults completing an obstacle avoidance task with 
reduce knee range of motion. 
 
METHODS  
 
Twelve healthy young adults participated in this study. A 
repeated measures study design examined the effects of 
decrease knee range of motion and obstacle avoidance on 
movement strategy. A range limiting knee brace induced a stiff-
knee gait pattern. Participants completed three blocks of 30 
walking trials (normal walking, unlocked, and locked knee 
brace) with randomized obstacle avoidance tasks. The walking 
path was 6 m long with a 14 cm obstacle was placed halfway. 
Acceleration and gyroscope measures collected at 102.4 Hz 
with Shimmer3 IMUs (Shimmer Sensing Inc., Dublin, Ireland) 
attached bilaterally above the lateral malleolus. Participant’s 
unaffected limb was maintained as the lead limb over obstacle 
avoidance. Gait event detection has been successful with the use 
of accelerometers and IMUs [1] allowing the segmentation of 
gait into descrete time frames of interest (e.g. swing phase). 
Initial contact (IC) was defined as minimum mediolateral 
angular velocity between known swing and stance phases for 
each limb while, foot-off (FO) was defined as maximum 
anteroposterior acceleration between stance and swing phases. 
Swing time was calculated to characterize the temporal 
compensatory movement patterns. A within-subjects two-way 
repeated measure ANOVA was used to determine statistical 
difference (p < 0.05). 

RESULTS 
 
Gait event detection error was due to incorrect detection of 
known swing phases and occurred in minimal trials (~2.2%; n 
= 24). Obstacle crossing had longer swing times across all brace 
conditions (p =0.006). Locked brace walking had longer swing 
times during level ground walking and obstacle crossing 
compared to the other brace conditions (p = 0.001). There was 
no statistical difference in swing time between no brace and an 
unlocked knee brace.  
 

 
Figure 1. Angular velocity comparing obstacle and brace conditions 
 

 

Figure 2. Mean obstacle crossing swing times across brace conditions 

DISCUSSION / CONCLUSIONS 
 
Larger swing times during obstacle avoidance suggest IMUs 
can accurately detect changes in temporal measures in walking 
tasks that simulate gait challenges among those with 
prosthetics. Further, IMUs were able to describe the changes in 
variability of movement patterns with a stiff knee gait pattern 
mimicking clinical populations. Future steps of this research 
project is to explore more temporal measures and expand to 
estimate spatial measures of gait. 
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INTRODUCTION 
 
Biaxial testing is a useful method to studying the mechanical 
characterisitcs of anisotropic biological materials such as 
cardiovascular tissues. Conventional biaxal testing machines 
have several limitations such as, a lack in portability, 
restrictions on a minimal sample size, and an inability to 
integrate with an optical microscope. Our lab developed a 
miniaturized biaxial testing device to overcome these 
limitations. Its size, portability, and intuitive user interface 
make it a powerful tool for testing various materials and 
furthering our insight into the microstrucutural response to 
stimuli when coupled with a confocal microscope. 
Additionally, it could help teach students how to conduct 
biaxial tests by themselves [1]. With these objective in mind, 
our team looked at ways to improve the mini-biaxial device’s 
design and integrate it into the classroom. 
 
METHODS  
 
Human and pig samples of aorta were collected ethically and 
preserved in phosphate buffered saline. Samples were taken 
from various regions of interest and dissected to a size of 5mm 
x 5mm for testing, which is comparatively smaller than the 
sizes necessary for conventional biaxial testing apparatuses. 
Samples were then frozen to preserve mechanical behaviour 
during storage and thawed before testing. During testing, a 
camera set up captures localized strain via marker tracking 
which was then coupled with global stresses recorded from 
each load cell. In order to validate the results, adjacent 
samples taken from the same region were tested on both the 
mini-biax and the ElectroForce Biaxial 4 motor TestBench, 
available in the lab. The devices’ size also allows for coupling 
with a confocal microscope. Micro-beads were applied to the 
sample and captured on the confocal microscope during 
testing as an alternative and more accurate marker tracking 
method for localized strain measurements. Efforts were made 
to ensure usability of the devices design and user interface for 
its application as an educational tool. Students at the 
University of Calgary in the Biomechanics of Tissue Course 
used the mini-biax in the lab component of their class. This 
gave them the opportunity to prepare samples, conduct a 
biaxial test, and perform data analysis, exposing them to 
hands-on observations related to concepts explored in class. 
One-minute feedback assessments were collected from each 
student at the end of the lab asking for comments and 
suggestions. 
 
RESULTS 
 
Smaller samples were successfully tested, which is beneficial 
when there is a lack of tissue or constraints due to organ size. 

Adjacent samples tested on both the mini-biax and the 
ElectroForce Biaxial 4 motor TestBench, yielded similar stress 
vs. strain curves in magnitude and non-linearity. Testing was 
successfully conducted with the confocal microscope using the 
micro-beads as markers for localized strain measurements, 
however out of plane motion complicated testing procedures. 
Feedback assessments from students were collected and an 
overall positive experience was reported. Several students 
enjoyed the process of preparing samples and understanding 
how the data analysis is performed.   

Figure 1: (Left) Mini-biaxial under confocal microscope. (Right) 
Image obtained from confocal microscope of aortic aneurysm sample 
using micro-beads 
 
DISCUSSION / CONCLUSIONS 
 
Overall, the results proved that the mini-biaxial will be a 
powerful tool in further exploring the anisotropic and 
heterogonous behaviour of cardiovascular tissues. Its 
comparability to commercial devices is an indication that 
further results will be reliable. As well, we are hopeful in 
continuing experiments using the micro-beads as displacement 
markers and potential integration with a multiphoton 
microscope to view fibres. This could enhance our 
understanding of the role collagen and elastin play in the 
degeneration of arterial walls. Lastly, using this tool in an 
educational environment proved very useful and enriching to 
students. We hope to continuously find ways to adapt its use 
into the classroom in order for students and researchers to 
learn more about the anisotropic nature of various materials.  
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INTRODUCTION 
 
A mechanistic understanding of increased bone fracture risk, 
independent of bone mineral density, is sought. While a 
number of studies suggest association between Advanced 
Glycation Endproducts and bone fragility [1-3], the quality of 
the crosslinked, semi-crystalline type-I collagen, has received 
less attention [4,5]. Strong correlations between fracture 
toughness and collagen network connectivity are reported [4]. 
We hypothesized that collagen network connectivity would a) 
correlate with fracture toughness of human cortical bone, and 
b) better explain fracture toughness than other variables. 
 
METHODS  
 
Cortical bone from 54 human donors (~50% males; ages 21-
101 years; healthy donors and those with a history of cancer, 
diabetes, and osteoporosis) was harvested from the lateral 
femoral mid-shaft. Specimens were machined into Single 
Edge Notched Beams (SENB) with a razor-sharpened notch 
oriented on the transverse plane and radially directed. Each 
notch region was scanned using micro-computed tomography 
(volumetric bone mineral density, porosity). The crack was 
propagated under three-point bending and J-integral fracture 
toughness (J-int) calculated [6-8]. Collagen network 
connectivity (in terms of Max. Slope) was measured using 
Hydrothermal Isometric Tension testing [8]. Pentosidine 
content was measured using HPLC [9]. Statistical analysis 
involved linear regressions and General Linear Models. 
 
RESULTS 
 
Fracture toughness declined with age [6]. Fracture toughness 
correlated with Max. Slope (R2~30%; p<0.05) (Figure 1a). 
Note the strong β coefficients for Max. Slope (β=0.52) in Best-
fit General Linear Model results (Table 1). Max. Slope did not 
correlate with Pentosidine content (Figure 1b). 
 
Table 1: Results from General Linear Models. 

Fracture 
toughness Linear model 

Adj-
R2 
(%) 

J-int age  
(β=−0.28, p=0.005)  

Max. Slope 
 (β=0.52, 
p<0.001) 

35.7 

 
DISCUSSION / CONCLUSIONS 
 
From a heterogeneous donor group, it is evident that the 
transverse fracture toughness of human cortical bone is 

strongly related to collagen network connectivity, presumably 
due to the key role collagen plays in deformation and micro-
damage [8,10]. Therefore, collagen network connectivity is 
important towards understanding cortical bone fragility [8].  

 
Figure 1: a) J-integral vs. Max. Slope. b) Max. Slope vs. Pentosidine  
 
REFERENCES 

[1] Pritchard J, Willett TL, Pentosidine… Springer, 2017. 
[2] Granke et al. (2015) Calc Tiss Int 97(3):292-307. 
[3] Willett et al. (2014) Curr Osteop Reports 12(3):329-37. 
[4] Zioupos et al. (1999) J Biomed Mater Res 45(2):108-16. 
[5] Wang X et al. (2002) Bone 31(1):1-7. 
[6] Granke, et al. (2015) J Bone Miner Res 30(7):1290-300. 
[7] Makowski et al. (2017) Appl Spectrosc 71(10):2385-2394. 
[8] Woodside and Willett, (2016) JMBBM 64:53-64. 
[9] Granke et al. (2016) J Biomech 48(13):2748-2755. 
[10] Willett et al. (2017) JMBBM 74:371-382. 

FUNDING 
CIHR-IMHA (115089), VA (1I01BX001018), NIAMS 
(AR063157), NSF (1068988). 

(A) 

(B) 

Scott Landry
P028



DOES THE POSITION OF NUCLEUS CHANGE IN RESPONSE TO LOADING? 
 

Vahid Abdollah1, Eric Parent1, Alex Su1, Keith Wachowicz2, Michele C Battié3 
1Faculty of Rehabilitation Medicine and 2Department of Oncology, University of Alberta, Edmonton, AB, Canada 

3Faculty of Health Sciences and Western Bone and Joint Institute, University of Western Ontario, London, ON, Canada 
Email: vahid.abdollah@ucalgary.ca   

 
INTRODUCTION 
 
It has been hypothesized that there is a shift in the location of 
the hydrated nucleus pulposus within the intervertebral disc in 
response to loading, which may have clinical relevance. 
Therefore, research has targeted the location and displacement 
of the hyperintense region of the disc representing the nucleus 
on MRI. Traditionally, researchers have calculated the 
distance between the apparent boundaries of the nucleus and 
disc. However, delineation of the anterior and posterior 
boundaries of the nucleus is highly subjective, especially in a 
degenerated disc with irregular nucleus boundaries. A reliable, 
valid method for measuring the location of the boundaries of 
the hyperintense region representing the nucleus would 
facilitate comparisons between different loading conditions. 
The purpose of the present study was to investigate the 
response of the nucleus to loading in vivo using a recently 
developed biomarker [1]. 
 
METHODS  
 
Thirty-five volunteers (30±11yrs) with and without chronic 
LBP rested supine for 20 minutes, followed by 20 minutes of 
compression and then 20 minutes of traction with 50% body 
weight. MR images were acquired in the last 5 minutes of each 
of the three loading conditions using a 3T whole-body Philips 
Intera MR scanner (Philips Healthcare). Lumbar discs of L1-
L2 to L5-S1 were analyzed on mid-sagittal T2 map MRI 
images (5 mm thick, 0.5×0.5 mm pixels, from 5 T2 echoes TR 
2500, TE 17, 44, 71, 98 and 125 ms) using custom Matlab 
software. The assessor was blinded to loading conditions. The 
centre of the Cartesian coordinate system was placed at the 
GWC of the lumbar vertebra located just above each disc, and 
the location of the geometric-weighted centroid (GWC) and 
width of the nucleus were calculated. Loading conditions were 
compared using repeated measure ANCOVA with covariates 
of age and the area of the second lumbar vertebra to adjust for 
variations in spine size among participants, and Cohen’s d.  
 

RESULTS 
 
Of the total sample of 175 discs, there were only three discs 
evaluated as Pfirrmann grade I (no degeneration) and two as 
grade V (advanced degeneration). Going from compression to 
traction: we observed a significant posterior shift of the GWC 
at L4-5 and L5-S1 levels (Table 1).  An inferior shift of the 
GWC was also observed at L5-S1 (p<0.05). Going from 
unloaded to compression: we observed a significant posterior 
shift of the GWC at L3-4 (Table 1). No significant changes in 
response to loading were observed in nucleus width (Table 1). 
 
DISCUSSION / CONCLUSIONS 
 
The results of this study showed that under compression and 
traction loading the relative location of the nucleus at the 
lower lumbar levels seems to change, with movement in the  
anterior-posterior direction in the lower motion segments. 
Although the directions of the changes observed in nucleus 
width were consistent with previous studies comparing 
compression to supine unloaded conditions [2], none were 
statistically significant. Measurement of the nucleus width 
before and after loading indicated that nucleus diameter does 
not change significantly under loading. In contrast, the GWC 
captured changes in the location of the hyperintense region 
representing the nucleus in the lower levels in response to 
loading.  
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Table 1: Differences between loading conditions in location of geometric centroids and width of the nucleus for L1-2 to L5-S1 

Levels Location of the GWC (mm) Nucleus width (mm) 
L1-2 L2-3 L3-4 L4-5 L5-S1 L1-2 L2-3 L3-4 L4-5 L5-S1 

Unloaded Horizontal 

c 6.7±0.5 5.6±1.2 4.8±0.6 -0.8±0.7 -11.3±0.7 24.5±0.4 25.2±0.5 26.3±0.6 26.1±0.5 25.3±0.5 Vertical 

c 33.5±0.2 35.0±0.6 37.0±0.2 38.0±0.3 35.0±0.4 
50% BW 

Compression 
Horizontal 

c 7.1±0.6 7.8±0.4 6.2±0.6a -1.8±0.8 -12.2±0.8 23.1±0.5 25.3±0.5 25.1±0.8 25.1±0.7 24.9±0.7 Vertical 

c 33.4±0.2 35.5±0.2 37.2±0.2 37.7±0.3 34.3±0.5 
50% BW 
Traction 

Horizontal 

c 7.2±0.5 7.8±0.4 6.1±0.5 0.2±0.7b -1.1±0.7b 24.1±0.4 25.0±0.5 26.0±0.6 24.9±0.6 24.7±0.6 Vertical 

c 33.5±0.2 35.6±0.2 37.1±0.2 38.1±0.3 35.4±0.5b 
 
a

 Significant difference compression vs unloaded (Sidak p<0.05). b Significant difference traction vs compression (Sidak p<0.05) 
A positive value indicates moving backward in horizontal direction and moving downward in vertical direction 
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INTRODUCTION 
 
Inflammation is known to alter the mechanical properties of 
soft tissues such as arteries, liver, and spleen [1,2]. However, 
the effect of inflammation on mechanical tissues (eg. tendons 
and intervertebral discs) have largely only been investigated in 
conjunction with tissue damage. Very little is known about the 
response of passive structures to inflammatory stimuli in the 
absence of direct damage. One study found that systemic-
inflammation decreased tendon stiffness and ultimate strength 
[3]. Further study is required to determine how localized 
inflammatory responses affect passive tissue mechanics; tissue 
culturing is a promising technique for these studies as it allows 
investigation of the inherent response of tissues to acute 
inflammatory stimuli. Currently, the effect of culturing on 
tissue mechanics is unknown, therefore the purpose of this 
study was to determine how tissue culturing affects the passive 
mechanics of tendons and intervertebral discs.  
 
METHODS  
 
26 Achilles tendons and 38 functional spine units (FSU; 
vertebra-disc-vertebra) from the tail were harvested from 
mature Sprague Dawley rats. For the Achilles tendons, half 
were mechanically tested immediately and half were cultured 
in standard culture media (DMEM, 10% fetal bovine serum, 
and 25mM HEPES) for seven days before mechanical testing. 
After pre-conditioning, tendons were loaded in tension (1%/s) 
until failure or 45 N, whichever occurred first. Likelihood of 
tendon failure was compared between groups using Fisher’s 
Exact Test. Average stiffness was calculated from the final 
displacement and force values; strain energy was calculated by 
integrating the smoothed force-displacement curve. FSUs were 
assigned to either non-cultured (n=18), 1-day cultured (n=8), 
or 6-day cultured (n=12) groups. For mechanical testing, FSUs 
were loaded in 20 cyclical tension-compression repetitions 
(1mm/s); displacements were selected to ensure peak tension 
and compression forces were ~ 45 N. The neutral zone (NZ) of 
the force-displacement curve was visually identified; NZ size 
and stiffness were compared between groups.  
 

 
Figure 1: A) Average stiffness of each Achilles tendon. Triangles 
indicate tendons that failed before developing 45 N; circles indicate 
tendons that did not fail before test termination.  B) The strain energy 
(µ ± SE) developed within non-cultured (N-C) and cultured (C) 
tendons. * indicates statistical difference between groups (α=0.05)  

RESULTS 
 
The likelihood of failure was not different between cultured 
and non-cultured tendons (Exact test statistic = 0.0873) and 
there was no difference between group means for average 
tendon stiffness (p = 0.3186; Fig 1A). Interestingly, the 
tendons that failed were the least stiff in both groups and 
cultured tendons were less tolerant of low stiffness than non-
cultured tendons. Cultured tendons also stored 42% less strain 
energy than non-cultured tendons (p = 0.0006; Fig 1B).  
 
For FSU mechanical properties, there was no main effect of 
group on NZ size (p = 0.0796) but there was a main effect on 
NZ stiffness (p = 0.0368; Fig 2). Post-hoc analyses indicate 
that 1-day of culturing does not affect NZ stiffness, but NZ 
stiffness decreases by 48% after culturing for 6-days. 

 
Figure 2:  Mean ± SE of A) NZ size and B) NZ stiffness for each 
group of rat tail FSU. Different letters indicate post-hoc statistical 
differences between groups (α=0.05). 
 
DISCUSSION / CONCLUSIONS 
 
Decreases in the ability to store strain energy and in NZ 
stiffness are believed to be negative adaptations of tendons and 
FSUs, respectively [4,5]. These results indicate that culturing 
passive mechanical structures in culture media for one-week 
weakens their ability to withstand and transmit forces. Moving 
forward, localized inflammatory responses can be mounted in 
cultured tissues to determine how tissues respond to acute 
inflammation in the absence of the immune system.  The 
results of the current study allow for better understanding of 
how these in vitro effects would apply to acutely inflamed 
tissues in vivo.  
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INTRODUCTION 
Using a childhood obesity model, we have found that a high-
fat high-sucrose (HFS) diet leads to  metabolic complications 
commonly associated with obesity [1]. With cytoplasmic 
organelles being a commonality across cells of various organs, 
it is likely that metabolic stress placed on these organelles, as a 
result of nutrient overload, leads to organ dysfunction and 
ensueing metabolic complications. This presents a common 
pathway linking adipocyte dysfunction to eventual myocyte 
dysfunction in obese, manifesting as changes in muscle 
morphology (i.e. increased fibrosis) and mechanical properties 
(i.e. increased passive stiffness) [2]. The purpose of this study 
was to determine if muscle morphological and mechanical 
changes lead to increased risk of muscle damage. We 
hypothesized that animals consuming a HFS diet would be 
more susceptable to muscle damage. 
 
METHODS  
Groups: Animals were divided into two groups, consuming 
either a high-fat high-sucrose (HFS, n = 14) or chow control 
(CON, n = 14) diet.  

Muscle Damage Protocols: 
(1) Downhill treadmill protocol: Ten animals per group 
completed 90 mins of running (18 sets x 5 mins, with 2 mins 
rest between) at a speed of 16 m/min, at a 16° decline. Prior to, 
and following  the teadmill protocol (Pre, Post-0hr, Post-24hr, 
Post-48hr, Post-72hr) seurm was collected and creatine kinase 
(CK) was measured as a marker of muscle damage. 
(2) In-situ eccentric protocol: Four animals per group 
completed 5 sets of 15 eccentric contractions of the medial 
gastrocnemius. Each set of eccentric contractions was 
followed by 3 mins rest, an isometric MVC, and another 3 
mins rest.  Isometric MVCs for each trial were normalized to a 
pre-test MVC. Decrements in isometric MVC force relative to 
baseline were used as a marker of muscle damage. 

Statistics: Magnitude-based inferences and precision of 
estimation [3] were used to assess mean changes between 
groups (CON and HFS) at each time-point/trial relative to pre-
test values. Results are expressed as: % likelihood of a mean 
difference between groups, the effect size (Cohen’s d ± 95 % 
CL), and group mean ± SD. A >95 % likelihood was 
considered substantial, and represented by an asterisks. 
 
RESULTS  
Body Composition: Compared to the CON group, there was a 
>99 % likelihood that the HFS diet lead to an increase in body 
mass (d = 3.51 ± 0.89; CON: 581.9 ± 45.2 g; HFS: 702.1 ± 
34.9 g) and percent body fat (d = 5.48 ± 1.00; CON: 16.0 ± 3.2 
%; HFS: 31.2 ± 4.4 %), with no change in lean mass. 

Serum CK: A substantial change in serum CK levels was seen 
immediately following the downhill treadmill protocol (Post-
0hr), with a >99 % likelihood that the HFS diet lead to a large 
increase (d = 1.50 ± 0.62) in serum CK levels when compared 
to the CON group (CON: 530.6 ± 441.4 pg/ml; HFS: 1969.6 ± 
762.0 pg/ml). 

Isometric MVC Force: In Trail #2, there was a 96 % 
likelihood that the HFS diet leads to a large decrement (d = -
1.35 ± 1.29) in MVC force when compared to the CON group 
(CON: 73.0 ± 5.5 %; HFS: 62.5 ± 6.1 %; Figure 1). 

 
Figure 1: Isometric MVC force, presented as a percentage of pretest 
Isometric MVC force following each set of 15 eccentric contractions. 
 
DISCUSSION / CONCLUSIONS 
The data presented indicate that animals on a HFS diet are at 
increased risk of muscle damage. Compared to the CON 
group, the increase in CK levels in the HFS group is likely due 
to an increase in the magnitude of loading on muscle as a 
result of increased body mass, with no change in lean mass. 
Based on the principle of progressive overload [4], the 
question arises as to why obese muscle does not appropriately 
adapt to an increase in body mass? Ongoing work in our lab 
looks to address this question, as we speculate that metabolic 
complications impair muscle adaptation, resulting in 
detrimental morphological changes (i.e. fibrosis). Preliminary 
findings from the in-situ eccentric protocol indicate that these 
detrimental muscle morphological changes have negative 
implications on muscle function (Figure 1).  
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INTRODUCTION 
 
Patients with mild traumatic brain injury (mTBI) frequently 
have normal conventional brain imaging and the diagnosis 
depends primarily on self-reported symptoms[1]. As a result, 
the degree of symptoms is widely variable and correlates 
poorly with physical measures of brain trauma[2]. To improve 
prediction of brain trauma it is important to create an 
understanding of the relationship between the biomechanics of 
the head impact event and the microstructural damage incurred 
by the brain as a result of that event[3]. The purpose of this 
research was to examine the relationship between 
biomechanical characteristics of a head impact resulting in 
mTBI and measures of chronic microstructural damage as 
measured by diffusion tensor imaging (DTI). 
 
METHODS  
 
Subjects (n = 8) who had incurred a concussion from falls 
were identified from the emergency room of a major urban 
hospital along with controls. Diffusion tensor imaging (DTI) 
was performed to identify regions of white matter structural 
differences quantified as changes in fractional anisotropy; 
mean diffusivity (MD); axial diffusivity; and radial diffusivity 
(RD). Following this analysis, the injury event was 
reconstructed in the laboratory by impacting an instrumented 
Hybrid III headform with the parameters of mass, location, 
and compliance that were determined from eyewitness reports. 
The impact velocity was determined from mathematical 
dynamic modelling simulations. The acceleration loading 
curves were then used as input for the University College 
Brain Trauma model to determine the strain to the regions of 
interest identified from the DTI analysis. A linear regression 
was conducted to identify the relationships between the DTI 
and biomechanical parameters. 

RESULTS 
 
A significant relationship was found between shear strain, 
rotational acceleration, and impact velocity and increases in 
RD and MD in the fornix. Linear acceleration was also found 
to have a weaker but significant relationship with a decrease in 
radial diffusivity in the cingulum hippocampus (Table 1). 
 
DISCUSSION / CONCLUSIONS 
 
This research found a significant relationship between shear 
strain, rotational acceleration, and impact velocity and  
increases in radial diffusivity and mean diffusivity in the 
fornix. Linear acceleration was also found to have a weaker 
but significant relationship with a decrease in radial diffusivity 
in the cingulum hippocampus. Although limited by the small 
sample size, these results demonstrate that impacts resulting in 
high shear strains may affect microstructure thus resulting in 
changes in RD and MD, and that impact mechanics likely have 
an important role in what regions may be damaged. These 
results suggest that the event that led to the brain trauma 
should be taken into consideration when examining parameters 
of diffusion measured with DTI.  
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Table 1: Linear regression results examining the relationships between the DTI parameters and the biomechanical predictors of 
injury for the concussive events. 

Region of interest DTI parameter Variables included r2 p value

Cingulum 
hippocampus

Increase in RD Linear acceleration 0.745 0.006

Shear strain

Rotational acceleration

Impact velocity

Shear strain

Rotational acceleration

Impact velocity

0.990 0.001

0.997 0.001

Increase in MD

Fornix

Increase in RD
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INTRODUCTION 
While the mechanisms of disc degeneration are not fully 
undertood, prevalence increases with increasing age.  Disc 
degeneration has been reported as early as the second decade 
of life and by the age of 55 years, 97% of specimens obtained 
from human donors present macroscopic degenerative changes 
[1].  Increased lactic acid in the intervertebral disc is a 
hypothesized initiator of disc degeneration [2].  Low pH (6.0) 
environments have been linked to increased cell death in 
cultured bovine nucelus cells [2] and have also been linked 
clinically to discogenic pain symptoms [3].  Mechanically, 
there is some evidence attributing a reduction in lapine 
interlamellar matrix tensile strength to a general degeneration 
cascade [4], while it remains unclear if there is a mechanical 
relationship to lactic acid.  The purpose of this study was to 
determine if an acidic environment influences the mechanical 
properties of isolated annular specimens.      
 

METHODS  
An a priori sample size calculation (where α=0.05, 1-β=0.8, 
d=0.707) determined a minimum of 64 specimens were 
required.  A total of 79 multilayer annulus specimens (aged 6-
8 months at sacrifice) were dissected from two cervical levels 
(C34, C56) with a maximum of four annulus samples obtained 
from each level (2 anterolateral, 2 posterolateral).  Following 
dissection, specimens were immersed in one of 4 solutions; (i) 
Lactic acid in phosphate buffered saline (PBS) (pH 3.5), (ii) 
Lactic acid in PBS (pH 6), (iii) Lactic acid in PBS neutralized 
(pH 7) and (iv) PBS (pH 7) for a duration of 6 hours. The 
concentration of lactic acid in solutions i-iii was controlled to 
15 mmol/L; a concentration documented in human discs [5] 
and previously used to simulate degeneration in a porcine 
model [6].  Following immersion, specimens were biaxially 
loaded in tension using a BioTester 5000 apparatus (CellScale, 
ON, Canada).  Specimens were loaded in the circumferential 
and axial directions in displacement control to 20% strain at a 
rate of 2%/s for 100 cycles.  Dependent measures of interest 
included the percent change in mass (%) before and after 
immersion in each solution and the first cycle linear elastic 
region (MPa) stiffness.  
 

RESULTS 
Specimens immersed in the Acid 3.5 (i) condition had the 
lowest change in mass with an increase of 28% compared to a 
more than 91% increase in all other solution conditions 
(p<.0001).  The percent increase of mass in the Acid 6 (ii) 
condition was 15% lower compared to the PBS (iv) condition 
(p=0.0298).  The range of r2 (coefficient of determination) 
values were between 0.97 and 1.0, confirming the 
identification of the linear elastic region.  There was a 
significant solution by level interaction to affect 
circumferential stiffness (Figure 1), where specimens obtained 
from the C56 level and immersed in the Acid 3.5 solution had 
significantly higher stiffness compared to specimens across 

both levels in the other solutions (p<0.0235).  There was no 
significant difference between the stiffness of specimens 
obtained from the C34 or C56 levels immersed in the Acid 3.5 
condition (p=0.0914).  There was no effect of solution on the 
axial stiffness of specimens (p=0.6024). 

Figure 1: Significant solution by level interaction (p=0.0059) to 
affect circumferential stress-stretch (S-S) modulus  
 

DISCUSSION / CONCLUSIONS 
While previous work has demonstrated links between lactic 
acid, cell death in the nucleus and discogenic pain, this is the 
first study to link lactic acid and mechanical changes in the 
annulus.  Low pH was shown to reduce the propensity of 
annulus tissues to imbibe fluid compared to immersion in 
neutral pH solutions and previous work [7].  Highlighting the 
anisotropy of the annulus fibrosis, S-S modulus was higher 
following exposure to a low pH (3.5) lactic acid solution at the 
C56 level, with no effect of solution in the axial direction.  
Previous work investigating the effect of select enzymatic 
cross link production in collagen showed increases in 
circumferential stiffness with an increase in collagen 
crosslinking [8], suggesting that lactic acid may increase 
stiffness through a cross-link mechanism.  Further, this 
relationship is likely modulated by attachment details given 
the significant effect of cervical level in the current study.  The 
results of the study have implications for the propagation of 
disc injury, spine stiffness across age and the role of lactic acid 
as a contributing factor to changes in the mechanical 
properties of the intervertebral disc.   
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INTRODUCTION

In general, biological tissues such as bones or arteries have the

ability to grow or to remodel their internal structures to adapt

to their environments. In soft biological tissues such as arteries,

the internal structure is usually thought to undergo remodelling

in the sense that the reinforcing collagen fibres reorient in order

to optimise the stress-strain response of the tissue. This remod-

elling phenomenon has been studied extensively, theoretically

and experimentally. From the perspective of modern Contin-

uum Mechanics, growth and remodelling can be studied under

the material evolution paradigm [1], based on the concept of the

material implant. In this study we base the fibre reorientation

model on the work by Grillo et al. [2], and we also study remod-

elling in the sense of a change in the way in which collagen fib-

rils are recruited within each collagen fibre. In order to demon-

strate the potential application of the material implant method in

tissue mechanics, we solve a remodelling problem for an incom-

pressible reinforced tube, roughly representing an arterial wall,

undergoing inflation.

METHODS

We assume that our soft tissue is comprised of an isotropic ma-

trix reinforced by collagen fibres, that both the matrix and the

fibres are hyperelastic, and that the fibres are one-dimensional

elements bearing no compression or bending, but only tension.

The fibres have a statistically distributed orientation described

by the probability density  , defined over the unit sphere S2.

The energy for the bundle of fibres is described in terms of an

implant tensor P , mapping the bundle from the archetypal state

into the undeformed reference configuration of the tissue, i.e.,

Ŵ (F (X, t), X, t) = J�1
P W̄ (F (X, t)P (X, t)) [1], with

W̄ (FP ) =

Z

S2
H(Ī4 � 1) W̄f (Ī4 : ⌫ ⌦ ⌫) (⌫), (1)

where JP = detP , Ī4 is the fourth invariant of P TCP (with

C = F T.F being the right Cauchy-Green deformation), H is

the Heaviside step, used to exclude the fibres in compression,

W̄f and ⌫ are the energy and the generic archetypal fibre direc-

tion. In our remodelling framework, tensor P implants the fibre

bundle from the archetypal taut state into each point X in the tis-

sue, by rotating the bundle to the orientation it has in the tissue

and by crimping the fibrils, and is given by

P I
↵ =

@XI

@⇠�
Q�

�

h
(��1

s � ��1/2
s )µ�µ↵ + ��1/2

s ��↵

i
, (2)

where ⇠� are the coordinates in the archetype, �s is the recruit-

ment stretch, i.e., the stretch at which the corresponding fibre is

fully straightened [3], and Q�
� and µ�

are the components of

the rotation and of the archetypal fibre direction, respectively.

RESULTS

We studied a thick-walled cylinder with inner and outer radii

of 1 mm and 2 mm, respectively. The fibre orientation obeyed

a modified von-Mises distribution [4]. The initial value of the

most probable fibre angle ' (on which the Q�
� depend) is ⇡/8

and the initial value of the straightening stretch �s is 1.01. The

evolution law is prescribed as a function of the deviatoric Es-

helby stress [1] and we choose the linear expression

ṖP�1 = k JPP .P TDev(E)P�T.P�1, (3)

where k is a constant. The parameter �s has not been allowed

to remodel indefinitely, but has been limited at 1.20, in order

to avoid unphysical results. The final values of the remodelling

parameters �s and ' are illustrated in Figure 1.
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Figure 1: Remodelling parameters �s (blue curve) and ' (red curve).

DISCUSSION AND CONCLUSIONS

The largest fibre reorientation occurs at the inner radius (Fig-

ure 1) and the stresses and deformations decrease with respect

to the case without remodelling. Both results are in agreement

with previous studies [2, 5]. The results demonstrate how this

framework can be employed to include the effect of virtually

any remodelling parameter, such as recruitment.
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INTRODUCTION 
 
The contact mechanics of the human knee joint is 
predominantly determined by the tissue properties of articular 
cartilage and meniscus. These tissues are pressurized upon 
knee compression, providing a great effective tissue stiffness 
in resisting loading. The fluid pressure in these tissues 
dissipates with time under a given load, such as body weight, 
allowing a gradual increase in tissue deformation and load 
redistribution in the joint. The interplay between the fluid 
pressurization and tissue matrix also produces a strong 
compression-rate dependent load response. This mechanism of 
fluid pressurization may play a major role in the structural 
integrity and mechanobiology of the joint, but has not been 
fully investigated with 3D joint models. Joint contact theories 
have been mainly established using elastic models without 
considering the influence of the fluid pressure that supports up 
to 60% or more of the joint load. The goal of our research is to 
understand the role of the tissues’ fluid pressure and flow in 
the joint mechanics and cartilage homeostasis. 
 
METHODS  
 
A fibril-reinforced constitutive model was implemented for 
articular cartilages and menisci to build a MRI-based 3D 
human knee joint model to predict the in-situ tissue fluid 
pressurization. This model made it possible to predict the 
relaxation and creep responses at the joint level. The joint 
model was used to understand altered mechanics with 
meniscectomy and focal cartilage defect. 
 
As part of the validation of the methodology, forty-five fresh 
porcine stifle joints were tested with creep and relaxation 
loadings and are currently being modelled. Joint compression 
rates used in experiments varied from 10 to 5000 microns per 
second. Joints were also mechanically tested with tissue 
dehydration and total meniscectomy, respectively, after the 
tests of the corresponding intact joints. 
 
Dual fluoroscopy (DF) of 2 human participants is being used 
for further validation of the human joint modeling. To obtain 
the unloaded tissue geometry, the 3T MRI of the knee was 
performed in the early morning after the subject was seated in 
an MRI compatible wheel chair for half an hour. The subject 
was then transferred in the chair for the DF measurement of 
knee when approximately half the body weight was slowly 
applied to the right knee and then kept almost constant for 10 
minutes. DF images of the knee (X-rays) were taken at 6 Hz 
continuously for the first minute loading, and then at 6 Hz for 
2-second imaging in every 30-second loading. These images 
were used to determine the displacement of the distal femur 
and proximal tibia under knee compression. The ground 

reactions were simultaneously measured for the determination 
of force-compression relationship of the joint during creep. 
 
As an attempt to understand the implication of cartilage fluid 
pressurization in cartilage homeostasis, fresh intact porcine 
joints were loaded on a material testing system with different 
magnitudes and loading periods. Gene expressions of tissue 
plugs from different sites of femoral cartilage were examined 
for both loaded and unloaded/control joints. For the loaded 
joints, these sites corresponded to the areas with high fluid 
pressure but low fluid flow, low fluid pressure but high fluid 
flow, as well as unloaded areas. 
 
RESULTS AND DISCUSSION 
 
The experimental data from the porcine joints showed strong 
nonlinear compression-rate dependent mechanical response at 
the joint level, which qualitatively agrees with the model 
prediction of the human knee joints. Partial dehydration 
reduced the joint load support by 60%, indicating a fluid 
pressurization load-support mechanism in the cartilaginous 
tissues. Total meniscectomy substantially reduced the load 
support but did not diminish the compression-rate dependence 
of the joint. 
 
The DF measurement showed a substantial increase in joint 
compression during the 10-minute creep. Undeformed tissue 
geometry was reconstructed from the MRI for finite element 
modelling. Stresses and strains in the tissues will be 
determined with model analysis. 
 
We have determined the site-specific gene expression for 20 
loaded and 20 unloaded fresh porcine joints so far. These 
results indicated a predominant role of the fluid flow in 
cartilage metabolism. The loading magnitude and duration 
also influenced gene expressions. Quantitative correlation 
between cartilage homeostasis and mechanical stimulation 
may be possible with further studies. 
 
There is an increasing need to evaluate cartilage health state in 
vivo using noninvasive imaging methods such as MRI. Our 
combined measurement and modelling approach will further 
determine the stress/pressure in the joint using measured joint 
compression. Our validated joint model may also be used to 
understand the role of mechanics in cartilage gene expression 
in situ and eventually in vivo. 
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INTRODUCTION 
 
Tendons are often used as models for exploring the effects of 
excessive mechanical loading on collagen fibrils due to their 
relatively simple collagen fibril architecture. Previous work has 
shown that loading tendons to rupture or loading them to their 
ultimate strength in subrupture experiments causes significant 
structural alteration to the collagen fibrils of positional type 
tendons [1,2]. However, it is unclear where within the tendon 
stress-strain curve collagen fibril damage begins, and whether 
duration under load affects this. In this study we used a well-
characterized bovine tail tendon model to explore both of these 
questions. Our results provide a much deeper understanding of 
how mechanical loading can damage collagen fibrils and tendon 
collagen. 
 
METHODS  
 
Tendons from the tails of 24-36 month-old steers killed for food 
were collected and stored at -86°C. After thawing, each tendon 
was divided into two portions: one to serve as an unloaded 
control sample, and the other for mechanical testing. Four 
mechanical tests were conducted: (i) tension to rupture (n=8), 
(ii) tension to yield stress followed by immediate unloading 
(n=8), (iii) prolonged exposure to yield stress (n=8), and (iv) 
prolonged exposure to ~50% of yield stress (n=15). After 
mechanical testing the samples were assessed for internal 
structural damage using scanning electron microscopy (SEM) 
and differential scanning calorimetry (DSC). The matched-pair 
unloaded control samples also underwent the same analyses. 
Briefly, SEM samples were fixed in 2.5% EM-grade 
glutaraldehyde, longitudinally bisected to reveal their interiors, 
critical point dried, mounted on SEM stubs, coated with Au-Pd, 
and examined under SEM at 3 kV, 15 μA. For DSC, small 
subsamples (~10 mg wet weight) were enclosed in hermitically 
sealed aluminum pans and run against an equivalent empty pan 
using a heating rate of 5°C/min. 
 
RESULTS 
 
Tendons that underwent the tension to rupture test (strain rate 
0.09%/s) showed extensive structural damage when assessed 
under both SEM and DSC. In SEM, fibrils with characteristic 
discrete plasticity damage were seen, with repeating kink-type 
regions of plastic deformation occurring along the length of the 
fibrils. Some kinked fibrils also had partially or fully lost their 
native D-banding, indicating severe disruption to molecular 
packing. Tendons that were loaded to their yield stress and 
immediately unloaded showed no alterations to native fibril 
structure under SEM (Fig. 1A). Under prolonged exposure to 

yield stress, tendons quickly ruptured. Rather than failing via 
viscous mechanisms, such as interfibrillar slippage, SEM 
confirmed that these samples had also failed via discrete 
plasticity damage to the collagen fibrils. Fibril level damage 
was even more extreme in these samples compared to those in 
the tension to rupture group, with nearly all fibrils completely 
losing their D-banding in addition to experiencing longitudinal 
kinking. It was not uncommon in these samples to see fibrils 
that were damage so severely that little fibrillar structure 
remained (Fig. 1B). When subjected to static loading at ~50% 
of the yield stress, loading for <2 hrs did not result in structural 
damage. Loading for >2 hrs, however, was sufficient to initiate 
the breakdown of fibrils into subfibrils. Quantitative DSC 
analyses were consistent with SEM observations: large changes 
in endotherm Tonset, Tpeak, and FWHM were observed for the tension 
to rupture tests and prolonged expose to yield stress tests 
relative to paired control samples, while tension to yield 
followed by immediate unloading had minimal effect. For 
prolonged loading at 50% of the yield stress, an inverse linear 
relationship was found between change to Tonset and creep strain. 
 

 
 
Figure 1: A: Tendon loaded to yield stress and immediately unloaded. 
No damage is present: fibrils appear as in unloaded controls. B: Tendon 
after prolonged loading at the yield stress, showing complete 
destruction of fibril structure. 
 
DISCUSSION / CONCLUSIONS 
 
Ultrastructural damage to collagen fibrils and tendon collagen 
is highly dependent on both the level of stress exposure, and the 
duration of that exposure. Static exposure to high stresses 
traditionally viewed as existing within the safe, “linear region” 
of the stress-strain curve may be highly damaging if maintained 
for even a short duration. 
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Introduction 
 
Seated postures involve a fair amount of low back flexion [1]. 
While exposure to maximum spine flexion has shown to result 
in delayed muscle reflex response times [2], currently, it is not 
known if sub-maximal magnitudes impart the same effect. 
Therefore, this study will examine the effect a 2-hour 
exposure to office chair sitting has on the muscle reflex onset 
times of six low back muscles. 
 
Methods 
 
Forty participants, with no history of back pain, will be 
recruited from the local population. Participants were 
instrumented with surface electromyography (EMG) 
electrodes (Ag-AgCl, blue sensor, Medicotest Inc., Ølstykke, 
Denmark) over the thoracic and lumbar erector spinae, and 
lumbar multifidus bilaterally. Two accelerometers 
(ADXL335, Analog Devices, Norwood, MA, USA) were 
fixed over the L1 and S2 spinous processes. Muscle reflex 
onset times were measured immediately before and after a 
two-hour standardized typing trial seated at a computer 
workstation. Reflex activation of the muscles was elicited in 
the seated position using a custom release jig (Figure 1) which 
results in a brief, unexpected, fall forward of the torso. 

 
Figure 1: Participant in the custom-made jig, supported by a 
cable/harness just prior to release.  
 
Raw EMG was band pass filtered from 10-1000 Hz, amplified 
(Desktop DTS, Noraxon, Phoenix, AZ: CMRR > 100 dB, 
input impedance>100 MΩ) and collected at a sample rate of 
2048 Hz with a 16-bit A/D converter (-2/+2 V range (Optotrak 
Data Acquisition System, 3D Investigator, Northern Digital 
Inc., Waterloo, ON, Canada) synched in time with the 
accelerometers (collected at 256 Hz). Data were processed 
with custom code (Matlab r2017, The MathWorks, Nattick, 
MA, USA).  EMG signals had baseline removed, was rectified 
and smoothed with a 2nd order Butterworth filter (cut off  

 
frequency 2.5 Hz).  Muscle onset time was calculated from 
the processed EMG signals according to established methods 
[3].  Specifically, timing of the start of the movement was 
determined from the raw accelerometer signal and the onset 
of the muscle response was determined by the first muscle 
group to respond where activity surpassed a threshold of +/- 3 
SD of a 50 ms baseline prior to the start time. Muscle reflex 
latencies times which occur before 15 ms or after 150 ms are 
not considered an involuntary response and would be 
removed from the subsequent analysis [3]. A one-way 
ANOVA with a between factor of time (pre/post) was 
conducted for the variable of onset time (SPSS Version 23, 
SPSS Inc., Chicago, USA). Significance taken at the p=0.05 
level.  
 
Results 
 
Eight participants have been collected to date and reflex 
activation of all muscles was confirmed. There was no 
statistical difference between muscle reflex onset times before 
(101.56 ms, +/- 22.1 ms) or after the 2-hour sitting trial 
(109.38 ms, +/- 44.2 ms; p=0.0662, η2 = 0.014).  
 
Discussion/Conclusions 
 
While there is no statistical difference between onset times 
before and after sitting, there is a trend of increased latency 
post-sitting.  It is important to note that the effect size at 
present is very small. The completion of this study is required 
to best answer our research question. Delayed muscle reflex 
timing following prolonged exposures to office chair sitting 
would suggest the potential for injury generation and the need 
for preventative measures for this occupational posture. 
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INTRODUCTION

Soft tissue injuries are primarily determined by the failure me-

chanics of the supporting collagen. We have demonstrated that 

some tendons (e.g.  bovine tail)  show a characteristic  failure 

motif at the level of the 50–200 nm diameter collagen fibrils. 

This mechanism, termed “discrete plasticity”, is characterized 

by development of serial non-periodic kinks in the fibrils and 

production of  denatured collagen:  at  the  kink sites  and in  a 

shell  surrounding  the  damaged  fibril,  obscuring  D-banding. 

These kinks increase in linear density with repeated overload 

cycles. [1] We suspect that discrete plasticity is important in 

absorbing strain energy during overload,  reducing the likeli-

hood  of  disabling  rupture.  We  have  also  shown  that 

macrophage-like cells respond specifically to kinked, damaged 

collagen, spreading and initiating enzymolysis. [2] In a study 

of bovine forelimb flexor-extensor pairs,  we found that  only 

the  extensors  showed  discrete  plasticity—and  they  were 

stronger  and  tougher  than  the  more-crosslinked  flexors.  [3] 

This was interesting since the flexors bear much greater loads 

during  gait.  In  the  present  study—the  first  of  its  type—we 

show  that  the  human  sartorius  tendon  is  already  densely 

crosslinked in  early  adulthood,  a  feature  which persists  into 

late adult life. The result is abrupt rupture and elastic recoil of 

collagen during overload, with little plastic damage to fibrils.

METHODS

In  cooperation  with  the  CDHA Regional  Tissue  Bank,  con-

tralateral pairs of donated human sartorius tendons were ob-

tained from non-diabetic male donors 20–60 y.o. and stored at 

-86°C until use. One tendon was examined for hydrothermal 

stability of collagen as a proxy for crosslink density. Strip sam-

ples were examined for thermomechanical response in a cus-

tom-built hydrothermal isometric tension (HIT) apparatus. As 

well, ~10 mg wet mass samples were examined for thermal en-

dotherms  via  differential  scanning  calorimetry  (DSC,  Q200, 

TA Instruments, DE, USA). The second tendon was used for 

pull-to-failure tensile mechanical overload of sub-sample strips 

(MTS 458 series, MN, USA). Collagen fibril structure within 

damaged  and  control  samples  was  examined  via  high-mag 

SEM (S-4700, Hitachi) up to 100,000X.  

RESULTS

HIT and DSC testing demonstrated heavy crosslinking in the 

sartorius tendon collagen—even at 20 y.o. Under the 90°C HIT 

isotherm, load decay did not occur, showing that dense cross–

linking could maintain tissue integrity even as primary amino 

acid linkages were hydrolyzed.  Crosslinking modulated with 

age;  however,  denaturation  always  occurred  at  temperatures 

well above those in our bovine models, consistent with dense 

crosslinking. In DSC, denaturation temperatures increased sig-

nificantly with age: from 66.1→67.9°C (endotherm onset) and 

67.9→68.9°C (peak, p<0.05 for both). In HIT though, denatu-

ration temperature fell linearly (top figure below, p<0.001). Un-

der mechanical overload, the tendon samples failed in discrete, 

abrupt failures of fibre bundles. Regardless of age, SEM exam-

ination showed no evidence of discrete plasticity kinking, only 

the hairpin kinks, coiled fibrils, and broken ends typical of rup-

ture with high elastic energy (bottom figure below).

DISCUSSION/CONCLUSIONS

Sartorius tendons from donors 20–60 y.o. do not display dis-

crete plasticity kinking of collagen fibrils, but show the high-

recoil rupture seen in high-load, bovine flexors. This is consis-

tent  with  surprisingly  early  development  of  dense  collagen 

crosslinking that is maintained into late adulthood. Such cross-

linking is likely enzymatic;  formation of advanced glycation 

end-products with age is unlikely to influence overload failure.
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INTRODUCTION 
Superficial cracks in cartilage are thought to contribute 
to the degeneration of cartilage in post traumatic 
osteoarthritis disease progression [1]. Cartilage 
responds to injury with cell proliferation and synthesis 
of new matrix macromolecules [2]. A limited number 
of superficial cracks may not affect the overal 
mechanical response of cartilage, but cracks may alter 
local deformations and the corresponding chondrocyte 
bioactivities. The objective of this study was to 
investigate cell death in cartilage samples with a crack 
as a prelude to investigating the effect of loading on the 
rate of cell death in cartilage damaged with cracks. 
 
METHODS  
Cylindrical cartilage samples attached to the 
subchondral bone with an average thickness of 1.2mm 
and a diameter of 6mm were harvested from the femur 
of pig knee joints using a dental drill. Samples were cut 
into symmetric halves and stained with Calcein AM to 
identify live cells and SytoX Orange to identify dead 
cells. The semi-cylindrical samples were fixed in a 
custom-made compression testing device. Surface 
cracks were simulated by creating a partial cut in 
cartilage samples using a blade attached to the 
compression plate [3].The mechanical loading device 
was placed on the stage of a multi photon confocal 
microscope. Live and dead cells were imaged inside a 
512×512×100 µm cuboid in the neighbourhood of the 
cut (damaged site) and away from the cut (intact site). 
Dead and live cells were counted at these two locations 
(Fig.1) before the cut was made and at times t= 0, 1, 4 
and 15 hours following the cut. Cells were counted in 
Fiji image processing software using a filter size of 500 
and a threshold of 2000. 
 
RESULTS 
The percentage of dead cells increased at a greater rate 
in the damaged cartilage area than the intact cartilage 
area (Fig. 2) 
 

Figure 1: Cartilage sample imaging areas.  

 

 
Figure 2: Percent increase in dead cells in the intact and the 
damaged cartilage areas at t=0, 1, 4 and 15hrs following the 
application of the cut. Data were normalized with respect to 
the number of dead cells before making the cut in each zone. 
 
DISCUSSION / CONCLUSIONS 
The greater rate of increase in dead cells in the 
damaged compared to the intact cartilage area may be 
attributed to several factors, including matrix 
instability, fluid flow, and the residual stress acting on 
chondrocytes. The cartilage crack is associated with the 
local destruction of the matrix network. This local 
destruction may result in altered fluid flow across a 
now open surface where the crack resides, and reduced 
residual stresses on chondrocytes that are embedded 
and adhere to the extracellular matrix. The entire 
homeostasis of the cells might be impacted by a 
cartilage crack and likely would be amplified in the 
presence of mechanical loading. However, little is 
known about how cracks in cartilage deform upon 
loading (i.e., do they open or close), and how they 
might propagate and affect neighbouring tissues under 
repeated loading conditions. Since early OA is 
associated with surface cracks in cartilage, these issues 
should be addressed carefully to possibly understand 
how to intervene and prevent cartilage and joint 
degeneration in the early stages of osteoarthritis.  
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INTRODUCTION

In his pioneering study on the mechanics of materials with in-
homogeneities, Eshelby [1] introduced the mechanical counter-
part of Maxwell’s energy-momentum tensor, which is now com-
monly referred to as the Eshelby stress and whose divergence
can capture the presence of inhomogeneities. In another fun-
damental work, Noll [2] defined a uniform body as a body in
which every point is made of the same material, i.e., if the en-
ergy at each point can be related to that of an archetypal point
via a linear isomorphism (i.e., an invertible linear map) P , called
material isomorphism. Later, Epstein and Maugin [3] obtained
a natural relation between Noll’s and Eshelby’s theories.
The objective of this research is to derive the canonical balance
of momentum (modified configurational force) and energy in a
non-linear dynamic framework to describe the theory of growth
and remodelling in a uniform body, which represents a typical
biological tissue.

METHODS

Epstein and Maugin [3] describe Noll’s uniformity [2] by a ma-
terial isomorphism P (X, t) mapping vectors attached at a fixed
point X0, called the archetypal material point, into vectors at-
tached at each point X of the body B, as shown in Figure 1.

F (X, t)

B

P (X, t)
X

X0 �(B, t)

Figure 1: Representation of a materially uniform body.

For a uniform body, the explicit dependence of the Lagrangian
density L̂ on the point X and the time t is only through P ,
whereas the archetypal Lagrangian density ⇤̂ does not depend
on X and t, i.e.,

L̂(�, �̇,F , X, t) = J�1
P ⇤̂(�, �̇,FP ), (1)

where JP = detP . The other arguments of Lagrangian density
L̂ are configuration (or deformation) map �, the velocity �̇, and
the deformation gradient F .
In the context of Tissue Biomechanics, the inverse P�1 of the
uniformity map is also called growth tensor or, more precisely,
growth-remodelling tensor. The associated inhomogeneity rate
tensor LP = ṖP�1 shows how growth and remodelling are in-
timately related. Indeed, the trace Tr(LP ) describes volumetric
growth, whereas the deviatoric part Dev(LP ) describes remod-
elling.

RESULTS

By evaluating the gradient of L̂, we obtain the canonical balance
of momentum as

eEA
B
;B = �fMA

C TB
CB �fMB

C TB
CA + ėPA + (LP )BB

ePA, (2)

where the tilde denotes rescaling by JP , EA
B is the Eshelby

stress, TA
CB is the torsion of the connection (or covariant

derivative, i.e., the generalisation of the concept of directional
derivative to tensor fields) associated with P and MA

C and
PA are the Mandel stress and the canonical momentum, and
Tr(LP ) = (LP )BB is the negative of the volumetric growth
rate per unit referential mass.
Also, the gradient of the material density ⇢R can be obtained as

(⇢R),B = ⇢R
�
�C
CB �KC

CB

�
, (3)

where KA
BC and �A

CB are the Christoffel symbols of the material
Levi-Civita connection and P -connection, respectively.
In the case of pure remodelling, Eqs. (2) and (3) reduce to

eEA
B

;B = �fMB
C TB

CA, (⇢R),B = �⇢R KC
CB . (4)

We remark that the explicit dependence on time of the La-
grangian Eq (1) implies an evolution phenomenon. By using the
theory of uniformity with respect to time rather than to the point
and taking the time derivative of Eq. (1), we obtain the canonical
balance of energy as
T = eRATB

AB � eEA
B(LP )AB � 2JP K̇ � JP (2K)(LP )AA, (5)

where T is the configurational power, RA is the energy flow vec-
tor and K is the kinetic energy. In the case of pure remodelling,
Eq. (5) reduces to

T = � eEA
B (LP )AB . (6)

DISCUSSION AND CONCLUSIONS

We developed a framework for biological growth and remod-
elling capable of describing these evolution phenomena from a
geometrical point of view. Following the theory of uniformity as
originally developed (see [2, 3]), we studied its time counterpart
and obtained a consistent expression of the balance of energy.
We aim at applying this framework to benchmark problems in
Soft Tissue Biomechanics, such as the extension-inflation of a
tube representing a blood vessel.

REFERENCES

[1] Eshelby J (1951). Phil. Trans. Roy. Soc. Lond., Vol 244A; p.
87-112.

[2] Noll W (1967). Arch. Rat. Mech. Anal., Vol 27; p. 1-32.
[3] Epstein M, Maugin G (1990). Acta Mech., Vol 27; p. 1-32.

FUNDING

Libyan Ministry of Education [MFA], NSERC DG [ME, SF].

Scott Landry
P040



AGE DURING OLDER ADULTHOOD IS RELATED TO BALANCE CONTROL DURING  
ACTIVITIES OF DAILY LIVING 

 
Taylor Matson1, Alison Schinkel-Ivy1* 

1School of Physical & Health Education, Nipissing University, North Bay, Canada 
Email: alisons@nipissingu.ca*  

 
INTRODUCTION 
 
As individuals age, various changes such as declining balance 
may reduce physical capacity [1]. These declines may reduce 
the capacity of older adults to perform activities of daily 
living, thereby affecting functional independence in the 
community and the ability to live independently. Balance 
control in older adults compared to younger adults has been 
well-researched [2-3]. However, these studies have generally 
viewed older adults as homogeneous with respect to age (e.g. 
greater than 60 years old); there have been a limited number of 
studies examining how balance control changes throughout 
older adulthood. In addition, while the majority of studies 
examining age-related changes in balance control have 
focused on quiet standing [2,4], there is a paucity of work 
related to balance control during activities of daily living, 
which are also crucial for older adults to perform to maintain 
their functional independence. Therefore, the purpose of this 
study was to identify relationships between age and balance 
control during an activity of daily living (a sit to stand to sit 
task) throughout older adulthood. 
 
METHODS  
 
This preliminary analysis included 12 healthy younger adults 
(mean (SD) age: 24.8 (2.7) years; range: 20-29 years) and 20 
healthy older adults (mean (SD) age: 71.8 (7.8) years; range: 
60-88 years). Participants performed five trials of a sit to stand 
to sit task from a chair, with one foot on each of two adjacent 
force plates (Bertec, OH, USA). A 15-camera passive motion 
capture system (Qualisys, IL, USA) was used to track 3D 
whole body motion. Participants were instructed to stand up 
from the chair without using their hands; hold a quiet standing 
position for 30 s; and sit down on the chair without using their 
hands.  
 
All balance control measures were calculated using Visual 3D 
v.5 Professional (C-Motion, MD, USA). The center of 
pressure (COP) was calculated for each foot individually and 
both feet together [5] in the mediolateral and anterior-posterior 
directions. The root mean square of each signal was then 
determined for the whole trial. Margin of stability [6] was 
calculated over the whole trial for the anterior, posterior, left, 
and right directions, and the minimum value in each direction 
was identified. All COP and margin of stability measures were 
tested for normality; correlations (Pearson and Spearman 
correlations for normal and non-normal measures, 
respectively) were then performed to identify relationships 
between age and each measure for all participants combined, 
and for the older adults separately. 
 
 

RESULTS 
 
A significant positive relationship was identified between age 
and net COP root mean square in the mediolateral direction 
across all participants (rs=0.741, p<0.001). When analyzing 
only the older adults, a significant negative relationship 
between age and the COP root mean square in the 
mediolateral direction under the right foot was observed (r=-
0.458, p=0.042). With respect to margin of stability, age was 
significantly, negatively related to the minimum margin of 
stability towards the left side across all participants (r=-0.478, 
p=0.006). Additionally, the minimum margin of stability 
towards both the left (r=-0.642, p=0.002) and right (r=-0.455, 
p=0.044) sides was significantly, negatively related to age 
when analyzing only the older adults. 
  
DISCUSSION / CONCLUSIONS 
 
These findings suggest that balance control during a sit to 
stand to sit task changes throughout older adulthood (i.e. 
beyond 60 years old), with greater age-related changes in the 
mediolateral direction. Future work will identify changes in 
balance control during the separate phases of the sit to stand 
to sit task, and will examine additional activities of daily 
living such as a sit to stand to walk task and a lifting task. 
These findings are valuable for researchers and health care 
professionals to inform strategies to improve balance control 
for older adults, specifically in the mediolateral direction.  
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INTRODUCTION 
 
Falls are the greatest risk and leading cause of injury for most 
Canadians, with costs associated to falling as high as $6.3 
billion dollars in 2004 [1]. Falls effect individuals aged 12-19, 
20-64, and 65+ and stem from an increased risk of tripping 
during obstacle crossing. Emergency room visits due to a fall 
have an overall cost of ~$2.3 billion dollars [1,2]. Tripping is 
the leading cause of a fall in Canada and most commonly 
occurs during obstacle crossing. 
 
Irrespective of an individuals’ age, as obstacle height 
increases, stride time, stride length, and step width increase. 
Instability has also been found to increase as stride length 
increases, suggesting that as obstacle height increases so does 
instability [3]. The purpose of this study was to evaluate the 
stability of young adults (YA) during an obstacle crossing 
task. 
 
METHODS  
 
Eight young adults (means: age = 25.5, height = 1.72m, 3 
male/5 female) participated in this study. A pre-screening 
questionnaire was used to exclude individuals with any 
neurological, orthopedic, cognitive or other disorder that may 
influence their ability to ambulate. Informed consent was 
obtained prior to the start of collection.  
 
Participants completed six level ground walking trials. 
Followed by eighteen blocked and randomized trials of 
obstacle crossing at three pre-determined heights (0.05m, 
0.15m, 0.25m). Participants completed an equal number of 
trials leading with both their preferred and non-preferred limb.  
 
Kinematic data were collected with an OptoTrak motion 
capture system (Northern Digital Inc., Waterloo, ON, CAN), 
with step timing determined by three force plates (AMTI, 
Watertown, MA, U.S.A) collected at 100 Hz, and 300 Hz 
respectfully. A 7-segment centre of mass (COM) and the 
location of the base of support (BOS) was calculated from the 
kinematic data.   
 

 
Figure 1: Overview of experimental setup 

RESULTS 
 
A one-way repeated measures ANOVA was conducted for 
each variable at the four obstacle heights (0m, 0.05m, 0.15m. 
and 0.25m). Significant results were found for the outcome 
measures: step length (SL), step width (SW), and minimum 
toe clearance (MTC), and maximum medial/lateral centre of 
mass (COM) – base of support (BOS) difference (p=0.0005, 
Figure 2) – all increased with increased obstacle height.  

 
Figure 2: Stability measures (centre of mass (COM) – base of 
support (BOS)) taken during trail limb single stance phase. 
 
DISCUSSION / CONCLUSIONS 
 
The increase in step length and step width coincide with 
previous research analyzing obstacle crossing in young adults. 
There is controversy, however of the effects of obstacle height 
on MTC. These findings, in conjunction with the maximum 
medial/lateral COM-BOS findings indicate that young adults 
are potentially less stable as the height of the obstacle 
increases during obstacle crossings tasks.  
 
The methods used here and the differences found in the lateral 
stability margin during obstacle crossing may be able to 
indicate a critical maximum height for obstacle crossing, that 
could be used to decrease the risk of falling.  
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INTRODUCTION 
 
Assessing an individual’s movement can help predict injury 
[1,2]. For instance, asymmetry is a predictor of injury risk [1,3]. 
Most movement screens only evaluate kinematic asymmetry. 
For example, the Functional Movement Screen scores the left 
and right sides of a movement, and then indicates kinematic 
asymmetry when the scores differ. This does not provide 
information on kinetic or muscle activation asymmetries. In 
other words, kinematic movement screens could assume that 
symmetric kinematics indicates symmetric kinetics and motor 
control. 
 
Aim: This study compared movement symmetry at the 
kinematic and kinetic level during the performance of a parallel 
squat.  
 
METHODS  
 
Eight healthy participants performed five parallel squats under 
two conditions: normal and loaded. The load was 20% of the 
participant’s back strength, determined using an isometric 
deadlift. Kinematic data was collected by a motion tracking 
system (Qualysis, Gothenburg, Sweden) with retroreflective 
markers and rigid body clusters placed bilaterally on anatomical 
landmarks to define the pelvis, hip, shank, and foot segment. 
Kinetic data was collected by two portable force plates, one 
under each foot (Bertec Inc., OH, USA). The kinematic 
outcome measure was knee angle, while the kinetic outcome 
measure was knee power. 
 
RESULTS 
 
Preliminary analyses show that the left and right lower limbs 
are strongly correlated at the kinematic and kinetic levels for the 
normal and loaded conditions (r > 0.99 for all levels). 
Interestingly, RMS values for the knee angular displacement 
account for 1.42% of the error for the normal condition and 
1.18% for the loaded condition. As for the knee power, the RMS 
value for the normal condition accounts for 3.2% of the error, 
while the RMS value for the loaded condition accounts for 
3.07% of the error between the right and left knee joints.  
 

 

 
Figure 1: Subplot of the average knee angular displacement 
(degrees) during the normal condition (top left) and loaded condition 
(top right) and average knee power (W/kg) during the normal 
condition (bottom left) and loaded condition (bottom right). 
 
DISCUSSION / CONCLUSIONS 
 
Future work will compare the symmetry under various 
conditions, controlling for factors such as speed and load to 
understand how higher demands might affect movement 
symmetry. Results from this study will address the assumption 
currently made by movement quality screens that kinematic 
symmetry infers kinetic and muscular symmetry. These results 
will also establish normative values for asymmetry in an able-
bodied population. Further to knowing that asymmetry is a risk 
factor for injury, this study will also allow us to know the typical 
symmetry measures for a healthy able-bodied population.  
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INTRODUCTION 
Between seven years of age and adolescence is a critical 
developmental period in postural control, indicated by 
decreases in postural sway range, frequency and speed [1;2]. 
Despite this developmental maturity, the ability of children to 
continuously process and integrate relevant sensory 
information in ongoing postural control remains relatively 
immature [3]. This transitional period of coincides with a 
significant period of development in cognitive function. While 
this is an interesting and important developmental period, 
there is limited information postural-cognitive dual-task 
performance and research in this area reports conflicting 
results, e.g. [4;5]. The purpose of this study was to explore the 
influence of visual and auditory cognitive tasks in the 
execution of a dual cognitive-postural task, and to determine 
differences in task execution between 7-10 year old children 
and a control group of young adults (aged 18-25 years).  
 
METHODS  
Healthy, typically developing children (N=9; 6 female) and 
young adults (N=14; 8 
female) stood on a force 
platform (AccuGait AMTI, 
Inc; 60 Hz; 30 sec). Single 
and dual-tasks were 
performed involving both 
visual and auditory stimuli 
(Fig 1). Visual (word-colour) 
and Auditory (word-pitch) 
Stroop tasks were modified to 
control for possible confound 
effects of verbal articulation 
of responses (e.g. increase 
sway frequency and sway 
path [6]), thus responses were 
recorded using a two-button 
control box held in the dominant hand. Participants were 
instructed to “Respond as quickly and accurately as possible 
while remaining as still as possible on the force platform”. In 
Dual-task trials, a single cognitive task cue was randomly 
presented (b/w 13-17 sec) from onset of each trial.  

Reaction times (RT) for cognitive tasks were calculated as 
the difference between the response time and onset of cue 
presentation for only the correct responses (to ensure Dual-
Task processing occurred rather than a guess). Due to the 
differential nature in cue presentation, visual and auditory 
cognitive RTs were not compared. Center of Pressure (COP) 
was calculated and specific postural measures were calculated 
(e.g. anterior-posterior and medio-lateral (AP and ML) COP 
range, AP and ML Root Mean Square distance (RMS), 

normalized to base of support (%BOS; [7]). Statistical 
analyses (SPSS v.24; CI = 95%) included independent samples 
t-tests on RT for each cognitive task to ascertain if these 
conditions were similar in task complexity. Univariate analysis 
of variance tests were conducted to identify differences among 
dependent measures between the different age groups and 
single and dual task conditions for each cognitive task.  
 
RESULTS 
We observed significantly (p<0.05) longer reaction times in 
children compared to adults for both auditory (2.5±2sec vs. 
1.3±0.1sec) and visual RT (1.9±2.3sec vs. 1.1±0.1sec). There 
was no interaction effect observed between age (children, 
young adults) and task (Single, Dual) and no main effect of 
task for RT. For postural data, no significant interaction 
between age and task and no main effect of task was observed 
(p>0.05). A main effect of age (p<0.05) was observed between 
children and young adults, respectively for: AP COP range 
(10.9±0.30 vs 4.8±0.2 %BOS), ML COP range (5.1±0.2 vs. 
1.5±0.2 %BOS), as well as AP RMS (38.1±2.0 vs. 22.6±1.6 
%BOS) and ML RMS (5.9±0.4sec vs. 3.5±0.3 %BOS).  
 
DISCUSSION / CONCLUSIONS 
Contrary to our hypothesis, introduction of a concurrent 
cognitive task during upright stance did not have a significant 
effect on postural control or cognitive task performance [2;5]. 
Furthermore, we found no differences in postural control 
between visual and auditory dual-task conditions, refuting our 
hypothesis that greater declines in postural control would 
result due to interference between visual processing and 
postural control [8]. Significant developmental differences 
were noted however for both postural control and cognitive 
processing measures, confirming the existence of 
developmental differences in cognitive processing speed and 
postural control between young adults and children between 
seven to 10 years of age. 
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INTRODUCTION 
 
Age-related changes in the control of the trunk and hips may be 
one factor influencing fall-risk in older adults. Older adults 
exhibit greater trunk stiffness compared to young adults, with 
abnormal trunk movement after a perturbation [1]. Increased 
trunk stiffness could help to resist gravitational effects, but 
could also inhibit compensatory movements after a balance 
perturbation. Therefore, it is of interest to determine how 
increased passive stiffness of the trunk and hips influences 
balance control during a reactive forward step. It was 
hypothesized that increased passive stiffness would result in 
detriments during a reactive step, inferred through changes in 
the centre of mass (COM) displacement. 
 
METHODS  
 
Sixteen young adults participated in the study (mean (SD) age: 
22.5 (2.5) y; height: 1.70 (0.10) m; mass: 68.4 (9.7) kg). Tethers 
attached to each hip allowed for three tether-release 
perturbations to be applied: 1) forward; 2) forward-left rotation; 
3) forward-right rotation. All participants assumed an initial 
lean position equivalent to 15% of body weight, and recovered 
balance with a single reactive step. Passive stiffness was 
increased using a rigid “corset” which crossed the hips and 
extended upwards to the xiphoid process, restricting movement 
in both the sagittal and frontal planes. Three-dimensional 
kinematics were collected with Optotrak Certus (NDI, 
Waterloo, ON) at 100 Hz, and used to calculate the whole body 
COM position via an 11-segment model in the anterior-
posterior (AP) and medio-lateral (ML) directions. First, a point 
of equilibrium, referred to as the ‘restabilisation’ point, was 
calculated as the point when the COM velocity waveform 
entered and remained inside an amplitude bandwidth bordered 
by two standard deviations of the mean velocity during the last 
two seconds of the trial [2]. The following dependent variables 
(mean and SD) were calculated (Figure 1): 1) maximum AP and 
ML COM displacement after foot-contact, referenced to the 
stable region (COMMaxDisp); and 2) the size of AP and ML 
COM ‘restabilisation’ displacement, referenced to the COM 
start position (COMRestabSize).  
 

 
Figure 1: AP COM trace. (COMMaxDisp = COM Max – Stable 
Region; COMRestabSize = Stable Region – COM Start) 

RESULTS 
 
AP COMMaxDisp was 36% larger (forward) with the corset 
(7.3 cm) vs. without (5.3 cm) (p=.002). The corset also caused 
AP COMMaxDisp to be 28% more variable compared to the no 
corset condition (p=.015). In the AP direction, COMRestabSize 
was influenced by a corset x perturbation direction interaction 
(p<0.001). Post-hoc analysis revealed that for both the forward-
left and forward-right perturbations the COMRestabSize was 
smaller with the corset vs. without (left: p=.003, 26% smaller; 
right: p=.007, 25% smaller). AP COMRestabSize was also 22% 
more variable with vs. without the corset (p=.049).  

ML COMMaxDisp was not different (p=.689) or more variable 
(p=.918) between corset and no corset conditions. Further, in 
the ML direction, COMRestabSize was not statistically 
different (p=.126), although the corset mean (3.6 cm) was 65% 
smaller than the no corset mean (10.2 cm) (i.e., smaller = closer 
to the step leg). ML COMRestabsize was not more variable with 
vs. without the corset (p=.767).  

DISCUSSION / CONCLUSIONS 
 
This study provides novel insight into the effect of increased 
trunk and hip stiffness on COM control following a reactive 
step. With the corset, participants adopted a ‘restabilisation’ 
point which was closer to the pre-perturbation AP COM 
position. The increased stiffness resulted in 27% less trunk 
flexion and a more posterior COM position during this period. 
In the ML direction, the almost 7 cm mean difference in 
COMRestab suggests that while wearing the corset, participants 
adopted a ‘restabilisation’ point closer to their step leg. 
Interestingly, when maximum ML COM values were 
referenced to the starting ML COM position, the corset resulted 
in 35% greater ML COM movement towards the step leg 
(p=.036), suggesting researchers should be cognisant of how 
different methods of reporting COM movement can influence 
their results. These results suggest that increased trunk and hip 
stiffness influence the ability of an individual to control the 
position of the COM after foot contact during a reactive step. 
Future work should investigate how the observed changes in 
COM control translate to falls risk (i.e. stability margin). 
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INTRODUCTION 
Stepping angles at first foot contanct serve as a reliable 
predictor of probability of successful balance recovery in 
backward balance perturbations [1]. However, it is unknown if 
leg angles (line connecting the greater trochanter to the heel 
relative to the vertical) can predict antero-posterior (AP) centre 
of mass (COM) displacement in a forward reactive step. Older 
adults are more likely to have increased stiffness in the trunk 
and hips [2] which could affect reactive stepping in a forward 
balance perturbation. The purpose of this study was to 
determine if step and trail leg angles at FC during a forward 
balance perturbation are related to COM displacement in the AP 
direction: i)  at FC; and ii) at point of max AP COM excursion. 
In addition, we investigated whether an increased passive 
stiffness of the hip and trunk influenced these relationships.  
 
METHODS  
Sixteen healthy adults (mean (SD) age = 22.5 (2.5) yrs; height 
= 1.70 (0.1) m; mass = 68.4 (9.7) kg) participated in the study. 
Participants underwent ten forward balance perturbations 
requiring single reactive steps onto a force plate using a tether 
release paradigm. Five trials were performed in an unhindered 
(baseline) condition, and another five in an increased passive 
stiffness condition in which participants wore a plastic “corset” 
which crossed the hip joint and trunk to simulate greater hip and 
trunk stiffness as seen in older adults [2]. Whole body 
kinematics were collected with an Optotrak Certus system 
(NDI, Waterloo, ON) at 100 Hz, and ground reaction force 
(GRF) was collected using a floor mounted force plate (AMTI, 
Watertown, MA) at 2000 Hz. Step and trail leg angle 
calculations were made at FC which was defined as the first 
instance of vertical GRF greater than 10 N. Stepping leg 
anterior to the vertical and trail leg posterior to the vertical were 
defined as positive angles respectively. COM displacement was 
calculated using an 11-segment model, and measured at FC and 
at maximum COM displacement after FC. Linear regression 
was used to investigate potential associations between step and 
trail leg angles (independent variables) and COM displacement 
at FC and at maximum COM displacement (dependent 
variables). Statistical analyses were conducted with software 
(SPSS Inc., Chicago, IL), and an alpha of 0.05 was employed.  
 
 

RESULTS 
Greater stepping leg angle was significantly associated with 
lower maximum COM displacement in the baseline condition 
(p = .001). Greater trail leg angle was significantly correlated to 
greater COM displacement in both experimental conditions 
(Table 1). The trail leg explained a greater percentage of 
variance in dependent measures in the increased passive 
stiffness condition (30.7%-33.2%) compared to the baseline 
condition (15.2%-26.4%).   
 
DISCUSSION / CONCLUSIONS 
Results support that the angle of the trail leg at FC during a 
forward reactive step is a moderately strong predictor of COM 
displacement in the AP direction. This may be attributed to trail 
limb acting as a rigid strut about which the body rotates (similar 
to an inverted pendulum [3]). The increase in passive hip and 
trunk stiffness created by the corset further encouraged the body 
to respond as a rigid segment rotating about the trail leg foot, 
resulting in greater variance in COM displacement explained. 
In contrast, the multiple articulations of the stepping leg during 
the landing phase of a reactive step may reduce the ability of a 
relatively simple leg angle at predicting COM displacement. 
Consequently, consideration of how hip, knee and ankle joint 
angles act synergistically during reactive stepping responses 
may improve models of balance control  as there are 
indeterminate combinations of joint angles which comprise any 
given leg angle. Sagittal trail leg angles provide a simple, 
clinically measureable variable to predict COM displacement in 
a forward reactive step in healthy adults in baseline and 
increased passive joint stiffness conditions. Future work should 
confirm these findings in older adult and/or pathological 
populations.    
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Table 1: Linear regression results between step and trail leg angles at foot contact (FC) and AP COM displacement at FC and maximum AP 
COM displacement. Data provided for both baseline and increased passive stiffness conditions. * represents significant correlation. 

Condition Sagittal Leg Angle Relation to COM displacement at FC Relation to max COM displacement  
β Coefficient  Sig. R2 β Coefficient  Sig. R2 

Baseline Step Leg Angle (at FC) -0.146 0.160 0.054 -0.371 0.001* 0.185 
Trail Leg Angle (at FC) 0.488 <0.001* 0.264 0.324 0.002* 0.152 

Increased passive 
stiffness 

Step Leg Angle (at FC) -0.149 0.141 0.100 -0.045 0.699 0.002 
Trail Leg Angle (at FC) 0.513 <0.001* 0.332 0.531 <0.001* 0.307 
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INTRODUCTION 
Clinical tests used to diagnose pathology often suffer from low 
predictive values, potentially resulting from movements 
assessed in these tests being non-specific to the joint or body 
region of interest. For instance, the modified star excursion 
balance test (mSEBT) [1] and active hip abduction test 
(AHAbd) [2] both use the hip abductor musculature, but predict 
lower limb athletic injuries [1] and low back pain development 
during standing [2], respectively. The purpose of this study was 
to determine if performance in these tests was related to hip 
abductor muscular strength or endurance. 
 
METHODS  
Thirty-nine (19 female) young, recreationally active adults 
participated (21.0±2.8 years, 1.69±0.09 m, 67.1±10.6 kg). Tests 
were performed bilaterally in a single testing session with side 
orders randomized and adequate rest provided after each trial. 
Kinematics of the pelvis and bilateral lower limbs were 
recorded during the mSEBT and AHAbd tasks at 50 Hz 
(Optotrak Certus, NDI, Waterloo, ON).  
 
Participant’s maximal isometric hip abductor strength was 
quantified in a side-lying position with a force transducer 
(MLP-150-CO, Transducer Technologies, Temecula, CA), 
using the mean of three attempts converted to a moment and 
normalized to body mass. Hip abductor muscular endurance 
was assessed using the posture hold time in the reverse side-
bridge test for each side. The mSEBT (Figure 1A) was 
performed in the anterior, posterolateral and posteromedial 
reach directions following at least four practice attempts to 
allow scores to stabilize [1]. The average of three reach 
distances were normalized to limb length in each direction. 
Ankle instability was also assessed bilaterally using the 
Cumberland Ankle Instability Tool (CAIT) [3]. The AHAbd 
(Figure 1B) was performed with and without a 10-pound ankle 
weight, video recorded, and scored from videos [2]. Arc lengths 
of the frontal plane hip angular displacements were computed 
to quantify movement smoothness during the AHAbd to 
provide a continuous surrogate of score suggested by [2]. Arc 
lengths were normalized to the total range and time of AHAbd 
movement. Linear regressions (RStudio, v1.0.143, RStudio 
Inc., Boston, MA) were performed to determine if performance 
on the mSEBT (reach distance in three directions) or AHAbd 
(arc lengths with and without an ankle weight) could be 
predicted by ipsilateral hip abductor strength or endurance. 
Spearman rank correlations were performed to determine if 
ordinal measures of each test (mSEBT: CAIT scores, AHAbd: 
video ratings) matched continuous measures of that same test 
(mSEBT: reach distance, AHAbd: arc length). 
 

 
Figure 1: The Modified Star Excursion Balance Test (A) [1], and 
Active Hip abduction Test (B) [2]. 
 
RESULTS 
Other than reverse side bridge hold times being weakly 
predictive of posterolateral reach distance (R2: 0.145; p = 
0.036), overall model fits were poor (R2: 0.037 – 0.093). No 
other predictor terms within any of the models were significant 
(p > 0.128). CAIT scores were not related to mSEBT scores in 
any reach direction (ρ < 0.17; p > 0.138), though AHAbd scores 
were related to arc lengths both with (ρ = 0.522; p < 0.001) and 
without an ankle weight (ρ = 0.248; p = 0.033). 
 
DISCUSSION / CONCLUSIONS 
Hip abductor strength and mSEBT outcomes were previously 
found to be lower in young adults with chronic ankle instability 
[4], and reduced hip abductor endurance has been previously 
related to low back pain development during standing [5]; the 
same outcome the AHAbd aims to predict. Presently, only hip 
abductor endurance was related to a single reach direction in the 
mSEBT. This discrepancy may arise from slightly different 
sample populations, or overall group effects not reflecting the 
changes of individual scores. While arc lengths appeared to be 
a good indicator of scores on the AHAbd, CAIT scores did not 
predict mSEBT reach distances. However, CAIT scores for this 
cohort were high (Mean: 27.1, SD: 1.8), and the CAIT has a 
known ceiling effect [3]. Although both the mSEBT and 
AHAbd involve hip abductor musculature, hip abductor 
strength or endurance may not directly affect the outcome on 
either test within a young, recreationally active adult cohort. 
Instead, these clinical tests may be direct measures of altered 
motor control that could predispose or arise from injury or pain. 
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INTRODUCTION 
The clinical phase of Parkinson’s disease is defined by the onset 
of motor symptoms, impaired balance, increased fear of falling, 
and largely decreased patient’s quality of life. Previous research 
suggests that manipulating the plantar foot sole interface is an 
effective method in facilitating sensory feedback, a potential 
treatment option to improve balance impairments. The 
displacement of the centre of mass (COM) within the base of 
support (BOS), is a strong indicator of stability during dynamic 
movement. The manipulation of plantar foot sole sensation, 
through sensory augmentation via texture, can provide insight 
into the somatosensory system’s role in balance control. 
Manipulations of the foot sole interface, via orthotics and 
texture, has proven to alter static balance [1], improve static 
stability [2], and normalize tibialis anterior activity in PD 
individuals [3]. 
The purpose of this study was to evaluate stability using the 
mediolateral (ML) COM/BOS relationship in PD participants 
between three different conditions: footwear only (F), non-
textured orthotics (FO), and textured orthotics (FOT). It was 
hypothesized that the greatest improvements in dynamic 
balance, defined as increases in COM/BOS ML maximum, 
minimum, and range, would occur in the FOT condition. 
 
METHODS  
Seven participants with a diagnosis of idiopathic Parkinson’s 
disease (2 females, 5 males; 71.54±8.25 years), participated in 
this within-subject study. Participants completed three testing 
sessions; baseline, 4 weeks post-baseline, and 5 weeks post-
baseline. Three experimental conditions were tested: footwear 
only (F), footwear + non-textured orthotic (FO), and footwear 
+ textured orthotic (FOT) (Figure 1). Kinematic, kinetic, and 
video data was collected during the steps preceding a turn task. 
The dynamic stability variables of interest included maximum 
mediolateral (ML), minimum ML, and ML range of the centre 
of mass (COM)/base of support (BOS) relationship. Results 
were subdivided between acute and long-term changes from 
both non-textured and textured orthotics. 
 

 
Figure 1: The Sole 'thin sport' (D609561, Sole Thin Sport Footbeds) 
over the counter orthotic, used as the "footwear+non-textured" orthotic 
condition (left) and “footwear+textured” orthotic condition (right) 
throughout the study. 
 
 

 
 
RESULTS 
One way repeated measures analysis of variance (ANOVA) was 
performed on each dynamic balance variable; COM/BOS ML 
maximum, minimum, and range. Five statistical comparisons 
were made: acute and long-term non-textured orthotic wear, 
acute and long-term textured orthotic wear, and baseline 
(footwear only) to long-term textured orthotic wear. Results 
indicate a statistically significant increase in maximum ML 
COM/BOS distance between weeks 0 & 4 - FO, F(1,89)=7.46, 
p=0.008, and in COM/BOS range between week 0-F and week 
5-FOT (F(1,101)=7.71, p=0.007) (Figure 2). All minimum ML 
COM/BOS results were non-significant. 
 

 
Figure 2: The ML COM/BOS range across testing sessions (week 
0,4, and 5) and conditions (footwear only (F), non-textured orthotic 
(FO), and textured orthotic (FOT)) during the stance phase of the 1st 
step post-braking step. 
 
DISCUSSION / CONCLUSIONS 
Long-term orthotic wear significantly improved dynamic 
stability, characterized by an increase in maximum ML and ML 
range COM/BOS. In the textured orthotic condition, 
participants demonstrated increased confidence in moving 
within their BOS. Clinically, the addition of texture to orthotics 
may provide a mechanism to increase plantar foot sole sensory 
feedback, and consequently improve dynamic stability in 
Parkinson disease individuals.  
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Introduction
Parkinson’s�disease�(PD)�is�a�neurodegenerative�disorder,�
characterized�by�the�substantia�nigra producing�insufficient�amounts�
of�dopamine�in�the�body.�The�relationship�between�PD�gait�changes,�
impaired�balance,�and�fear�of�falling�has�been�minimally�researched�
[1].�The�purpose�of�the�study�is�to�increase�clinical�knowledge�of�the�
relationship�between�increased�plantar�foot�sole�sensation�and�
balance,�with�the�use�of�orthotics�and�a�textured�insole�in�a�
Parkinsonian�gait.�

Aim
The�objectives�of�the�study�are�to�determine�if�orthotics,�with�and�
without�a�textured�top�cover,�can�alter�muscle�activation,�gait�
parameters,�balance,�and�functional�mobility,�as�well�as�decrease�fall�
risks�in�Parkinson’s�participants.

Methodology
Participants:�Ten�participants�with�a�diagnosis�of�idiopathic�
Parkinson’s�disease,�aged�55-80�years�old,�will�participate�in�the�study.�
Testing: Participants�will�complete�three�testing�sessions;�baseline,�4�
weeks�post-baseline,�and�5�weeks�post-baseline.�Study�duration�is�6�
weeks.�Two�conditions�will�be�tested�at�baseline;�footwear�only�and�
footwear�+�non-textured�orthotics,�two�conditions�at�week�4�testing;�
footwear�+�non-textured�orthotics�and�footwear�+�textured�orthotics,�
and�1�condition�at�week�5;�footwear�+�textured�orthotic.�Four�
assessments�will�be�performed�at�each�testing�session:�1)�static�
balance,�double�limb�stance,�with�eyes�closed,�2)�Timed�Up�and�Go�
(TUG),�3)�Functional�Gait�Assessment�(FGA),�and�4)�Walking�trials�
(with�dominant�&�non-dominant�turning).�

Figure�1:�Non-Textured�Orthotic

Figure�2:�Textured�Orthotic

Outcome�Measures
Gait�parameters,�functional�mobility,�muscle�activation�patterns�and�
balance�are�the�main�outcomes�of�the�study.�Gait�parameters�(stride�
length,�width,�time�in�single�limb�stance,�gait�velocity)�and�the�
COM/COP�and�BOS�relationship�during�static�and�dynamic�stance�will�
be�measured�by�force�plates�and�the�OptoTrak Motion�Capture�System�
(Northern�Digital�Inc.,�Waterloo,�ON,�Canada).�EMG�(AMT-8�Octopus,�
Bortec,�Calgary,�AB,�Canada)�of�the�length�timing�(onset/offset)�and�
magnitude�of�the�tibialis�anterior,�peroneus�longus,�and�
gastrocnemius�muscles�will�be�recorded.

Orthotics�and�Parkinson’s�Disease:�The�Acute�and�Long-Term�
Effects�of�Increased�Somatosensory�Feedback

Kelly�A.�Robb1,�Stephen�D.�Perry1
1Kinesiology�and�Physical�Education,�Wilfrid Laurier�University,�Waterloo,�ON

Expected�Results
It�is�hypothesized�that�participants�in�the�footwear�+�textured�orthotic�
condition�will�experience�improvement�in�gait�parameters;�including�
increased�walking�velocity,�decreased�stride�width,�increased�stride�
length�and�single�limb�support�time.�Increased�balance�is�expected,�
defined�as�a�decrease�in�COM�trajectory�and�AP�sway�velocity�while�
remaining�within�the�BOS�stability�margin.�During�ambulation,�
increased�stability�is�anticipated�with�a�COM�lowering�to�the�BOS,�and�
increased�normalization�of�tibialis�anterior,�peroneus�longus,�and�
gastrocnemius�muscle�activation�patterns.�Improved�scores�on�the�
TUG,�and�FGA�are�also�anticipated,�however�it�is�unclear�if�these�
clinical�assessment�tools�are�sensitive�enough�to�detect�minimally�
significant�improvements.�
Preliminary�Results

Walking�Trials�+ Dominant�Turn

Implications
Increased�knowledge�of�the�relationship�between�increasing�plantar�
foot�sole�sensation�and�orthotics,�can�assist�in�the�development�of�
cost-effective�treatment�options�for�Parkinson’s�Disease�patients.�
Improvement�to�gait�and�balance�impairments�can�decrease�fear�of�
falling,�and�consequently�improve�PD�patient’s�quality�of�life.
References
[1]�Lindholm et�al.�(2014).�Factors�associated�with�fear�of�falling�in�people�with�Parkinson’s�disease.�BMC�
Neurology,�14(19);�p.�1-7.
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Introduction
Parkinson’s�disease�(PD)�is�a�neurodegenerative�disorder,�
characterized�by�the�substantia�nigra producing�insufficient�amounts�
of�dopamine�in�the�body.�The�relationship�between�PD�gait�changes,�
impaired�balance,�and�fear�of�falling�has�been�minimally�researched�
[1].�The�purpose�of�the�study�is�to�increase�clinical�knowledge�of�the�
relationship�between�increased�plantar�foot�sole�sensation�and�
balance,�with�the�use�of�orthotics�and�a�textured�insole�in�a�
Parkinsonian�gait.�

Aim
The�objectives�of�the�study�are�to�determine�if�orthotics,�with�and�
without�a�textured�top�cover,�can�alter�muscle�activation,�gait�
parameters,�balance,�and�functional�mobility,�as�well�as�decrease�fall�
risks�in�Parkinson’s�participants.

Methodology
Participants:�Ten�participants�with�a�diagnosis�of�idiopathic�
Parkinson’s�disease,�aged�55-80�years�old,�will�participate�in�the�study.�
Testing: Participants�will�complete�three�testing�sessions;�baseline,�4�
weeks�post-baseline,�and�5�weeks�post-baseline.�Study�duration�is�6�
weeks.�Two�conditions�will�be�tested�at�baseline;�footwear�only�and�
footwear�+�non-textured�orthotics,�two�conditions�at�week�4�testing;�
footwear�+�non-textured�orthotics�and�footwear�+�textured�orthotics,�
and�1�condition�at�week�5;�footwear�+�textured�orthotic.�Four�
assessments�will�be�performed�at�each�testing�session:�1)�static�
balance,�double�limb�stance,�with�eyes�closed,�2)�Timed�Up�and�Go�
(TUG),�3)�Functional�Gait�Assessment�(FGA),�and�4)�Walking�trials�
(with�dominant�&�non-dominant�turning).�

Figure�1:�Non-Textured�Orthotic

Figure�2:�Textured�Orthotic

Outcome�Measures
Gait�parameters,�functional�mobility,�muscle�activation�patterns�and�
balance�are�the�main�outcomes�of�the�study.�Gait�parameters�(stride�
length,�width,�time�in�single�limb�stance,�gait�velocity)�and�the�
COM/COP�and�BOS�relationship�during�static�and�dynamic�stance�will�
be�measured�by�force�plates�and�the�OptoTrak Motion�Capture�System�
(Northern�Digital�Inc.,�Waterloo,�ON,�Canada).�EMG�(AMT-8�Octopus,�
Bortec,�Calgary,�AB,�Canada)�of�the�length�timing�(onset/offset)�and�
magnitude�of�the�tibialis�anterior,�peroneus�longus,�and�
gastrocnemius�muscles�will�be�recorded.

Orthotics�and�Parkinson’s�Disease:�The�Acute�and�Long-Term�
Effects�of�Increased�Somatosensory�Feedback

Kelly�A.�Robb1,�Stephen�D.�Perry1
1Kinesiology�and�Physical�Education,�Wilfrid Laurier�University,�Waterloo,�ON

Expected�Results
It�is�hypothesized�that�participants�in�the�footwear�+�textured�orthotic�
condition�will�experience�improvement�in�gait�parameters;�including�
increased�walking�velocity,�decreased�stride�width,�increased�stride�
length�and�single�limb�support�time.�Increased�balance�is�expected,�
defined�as�a�decrease�in�COM�trajectory�and�AP�sway�velocity�while�
remaining�within�the�BOS�stability�margin.�During�ambulation,�
increased�stability�is�anticipated�with�a�COM�lowering�to�the�BOS,�and�
increased�normalization�of�tibialis�anterior,�peroneus�longus,�and�
gastrocnemius�muscle�activation�patterns.�Improved�scores�on�the�
TUG,�and�FGA�are�also�anticipated,�however�it�is�unclear�if�these�
clinical�assessment�tools�are�sensitive�enough�to�detect�minimally�
significant�improvements.�
Preliminary�Results

Walking�Trials�+ Dominant�Turn

Implications
Increased�knowledge�of�the�relationship�between�increasing�plantar�
foot�sole�sensation�and�orthotics,�can�assist�in�the�development�of�
cost-effective�treatment�options�for�Parkinson’s�Disease�patients.�
Improvement�to�gait�and�balance�impairments�can�decrease�fear�of�
falling,�and�consequently�improve�PD�patient’s�quality�of�life.
References
[1]�Lindholm et�al.�(2014).�Factors�associated�with�fear�of�falling�in�people�with�Parkinson’s�disease.�BMC�
Neurology,�14(19);�p.�1-7.
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THE INFLUENCE OF GROUND REACTION FORCE ORIENTATION ON THE CONTROL OF 
MEDIOLATERAL STABILITY DURING GAIT: A PRELIMINARY STUDY 
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INTRODUCTION 
 
Walking is a fundamental element of everyday life which 
poses a complex stability control challenge. The maintenance 
of mediolateral stability is challenging for older adults but is 
critically important since lateral falls carry an increased 
probability of hip fracture1.Previous work examining the 
eccentricity of the ground reaction force has elucidated the 
mechanisms underlying increased mediolateral instability 
among older adults during single step voluntary and 
compensatory stepping responses2. While this work has 
allowed for identification of control system elements 
potentially responsible for instability, it has focused on 
discrete balance recovery during a single step, rather than the  
sequential restabilization instances necessary during gait3,4. 
The present work sought to further understand the kinetic 
control of mediolateral stability, by examining the eccentricity 
of the net ground reaction force (GRF) generated during three 
gait conditions, which posed different stability control 
challenges. 
 
METHODS  
 
13 younger adults (YA) (18-30 years) took part in 3 walking 
conditions each consisting of 10 trials: normal walking (NW), 
‘as fast as possible’ without running (FW) and tandem walking 
(TW). The FW and TW were performed to challenge the 
stability of the participants. 
Whole-body COM kinematics and the GRFnet were quantified 
using a motion analysis system and four force platforms. 
Kinematic instability was quantified as the minimum distance 
between the COM and the lateral aspect of the base of support 
envelope during each step (dmin). For the purposes of this 
analysis, right and left limb dmin values were averaged across 
one stride.  
Force platform data were used to calculate the GRFnet and net 
centre of pressure (COPnet). The net angle of divergence (θd) 
was calculated as the difference between the frontal plane 
inclination angle of the GRF and of a line joining the 
coordinates of the COP and COM. The RMS of θd was 
calculated for one stride. θd represents the extent of 
eccentricity of the GRFnet relative to the COM. 
dmin and θd were each subjected to one-way repeated measures 
ANOVAs (p<0.05). Follow up Bonferroni-corrected t-tests 
(p<0.01) were used to identify differences between each the 
FW and TW conditions, relative to the NW condition. 
 
 
 
 
 

RESULTS 
 

 
Figure 1: RMS θd (blue); dmin (grey) for each of the three 
walking conditions. For RMS, FW was a significantly 
different than both NW and TW. For dmin, TW was 
significantly different from FW and NW. 
 
DISCUSSION / CONCLUSIONS 
 
This work examined the control of COM kinematics via the 
eccentricity of the GRFnet to better understand mechanisms 
underlying mediolateral dynamic stability. 
dmin did not differ between FW and NW conditions, likely 
because these younger participants were able to generate a 
significantly larger θd to regulate mediolateral stability. dmin 
was, however, significantly smaller during TW relative to the 
FW and NW conditions, as constraints to step width may have 
limited the ability to generate a sizeable θd to further minimize 
the oscillations of the COM within a narrower BOS.  
Such results may suggest that increased step width exhibited 
by older adults during normal walking may arise as a strategy 
to maintain stability (via a better potential to regulate θd) rather 
than as a consequence of instability. Further work among older 
adults is currently ongoing to understand how these 
individuals manage instability during gait through regulation 
of the eccentricity of the GRFnet relative to the COM.    
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THE EFFECTS OF SHORT-TERM CERVICAL MUSCLE EXERCISE TRAINING ON STANDING BALANCE 
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INTRODUCTION 
 
Falls are the leading cause of injury and death in older adults 
and occur in about one third of the aging population 
[Ambrose]. Improving balance capabilities in adults has 
become a necessity, and there is a strong need for the 
development of viable and effective fall prevention strategies 
for older adults. More research is needed to explore alternative 
strategies for improving balance [2]. 
 
The neck plays a crucial role in human balance [3]. Deep neck 
flexor and extensor muscles play a significant role in posture 
control as they work together to stabilize the cervical spine but 
are extremely sensitive to fatigue and typically suppressed [4, 
5]. These two muscle groups possess significantly higher 
proportions of proprioceptive sensors that directly influence 
full body posture and spine stability by feeding positional 
information to other balance systems [6]. Injury or impairment 
to these muscle groups can alter this proprioception and 
negatively influence balance and postural sway. Neck muscle 
exercise improves posture and spinal stability but may also 
improve balance and postural sway [5]. 
 
At present, no studies have examined the effects of a neck 
exercise intervention on standing balance in young adults. 
Interventions typically rely on lower extremity exercises or 
balance training [2]. The purpose of this study is to assess the 
effect of two weeks of neck-specific exercise on standing 
balance performance in healthy young adults. Balance will be 
measured by analyzing the body’s center of pressure 
displacement and velocity on a force plate. It is hypothesized 
that the exercise intervention will produce improvements in 
neck endurance and balance capabilities (reduced standing 
sway). These results would have direct implications for 
working with older adults to create enhanced fall prevention 
strategies.  
 
METHODS  
 
Twenty-four participants, recruited from Dalhousie University, 
will be randomly assigned to control or test groups. The test 
group will do a 2-week specialized neck exercise program, 3 
times per week. Standing balance will be measured before and 
after the training period using an AMTI force plate to assess 
center of pressure displacement (COP) and center of pressure 
velocity (COPV). Neck endurance of the deep flexors and 
extensors will be measured before and after the intervention. 
 
 
 
 

RESULTS 
 
Due to the short-term nature of this intervention, resulting 
changes are likely due to improved muscular coordination and 
neural control. It is anticipated that 2 weeks of neck exercise 
will result in reduced COP and COPV. It is also expected that 
neck endurance will improve. Figure 1 represents changes in 
cervical flexor endurance after two weeks of exercise training 
from an earlier pilot study from which this study is derived. 
The short-term training period yielded a 65% improvement in 
neck flexor endurance. Previous correlations of balance to 
neck endurance had no statistical significance, however this 
may have been due to a small sample size.  
 

 
Figure 1: Cervical flexor endurance differences before and 
after a two-week exercise intervention. The top line is the test 
group, the bottom line is the control group. 
 
DISCUSSION / CONCLUSIONS 
 
The role the neck plays in balance has not been deeply 
explored. Future research from this would have implications 
for fall prevention research in older adults. Additional research 
areas would be head and neck injury prevention in athletes and 
those with balance disorders.  
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INTRODUCTION 
Vigorous exercise interventions amongst people living with 
Parkinson disease have received recent attention, with some 
evidence of neuroprotection, and even neuroplasticity [1-4].  
Paradoxically persistent skills provide a most appropriate 
exercise intervention modality – the preserved high skill level 
should allow for increase enjoyment, adherence, and vigor [5].  
Anecdotal reports suggest that ice skating may be 
paradoxically preserved amongst many Canadians living with 
Parkinson disease (CLwPD), and the nature and place of 
hockey in Canada could make it a particularly available and 
successful neurotherapy for many.  With growing patient 
interest in early and vigorous exercise neurotherapy, it is 
important to scientifically study paradoxical kinesias for 
CLwPD, so evidence-based exercise interventions that 
capitalize on these convenient entry points can be developed 
and tested.  The purpose of this study was to examine the 
kinematics of ice skating amongst CLwPD. We predicted that 
people living with mild to moderate PD who have previously 
and regularly ice skated would be able to skate safely and 
skillfully. Confirmation of these predictions could set up ice 
skating as an attractive and available exercise neurotherapy for 
many Candians living with Parkinson’s disease, particularly 
the underserved young and early onset. 
 
METHODS  
Twelve CLwPD (2 female, 10 male; 59.7 +/- 6.4 years) and 
eight age-matched adults (1 female, 7 male; 57.9 +/- 12.2 
years) were recruited through convenience sample. All PD 
participants had been diagnosed by a neurologist > 12 months 
prior, with an average disease duration of 5.4 +/- 3.2 years and 
an average Hoehn and Yahr score of 1.0 +/-  0.7 [6]. All 
participants completed multiple balancing trials plus walking 
and skating trials of 12 m in length, in OPEN LOCOMOTION 
and CONSTRAINED LOCOMOTION conditions, where the 
constraint was a conventional sized door frame in the path of 
locomotion, a manipulation that can exacerbate motor deficits 
amongst some people living with Parkinson disease [7].  
Constrained trials were further subdivided into approaches to 
the door and locomotion ‘during’ the door (within 1m of the 
doorframe; Figure 1). 
 

  
Figure 1:  Exemplar frames from OPEN and CONSTRAINED  
skating locomotion trials.  All locomotion trials were captured on video 
in sagittal plane at 60 samples/second (JVC GC- PX100B, JVC,  
KENWOOD Corporation, USA), hand-digitized using ImageJ  
(NIH, USA), and post-processed in Excel (Microsoft, USA).. 

 
RESULTS 
All participants were able to safely complete all balance and 
locomotion trials, and there were no falls amongst these 
skaters.  Skating locomotion featured increased movement 
velocities, increased step rates, and increased arm swing. 

 
 

Figure 2: Peak arm swing amplitude, averaged across both 
arms (with SEM).  Skating locomotion elicited significant 
increases in arm swing, even in the presence of the physical 
and visual constraint of the door.  
 
DISCUSSION / CONCLUSIONS 
Ice skating appears to be a safe and appropriate exercise 
modality for people living with mild to moderate Parkinson 
disease who have  previous positive experiences with ice 
skating.  Immediate improvements identified here might 
reflect attention to proprioceptive information [8], a priming of 
the motor system that can follow the high velocity and familiar 
visual flow [9].  Evidence of longer-term benefits may support 
skating exercise as neurotherapy amongst skate-capable 
people living with mild and moderate Parkinson disease. 
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INTRODUCTION 
 
Investigating balance control in response to continuous, multi-
directional, support-surface perturbations is vital for reducing 
falls in workers in moving environments, such as maritime 
occupations. Center of mass (COM) position and velocity are 
often examined in studies of balance control [1,2]. 
Determining the minimum number of segments required for an 
accurate COM model is essential to reduce data collection and 
processing times. While prior work has identified acceptable 
models for balance reactions to discrete perturbations during 
standing and walking [3-5], this has not been done for rapid 
balance reactions during continuous, complex perturbations, 
similar to those experienced by maritime workers on ocean 
vessels.  This study quantified errors in simplified models for 
COM estimation, relative to a full-body model, during 
continuous, multi-directional, support-surface perturbations.   
 
METHODS  
 
Ten participants experienced one 5-min trial of support-
surface perturbations that simulated wave motions. Kinematics 
were tracked using a full-body marker set. COM position and 
velocity in the anterior-posterior (A-P), medial-lateral (M-L), 
and vertical (Z) directions were estimated using a full-body 
model and six additional models of decreasing complexity 
(Table 1). The additional models were compared to the full-
body model in terms of position mean and range; velocity 
maximum and minimum; and root-mean-square errors and 
cross-correlations over the whole trial (position and velocity). 
Significant differences between models were identified with 
one-way ANOVAs and post hoc pairwise comparisons.  
 
Table 1: Segments and/or markers used to calculate COM 
position for each model. 

Model # Segments/markers used 
1 Pelvis, trunk, lower and upper extremities, head 
2 Pelvis, trunk, lower extremities, head  
3 Pelvis, trunk, lower extremities  
4 Pelvis, trunk, head  
5 Pelvis, trunk 
6 Pelvis  
7 Midpoint of two markers on pelvis cluster 

(approximating a single sacral marker)  
 
RESULTS 
 
Generally, as model complexity decreased, deviations in the 
position and velocity metrics relative to the full-body model 

increased. Further, with decreased model complexity, errors 
relative to the full-body model increased (Table 2), while 
relationship strength decreased (cross-correlation coefficients 
>0.99 in all axes for Model 2 relative to Model 1, and as low 
as 0.66 for Model 7 (vertical position) relative to Model 1).   
 
Table 2: Mean (SD) root-mean-square errors (RMSE; cm) for 
the reduced model position estimates, compared to Model 1. 
Model 

# A-P M-L Z 

2 0.27 (0.08)abcde 0.18 (0.05)abcde 1.51 (0.20)abc 
3 0.74 (0.12)bde 0.49 (0.17)bcde 7.72 (0.52)bcd 
4 1.37 (0.27)e 1.03 (0.29)de 20.51 (1.62)cde 
5 1.22 (0.35)e 0.92 (0.22)de 13.85 (1.35)de 
6 2.76 (1.41)e 1.72 (0.59)e 2.06 (1.18) 
7 19.35 (2.71) 4.79 (1.59) 5.45 (3.14) 

Significant difference from a model 3; b model 4; c model 5; d 

model 6; e model 7 (p<0.05). 
 
DISCUSSION / CONCLUSIONS 
 
Reduced model complexity resulted in increased errors and 
decreased relationship strength relative to the full-body model, 
during balance reactions to continuous, multi-directional, 
support-surface perturbations. A model including the trunk, 
pelvis, and lower limbs, with or without the head, may be 
sufficient to track COM kinematics during this task. 
Researchers should consider the measures of interest for their 
study, and evaluate the level of accuracy required, when 
selecting a COM model.  
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INTRODUCTION 
 
Kinematic factors such as excessive spinal flexion have been 
related to low back injury risk [1]. Given appropriate cues and 
feedback, an individual’s motions can be changed to avoid 
these risk factors [2]. Sensory modalities such as vision cannot 
give information on lumbar spine posture without the use of a 
mirror or digital devices and monitors. Cutaneous information 
from the skin of the trunk can play a role in providing 
kinesthetic feedback that can influence posture [3]. Recent 
research has demonstrated the potential for tactile sensory 
information to change how people move [3, 4, 5]. Tactile cues 
during motion may be able to provide critical feedback to 
improve movement by avoiding kinematic factors related to 
injury risk. The purpose of this investigation was to assess the 
use of tape, applied to the lower back, as a tactile cue to 
provide feedback for change in spinal motion during a lifting 
task. 
 
METHODS  
 
Electromagnetic sensors (Polhemus Liberty, Polhemus, 
Colchester VT) were affixed to the skin over the low back at 
the 1st sacral vertebra and 12th thoracic vertebra as well as the 
posterior of the left leg at the mid-thigh and mid-shank. Eleven 
participants performed 4 trials (Table 1) of 35 continuous 
lift/lowers of a 3 kg box. Lumbar spine, hip, and knee angles 
were measured during each trial. 
 

 

 
 
RESULTS 
 
There were statistically significant main effects of trial for peak 
lumbar spine angle, hip angle, and knee angle (all p < 0.0001). 
Specifically, participants reduced their spine flexion (Figure 1) 

during the lifting and lowering task with just the application of 
the tape (Trial 2). This reduction was further increased with 
the instruction to pay attention to the tape (Trial 3) and 
maintained after the tape was removed (Trial 4). In all cases, 
flexion was redistributed to the hips and knees. 
 

 
 
DISCUSSION / CONCLUSIONS 
 
This study provides evidence that tactile cues can provide vital 
feedback that can cue movement to avoid kinematic factors 
associated with injury risk and pain. The use of the tape 
provides an easy cost effective feedback method for trainers 
and therapists to cue immediate change in lumbar spine 
posture during sagittal plane movement. This evidence could 
also be useful in the development of wearable feedback 
technologies. 
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Trial Description 

1 Instruction to lift/lower normally. (Baseline) 

2 
With Leukotape applied bilaterally from 12th thoracic to 
1st sacral vertebra along the lumbar extensors, with no 
additional instruction. (‘Tape’ condition) 

3 With Leukotape and the instruction to pay attention to the 
tape. (‘Intention’ condition) 

4 With no tape, and the instruction to pretend the tape is still 
affixed. (‘Retention’ condition) 

Table 1: Description of trials performed. 
 

Figure 1: Peak lumbar spine flexion angle for each bin of 5 
repetitions of lift/lower task. Tape, Intention, and Retention trials were 
all different than Baseline; Retention and Intention trials were not 
different from one another. 
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INTRODUCTION 
 
The segmental kinematics of the spine need to be considered 
when estimating spinal loads and when evaluating spine motor 
control strategies. Despite this, very little is known about the 
inter-segmental motion between individual vertebral units 
during dynamic movements. Common medical images are 
able to identify the position of each vertebrae in static 
postures; however, analyses of dynamic tasks have generally 
been limited to localized multi-segment regions (eg. lumbar, 
lower and upper thoracic). Recently, a method of recording 
intervertebral angular kinematics during dynamic movements 
was developed [1]. Using this method, the purposes of this 
study were to determine the relative contribution of 
intervertebral units to spine flexion and to investigate whether 
intervertebral angles were linearly related to the spine angle.  
 
METHODS  
 
44 healthy male participants (µ ± SD; age 24 ± 2.5 y, height 
180 ± 7 cm, mass 81 ± 11 kg) with no history of low back pain 
performed three end-range trunk flexion movements; 
participants stood with the pelvis restrained to ensure spine 
rather than hip motion. The orientation of each spine vertebral 
level (C7 to S1) was calculated from orthonormal local 
coordinate systems defined by three columns of 19 reflective 
markers recorded at 120 Hz (Optitrack, NaturalPoint Inc, 
Corvalis USA). The intervertebral and total spine (C7-S1) 
flexion ranges of motion (ROM) were calculated using the 
maximum and minimum angles from any of the three trials for 
each participant. The relationship between each intervertebral 
angle and the spine angle was assessed for linearity. Principal 
component analysis was performed on the intervertebral 
angles throughout the flexion movement to identify common 
motor patterns used by participants.  
 

RESULTS 
 
The lumbar spine contributed the greatest amount of flexion 
across all participants (Fig 1A), while T2 to T4 and T7 to T9 
levels contributed the least. The upper thoracic and lumbar 
levels were linearly related to the total spine flexion angle; 
interestingly, the maximum T8/T9 to T10/T11 intervertebral 
angles occurred at ~40% spine flexion instead of at full flexion 
as expected (Fig 1B). There was a large degree of inter-
participant variability, with individuals utilizing bottom-up, 
top-down, or simultaneous intervertebral movement patterns 
during spine flexion. 
 
DISCUSSION / CONCLUSIONS 
 
While lumbar intervertebral angles were the largest 
contributors and were linearly related to the total spine flexion 
angle, the same was not true for the thoracic segments. In 63% 
of participants, the lower thoracic flexion angles noticeably 
decreased while the total spine flexion angle increased. 
Despite all participants having no history of low back injury, 
there was a large degree of inter-participant variability in 
intervertebral motor strategies, particularly in the lower 
thoracic segments. This warrants further investigation, as 
differences in lower thoracic motor strategies have been able 
to differentiate between low-back pain and non-low back pain 
individuals [2]. 
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Figure 1: (A) Range of motion (ROM) of each intervertebral level during end-range spine flexion. (B) Proportion (average of all participants) 
of each intervertebral level ROM throughout spine flexion. Lumbar (dark blue) and upper thoracic (yellow-red) angles are linearly related to the 
spine flexion angle. Interestingly, the lower thoracic segments (light blue) were not linearly related to the spine flexion angle, reaching peak 
flexion at ~40% of spine flexion and then extending as total spine flexion continued to increase. 
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INTRODUCTION 
 
Due to the many degrees of freedom along the spinal column, 
there are a variety of control options available to achieve spine 
movement. Within this variety of options there are certain 
postures, such as local end-range flexion [1], that are 
recognized risk factors for back injury. If spine motor control 
options are adaptable in response to posture-mediated sensory 
feedback this will allow clinicians and researchers to intervene 
and decrease high-risk postures (i.e. limit local end-range 
flexion). Our recent work has demonstrated a posture-
mediated effect on both skin structure [2] and tactile 
sensitivity [3] of the trunk dorsum; therefore, the aim of the 
current study was to investigate the utility of tactile feedback 
to elicit a re-distribution of flexion movement across adjacent 
spine motion segments during functional mid-range 
(submaximal) and end-range (maximal) spine flexion tasks.      
 
METHODS  
 
24 males (µ ± SD; age 24 ± 2.3 y, mass 78.8 ± 12.1 kg, height 
1.8 ± 0.1 m) participated in the study. Each completed both (1) 
submaximal spine flexion and (2) maximal spine flexion 
movements. Intersegmental spine kinematics, representative of 
intervertebral (IV) motion, were captured using a grid of 57 
skin-mounted markers [4] (OptiTrack, NaturalPoint Inc., 
Corvallis, OR). To elicit a localized sensation of skin-stretch 
(described as a sensation of “pulling or tension”) a liquid 
bandage (New-Skin, Moberg Pharma) was used as a tactile 
stimulus. Bilateral applications of 4 x 1 cm stimuli were 
applied to either the upper thoracic (U-Thor; T4 level), lower 
thoracic (L-Thor; T10 level) or lumbar (Lumb; L4 level) 
regions. During forward spine flexion, participants were 
instructed to “modify their movements to minimize the 
sensation of tension within the skin at the region of the tactile 
stimulus”. Outcome parameters included submaximal (i.e. 50-
75% max.) and maximal measures of spine flexion magnitudes 
divided into spine sub-sections (i.e. thoracic & lumbar) and IV 
segments (i.e. C7/T1 through L5/S1).  
 
RESULTS 
 
Submaximal Trials: Despite notable changes in spine curvature 
(Fig. 1A), total C7/S1 spine flexion magnitude was consistent 
across all conditions (p = 0.580; Fig. 1B). The proportion of 
motion across spine sub-sections and IV segments was 
successfully varied such that local flexion was limited in the 
region of the tactile stimulus (Fig. 1C). 
 
Maximal Trials: Across all feedback conditions total C7/S1 
flexion was reduced in parallel with a re-distribution of spine 
flexion across adjacent spine sub-sections and IV segments. 

 

 

 
Figure 1: A) Sagittal plane spine curvature from a representative 
participant. B) Mean (+ SEM) normalized (% max.) submaximal 
C7/S1 spine flexion. C) Mean (+ SEM) IV flexion proportion (% total 
C7/S1) during the submaximal trials for each feedback condition.  
 
DISCUSSION / CONCLUSIONS 
 
Localized tactile feedback was successful at eliciting a re-
distribution of spine flexion across spine sub-sections and IV 
segments during both submaximal and maximal movements. 
Additionally, the presence of tactile stimuli reduced the 
magnitude of end-range C7/S1 spine flexion. These findings 
suggest that spine flexion patterns are responsive to 
supplemental tactile feedback. Specifically, the results provide 
evidence to support simple applications to manipulate IV 
motion patterns. Limiting local IV motion can spare specific 
spine regions and limit injury risk factors such as end-range 
flexion postures.    
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INTRODUCTION 
 

Axial Spondyloarthritis (AxSpA) patients carry a heavy 
burden of disease including the progressive loss of spinal 
mobility [1]. Current standard practice assesses spine mobility 
with clinical tape measures, as these progressive limitations 
are a diagnostic indicator of disease progression [2]. However, 
some studies have suggested that these mobility measurements 
actually have low validity [3,4], which may delay diagnosis 
and appropriate treatment. Therefore, the purpose of this study 
was to see if tri-axial accelerometers can provide a more valid 
measure of spinal mobility in this patient population than the 
current clinical tests. 
 
METHODS  
 

11 participants (8 females, 3 males), average age 42.8 years r 
11.4, were recruited from AxSpA interest groups and 
rheumatology practices in the Greater Toronto Area. Two tri-
axial accelerometers (Analog Devices, MA, USA) were fixed 
to the skin in the +y down orientation using double-sided tape 
overlying the L1 and S1 spinous processes. The lumbosacral 
joint (LSJ) was identified by surface palpation. Horizontal 
lines were drawn 5 cm below, as well as 10 cm and 15 cm 
above the LSJ. These lines were used for measurements of 
forward lumbar spine flexion via the Original (OST), Modified 
(MST), and Modified-modified (MMST) Schober’s tests. 
Bilateral spinal flexion was assessed using the lateral lumbar 
flexion (LLF) test. Both accelerometer and tape measures were 
compared to radiographic measures (gold standard) of spinal 
mobility in 3 ranges of motion (forward flexion, left and right 
lateral flexion) calculated from 5 different posture trials. 
Lumbar angles were extracted from the accelerometer data by 
calibrating the sensors to gravity, calculating absolute 
inclinations and calculating the relative spine angle between 
the L1 and S1 sensors. Lumbar angles from the radiographs 
were calculated between the superior aspects of L1 and S1 
from the upright and flexion postures in both the sagittal and 
frontal planes (lumbar lordosis angle (LLA) and Cobb angle). 
To represent range of motion, the absolute difference between 
upright standing and maximum flexion was used. 
 
Measures from the clinical tape methods and accelerometer 
data were compared to the lumbar angles as calculated from 
the radiographs using the Pearson’s (r) correlation coefficient 
(SPSS Statistics 23, NY, USA). Statistical significance was 
taken at p < 0.05 and r > 0.20. 
 
 
 
 

RESULTS 
 
Ranges of motion in forward flexion, calculated from the 
MMST were more strongly correlated to the gold standard 
radiographic measure (r=0.628, p=0.019) compared to the 
OST (r=-0.376, p=0.127), MST (r=0.378, p=0.126), and 
accelerometer measure (r=0.412, p=0.104, Figure 1) measures. 
Tape measures for lateral flexion were more strongly 
correlated with the radiographic measure (left: r=0.706, 
p=0.008; right r=0.796, p=0.002) than the accelerometers (left: 
r=0.575, p=0.032; right: r=0.611, p=0.023).  
 

 

 
Figure 1: A scatterplot representing changes in lumbar lordosis 
angle (LLA) measurements from accelerometers versus the 
radiograph for forward flexion range of motion. 
 
DISCUSSION / CONCLUSIONS 
 

Spine ranges of motion in patients with AxSpA measured by 
accelerometers have comparably low validity as all tape 
methods with the exception of the MMST. Tape measurements 
appear to be more valid in measuring lateral flexion postures 
than the heavily criticized forward flexion tape measures. 
Further testing will expand the dataset with a larger sample to 
confirm these findings.  At present, it appears that the MMST 
and LLF are the most valid measure of spine range of motion. 
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INTRODUCTION 
 
Sagittal plane spine angles are important to measure in the 
workplace and clinic, but can be difficult to quantify, 
especially in individuals that may have trouble with standing. 
Further, it is known that thoracic and lumbar spine curvature 
can differ in standing and sitting [2]. The gold standard to 
internally quantify spinal curvature, thoracic or lumbar,  
involves calculating Cobb angles from a standing sagittal 
radiographic image of the spine. However, considering the 
radiation exposure alone, this approach is not ideal for routine 
use in clinical, workplace, or research settings. External 
motion capture methods produce very reliable and accurate 
spine curvature data, but is a time consuming approach, that 
requires operator training, relatively expensive equipment, and 
numerous analysis steps to reach the desired output [1]. For 
standing measures of spine curvature, The flexicurve is a pen-
and-paper tool that has been shown to be a valid and reliable  
alternative to radiological methods in quantifying standing 
thoracic spine curvature [3]. However, one study reported the 
flexicurve was difficult to use and had low inter-rater 
reliability for lumbar spine curvature [2]. Therefore, the 
purpose of this study was to determine whether spine 
curvature can be accurately quanitfied in a sitting posture in 
comparison to a standing position using the flexicurve 
measuring tool.  
 
METHODS  
 
Twenty men (n=10) and women (n=10) (mean ± SD, age: 
25.35 ± 2.69 yr.) were recruited from a university population 
for one session lasting 1.5 hours. Following informed consent, 
the particpants performed three standing and three seated trials 
presented in a random order (total of six trials). The standing 
position required the participant to face forward and stand as 
tall as possible while still being comfortable. Similar 
instructions for the sitting position (on a wheeled padded stool 
with no backrest), as well as placing both feet flat on the 
ground. The flexicurve was fitted directly over the spinous 
processes of C7 and along the thoracic and lumbar spine to S1. 
The flexicurve was then removed and placed on a sheet of 
paper for tracing and further measurements. This was repeated 
for each trial. 
 
Flexicurve tracing calculations were similar to those published 
by Milne and Lauder in 1974 [4] for upright standing based 
procedures. Thoracic length (TL) and width (TW), lumbar 
length (LL) and width (LW) were measured and recorded from 
the tracings in millimetres. Kyphosis Index (KI%) and lordosis 
Index (LI%) were calculated using KI= TW/TL*100 and LI= 
LW/LL*100 respectively. Two-way repeated measures 
ANOVAs were used to test KI and LI, with the factors being 
sex and posture. Statistical analyses were performed using 
SPSS Statistics v.22 (SPSS Inc., Chicago, IL). F-tests analyzed 
with pairwise using a Bonferroni correction. 
 
 
 
 
 

RESULTS 
 
No significant differences were found between mean sitting 
and standing KI values, as well as mean male and female KI 
values (p > 0.127). No significance of a sex effect impacting 
KI measures in both standing and seated postures (P=0.17).  
 
LI in standing and sitting postures were statistically different 
(p < 0.001). Mean LI in standing and sitting was 12.06% ± 
2.05% and 4.67% ± 0.78%, respectively with percent 
differences of 7.39. Males experienced a 17.6% greater mean 
difference from a standing to seated posture than females.  
 

 
  
Figure 1: Mean (SD) change kyphosis index (KI) and lordosis 
index (LI) in both Male and Female from standing to sitting postures. 
p-value < 0.05 of significant. (n = 20,* = significant findings).  
 
DISCUSSION / CONCLUSIONS 
 
This study found that sitting posture can replace a standing 
posture to accurately quantify thoracic spine curvature using 
the flexicurve measuring tool in university aged males and 
females. Further, that thoracic spine curvature values do not 
differ between males and females. However, this is not the 
case for the lumbar spine curvature.  These findings are similar 
to research that has reported differences in lumbar spine angles 
(using 3D motion capture) between males and females in 
sitting and standing postures [1].  
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INTRODUCTION 
The majority of literature focusing on sex-differences 
in joint range of motion has shown that females are 
more flexible than males at all ages [1]. Previous 
research investigating spine range of motion 
specifically, has provided less straightforward results, 
suggesting variable changes in stiffness between males 
and females following prolonged sitting [2,3]. Current 
research from this lab also suggests that there may also 
be age-related differences in spine stiffness following 
prolonged sitting. Because sitting is a common 
working posture, it is important to identify any inherent 
risk that this posture might place on sedentary workers. 
To date, there has been no research investigating the 
combined effects of age and sex on spine stiffness and 
whether these factors affect the stiffness of the spine 
following prolonged sitting. 

METHODS  
Forty-six participants (17 males and 29 females) were 
recruited and placed into one of three groups based on 
chronological age: 20-25 years (n = 18), 40-45 years (n 
= 15) and 60-65 years (n = 13). All participants were 
free from any current low back pain and had not 
missed any school or work due to low back pain in the 
past 12 months. 

Low-back stiffness was estimated by testing the 
passive flexibility of the low-back [2,3]. Participants 
were placed in a side-lying position with their lower 
body secured to a stable base, and their upper body 
secured to a support that “floated” over a surface of 
ball bearings. This configuration allowed for the 
participant to relax completely while the researcher 
pulled them into full forward trunk flexion. The force 
required to pull them into their fully-flexed position 
was recorded with a tri-axial load cell (Bertec, 
Columbus, OH) mounted to the support. Trunk flexion 
angle and moment arm length were estimated using 
motion-capture (Qualisys, Gothenburg, Sweden). This 
testing protocol was completed before and after the 
participants completed 60-minutes of simulated seated 
work. 

Moment-Angle curves were fit with a 4th-order 
polynomial, which was then differentiated to obtain the 
point at which the greatest change in slope occurred. 
The slope of the moment-angle curve from this point to 
the end of the flexion was used to represent the linear 
stiffness of the low-back. 

RESULTS  

Because there was no effect of sitting on the low-back 
stiffness for any age or sex, the data was pooled for the 

two collection times to increase the statistical power by 
essentially doubling the sample sizes for each age and 
sex comparison. 

The results from the current analysis are in-line with 
what the previous research has shown for the younger 
and older age groups, confirming that females are 
significantly more flexible (less stiff) than males (p = 
0.0004 and 0.02 for the younger and older age groups 
respectively) as shown in Figure 1. The middle age 
group did not show any difference between males and 
females. 

 
Figure 1: Low-back stiffness values for males and females 
across three age groups. Significant differences, indicated by 
* and ǂ, were found for the younger and older age groups. 

DISCUSSION / CONCLUSIONS 
The results from the current analysis correlate well 
with those from previous studies. For two of three age 
groups analysed, there was a clear increase in 
flexibility in females. The middle age group did not 
follow the expected trend, and the reason for this 
disparity is not yet understood. Anecdotally, it seems 
possible that the differences seen were a result of the 
better fitness level for the males in this group compared 
to the age-matched females. The results from this study 
provide further insight into the mechanical properties 
of the intact low-back and complement results in 
literature. Further investigation is needed to determine 
the cause of the discrepancy in the middle-aged group 
analysis. 
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INTRODUCTION 
 
The sacroiliac joint is often described as a source of low back 
pain. A therapeutic approach to relieve sacroiliac joint pain 
includes the application of a pelvic belt, which leads to 
biomechanical alterations, including a change of motion and 
higher form and force closure of the joint [1,2]. At present, little 
is known on the influence of altered joint biomechanics on the 
wellbeing of the patients and also on other biomechanical 
parameters. Therefore, the aim of the study was to investigate 
short-term effects of a pelvic belt by assessing subjective and 
objective parameters in patients with sacroiliac joint pain. 
 
METHODS  
 
23 sacroiliac joint patients (age: 44.0±14.0 years, height: 
172.7±8.5 cm, weight: 78.6±18.5 kg, pain duration: 10.1±11.1 
years) who were diagnosed with sacroiliac joint pain were 
included in the study. All subjects completed two sets of 
measurements in a randomized order: one with and one without 
the pelvic belt. For the subjective parameters, pain intensity and 
lower back stability were evaluated by using the Numeric 
Rating Scale (NRS), whereas dynamic balance and lower leg 
mobility were the objective parameters investigated in this 
study. Center of Pressure (COP) excursion was recorded to 
assess the dynamic balance. To this end, subjects completed six 
randomized trials in double leg stance on a platform, called 
Posturomed, which swings freely horizontally. There, they 
experienced unexpected perturbations in medio-lateral and 
anterior-posterior direction. The Y-Balance-Test was used to 
detect the lower limb mobility by measuring the reach distances 
in anterior, postero-medial and postero-lateral directions. Three 
trials per leg and direction were recorded. 
 
RESULTS 
 
While wearing the belt, patients’ perceived lower back 
stabilities increased significantly (p=0.000, Figure 1). This 
result is supported by data of the dynamic balance 
measurements as the COP excursion decreased in medio-lateral 
direction (p=0.009). Though the pain relieving effect of the 
pelvic belt was not statistically significant, 52% (12/23) of the 
participants reported less pain; of the remaining participants, 
four had increased pain, seven had no change. Furthermore, the 
belt application did not restrict the mobility of the lower legs as 
no differences between belt and no belt condition were present. 
 
DISCUSSION / CONCLUSIONS 
 
The current findings indicate therapeutic effects of pelvic belts 
in patients with sacroiliac joint pain. The application of a belt 

lead to immediate, primarily subjective, changes, as subjects 
felt more stable in their lower back and more than 50% reported 
a pain reduction. Also, greater standing stability was observed 
in objective measurements, as the dynamic balance increased in 
medio-lateral direction.  
This is one of the first studies revealing that subjective changes 
due to altered sacroiliac joint biomechanics after belt 
application were also reflected in the objective measurements. 
These results coincide with existing biomechanical models 
explaining the impact of pelvic belts in patients with sacroiliac 
joint pain [1]. However, further investigations are needed to 
understand the complexity of pelvic belt’s functional 
mechanisms as well as their immediate and long-term effects. 
 

 
Figure 1:  Lower back stability with and without pelvic belt. High 
scores of the NRS indicate good stability; low scores indicate poor 
stability. Statistical significance was set at α=0.05, *p<0.05 
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INTRODUCTION 
 
Spinal manipulative therapy (SMT) is an effective treatment 
for neck and back pain [1]. While positive clinical outcomes 
such as increased range of motion and decreased pain levels 
are reported following the application of SMT, the 
mechanisms underlying these changes are not fully 
understood. One possible explanation for these beneficial 
effects could be due to reflex responses present in muscles 
affected by SMT. While previous studies have investigated 
reflex responses associated with SMT using both manual [2] 
and instrument [3] high-velocity, low-amplitude (HVLA) 
techniques at several sites along the spine, the reflex responses 
occuring with cervical SMT have not been investigated 
systematically. Thus, the purpose of this study was to 
determine the extent of reflex responses elicited by HVLA 
SMT of the cervical and upper thoracic spine.     
 
METHODS  
 
Eleven asymptomatic subjects received six commonly used 
HVLA SMT to the cervical and upper thoracic spine. Bipolar 
surface electromyography (EMG) electrodes were used to 
measure the reflex responses of 16 neck, back and proximal 
limb muscles bilaterally: the sternocleidomastoid, splenius 
cervicis, upper trapezius, posterior deltoid, middle trapezius, 
latissimus dorsi, longissimus thoracis and gluteus maximus. 
The percentage of occurrence and the extent of reflex 
responses of these muscles were determined.  
 
 
RESULTS 
 
Manipulation of the upper (C1 & C2) and lower (C6 & C7) 
cervical segments elicited reflex responses in 74% and 77% of 
the 16 recorded EMG channels respectively, compared to only 
66% in the thoracic (T1 & T4) segments. The greatest number 
of reflex responses, 77%, occurred after manipulation of the 
C7 vertebrae (see Figure 1). While the least response, 64%, 
occurred after manipulation of the T4 vertebrae. Cervical SMT 
typically resulted in EMG responses in all neck and most back 
muscles while responses in the arm (posterior deltoid) and leg 
(gluteus maximus) were less frequent. This trend was similar, 
although decreased in magnitude, after thoracic SMT. Reflex 
responses in neck muscles were recorded 98% of the time with 
upper cervical SMT, 88% with lower cervical SMT and 78% 
with thoracic SMT. Back muscles responded 77% of the time 
with lower cervical SMT, 73% with upper cervical SMT and 
65% with thoracic SMT. The upper limb muscle (posterior 
deltoid) responded 87% of the time after lower cervical SMT 

and 73% of the time with both upper cervical and thoracic 
SMT while the lower limb muscle (gluteus maximus) 
responded 35% of the time with upper cervical SMT, 46% 
with lower cervical SMT and 34% with thoracic SMT.     

 
 
Figure 1: Extent of EMG response to manipulation of the C7 
vertebrae.  
 
CONCLUSIONS 
 
The results from this study are congruent with the published 
literature which states that HVLA SMT elicits consistent 
reflex responses from neck and back muscles in asymptomatic 
subjects [2, 3]. Reflex responses were greatest with upper 
cervical SMT and lowest with thoracic SMT. Since reflex 
pathways are systematically activated during SMT, it is 
possible that these responses may be responsible for the 
beneficial effects experienced following SMT such as 
increased range of motion and decreased pain levels.   
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INTRODUCTION 
 
Predictive models of long-term implant fixation in total knee 
arthroplasty (TKA) based on radiostereometric analysis (RSA) 
data [1, 2] have traditionally ignored the effects of patient 
demographics and implant factors which may influence the 
pattern and magnitude of implant migration. The objective of 
this analysis was to determine which implant and subject 
factors influenced overall migration of tibial components 
following TKA.   
 
METHODS  
 
Data were compiled from a registry of RSA data on primary 
TKAs (n = 418). Of this overall group, 265 implants were 
cemented and 153 uncemented in 256 female subjects and162 
male subjects.  All subjects had a primary diagnosis of 
osteoarthritis, had RSA examinations over two years, and 
revised components were not included.  Longitudinal data 
analysis using marginal models was performed to examine the 
influence of demographic and implant covariates while 
accounting for repeated measures of implant migration over 
time measured as maximum total point motion (MTPM).  
Implant fixation (cemented or uncemented), age, sex, BMI, 
implant size, and smoking status were included in the model.  
Analyses were also performed on sub-groups of sex and 
implant fixation. 
 
RESULTS 
 
In the overall group, only implant fixation had a significant 
effect on implant migration (p < 0.001).  Examining migration 
curves of cemented and uncemented tibial components 
separated by sex shows increased migration for uncemented 
components in female subjects (Figure 1). 
 
For uncemented tibial components in male subjects, smoking 
was significant (p = 0.02) and in the uncemented females 
group smoking (p = 0.04) and age (p = 0.05) affected implant 
migration.  The effect of smoking in uncemented male 
subjects was to reduce the overall migration, while in female 
uncemented subjects the effect was reversed.  Increasing age 
in uncemented females was associated with higher implant 

migrations.  For cemented implants, implant size was 
significant in female subjects only (p = 0.001). 
 
 

 

Figure 1:  Longitudinal implant migration (MTPM) by fixation (bold 
lines) and by fixation and sex (mean, standard error of the mean).  

 
 
DISCUSSION / CONCLUSIONS 
 
The migration of uncemented tibial components is more 
sensitive to subject factors than cemented implants.  These 
differences are not consistent by sex, suggesting that it may be 
of value to evaluate male and female subjects separately 
following TKA.  
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INTRODUCTION 
High tibial osteotomy (HTO) is a limb realignment surgery for 
patients with medial compartment knee osteoarthritis (OA) 
and varus alignment. The surgery is proposed to improve 
aberrant joint loading [1], thereby altering disease progression. 
The purposes of the present study were to explore changes 
after HTO in: 1) MRI-based measures of articular cartilage 
thickness and 2) 3D gait analysis-based measures of medial-
to-lateral knee load distribution (e.g., the knee adduction 
moment (KAM) and angular impulse (KAAI)), and net 
muscular contributions (e.g., the knee flexion moment (KFM) 
and extension moment (KEM)). 
 
METHODS  
Eight patients with clinical and radiographic evidence of 
medial knee OA were recruited from an orthopaedic clinic 
specializing in HTO. Participants were included if they had 
varus malalignment, early to moderate disease severity 
(Kellgren and Lawrence Grades ≤3) and knee pain localized to 
the medial compartment. All patients received an HTO plate 
and screws made of polyetheretherketone that does not create 
artifact on MRI. MR images were assessed preoperatively, 6 
weeks postoperatively to determine any immediate changes 
due to surgery, then again at 12 months postoperatively to 
assess the effects of long-term altered loads. Gait analysis was 
performed preoperatively and 12 months postoperatively. MR 
images were acquired on a 3T scanner using sagittal double-
echo steady state (DESS) imaging. The medial and lateral 
femoral and tibial cartilage compartments were segmented 
manually using proprietary software and the reader was 
blinded to disease severity (including masking all but the 
articular surfaces on the MRIs), alignment, and the order of 
image acquisition (baseline, 6 weeks and 12 months). The 
sums of the mean thickness in the medial tibia (MT) and 
central weight-bearing region of the medial femoral condyle 
(cMF), and the lateral tibia (LT) and central weight-bearing 
region of the lateral femoral condyle (cLF), were used to 
calculate the cartilage thickness in the medial (MFTC) and 
lateral femorotibial compartments (LFTC) respectively. Gait 
analysis was performed and knee moments in the frontal and 
sagittal plane were calculated using inverse dynamics to 
represent medial-to-lateral knee load distribution and net 
muscular contractions. Mean changes with 95% confidence 
intervals (95%CI) were calculated for each follow-up time 
point. The number of individual patients achieving previously 
suggested smallest detectable changes (SDC) in medial 
articular cartilage thickness were also determined. 
 

RESULTS 
Changes in articular cartilage thickness at 6 weeks and 12 
months after surgery are shown in Figure 1. At 12 months, the 
KAM decreased 1.3%BWxHt (95%CI: -1.8 to -0.7) and was 
highly correlated with increased MFTC thickness (r=-0.64). 
Similar findings were observed with the KAAI, which 
decreased 0.7%BWxHts (95%CI: -1.1 to -0.4) and was highly 
correlated with increased MFTC thickness (r=-0.76,). In the 
sagittal plane, the KFM increased 0.6%BWxHt (95%CI: -0.3 
to 1.5) and was moderately correlated with increased MFTC 
thickness (r=-0.34). The KEM increased 0.3%BWxHT 
(95%CI: 0.6 to 1.2) in its respective direction and was 
moderately correlated with increased MFTC thickness (r=-
0.30). 75% of participants (6 of 8) had an increase in medial 
articular cartilage thickness greater than the SDC threshold for 
MFTC (111μm) [2] articular cartilage thickness loss.  

 
Figure 1: The mean change (and 95%CI) in knee articular cartilage 
thickness from baseline to 6 weeks and 12 months post-operative in 
the medial (left) and lateral (medial) compartments.  
 
CONCLUSIONS 
This research is the first study to quantify increases in medial 
femorotibial articular cartilage thickness that are correlated to 
decreases in medial knee loading after limb realignment 
surgery. 
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INTRODUCTION 
 
Understanding factors related to clinical knee 
osteoarthritis (OA) progression can help identify 
treatment targets. To date, interventions have focused 
on reducing knee adduction moment (KAM) 
magnitude features but three-dimensional (3D) loads, 
loading patterns, and muscle activation can all play a 
role in clinical progression [1,2]. The purpose of this 
study was to compare the predictive value of joint 
moments, electromyography (EMG) patterns, and 
descriptive (demographic, clinical, spatiotemporal) 
data, either alone or in combination, for classifying 
clinical OA progression. 
 
METHODS  
 
At baseline, 3D ground reaction forces, motion 
capture data, and EMG were collected during self-
selected speed over-ground walking for 78 
individuals with medial compartment knee OA. 3D 
external knee joint moments (normalized to body 
mass) were calculated with inverse dynamics. EMG 
signals were full-wave rectified and low pass filtered 
(6Hz) then normalized to maximum voluntary 
isometric contractions (MVIC). Key waveform 
patterns were extracted using principal component 
analysis (PCA). At 5-10 year follow-up, 30 
individuals progressed clinically to total knee 
arthroplasty (TKA) and 48 did not (noTKA). T-tests 
identified variables for each data type (moments, 
EMG, descriptive) that might be important to group 
separation (p < 0.10) which were then used as inputs 
for 5 stepwise discriminant analysis models (Table 
1): 1) moments only, 2) EMG only, 3) descriptive 
only, 4) moments & EMG, and 5) moments, EMG, & 
descriptive. Leave-one-out cross validation analyzed 
model stability. Receiver operating characteristic 
curve analysis and logistic regression evaluated the 
models’ predictive ability. 
 
RESULTS 
 
The overall magnitude and shape of the KAM (PC1), 
the knee flexion moment range (KFM PC2), 
prolonged medial hamstring activity (MH PC2), the 
overall magnitude and shape of lateral gastrocnemius 
activity (LG PC1), and radiographic severity 
(Kellgren Lawrence, KL, grade) emerged in the 
models to separate TKA and no TKA (Table 1). The 
combined moment & EMG model had a better 

correct classification rate (CCR) and higher odds 
ratio (OR) for progression than the single data type 
models, while the model combining all three data 
types had the highest CCR and OR (Table 1). 
Minimal differences were found between leave-one-
out and original CCRs for all models (Table 1). 
 
Table 1: Models for clinical OA progression. 

Model Variables 
in model 

CCR 
(cross-

validated 
CCR) 

OR 
(95% CI) 

Moments only KAMPC1, 
KFMPC2 

70.5 
(69.2) 

2.8  
(1.5 – 4.9) 

EMG only MHPC2 69.2 
(69.2) 

2.0  
(1.2 – 3.4) 

Descriptive only KL grade 67.9 
(67.9) 

2.4  
(1.4 – 4.0) 

Moments & 
EMG 

KAMPC1, 
MHPC2, 
LGPC1 

79.5 
(76.9) 

4.1  
(2.0 – 8.1) 

Moments, EMG, 
& descriptive 

KAMPC1, 
MHPC2, 
LGPC1, 
KLgrade 

80.8 
(79.5) 

4.8  
(2.3 – 10.1) 

 
DISCUSSION / CONCLUSIONS 
 
Moment and EMG variables contributed unique 
information to modelling clinical OA progression, 
evidenced by the improved CCR and OR in 
combination versus alone. Of note is that variables 
describing the pattern, and not just the magnitude, of 
loading (e.g. KFMPC2, MHPC2) were important 
predictors of clinical progression. While the best 
classification was made with all three data types, a 
simpler model may be more relevant as a clinical 
screening tool. No treatments currently exist to 
change radiographic damage, so addressing moment 
patterns or prolonged muscle activation may be 
promising treatment avenues. 
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INTRODUCTION 
 
Kinematic data has been shown to be a valuable input in 
automatic objective classification methods allowing diagnostic 
aid and disease severity rating in knee osteoarthritis (OA) [1]. 
The purpose of this study, using 3D knee kinematic data, is to 
design and assess the validity of classification algorithms 
capable of discriminating patients with knee OA deemed 
appropriate, or not, for total knee arthroplasty.  
 
METHODS 
 
After IRB approval, one hundred fifty tree (153) patients with 
moderate to severe knee OA were enrolled after being seen by 
an orthopedic surgeon and allocated to surgical candidate (SC) 
or non-surgical candidate (N-SC) groups. All participants 
underwent standard physiotherapy assessments, health surveys, 
and three-dimensional (3D) knee kinematics analysis (KneeKGTM, 
Montreal, Canada) during self-selected, comfortable treadmill 
walking. A set of 69 biomechanical parameters, such as 
maximum/minimum ranges, varus/valgus thrust throughout the 
gait cycle or gait sub-cycles. were extracted from the 3D 
kinematic signals. Since previous studies reported gender 
differences in function and reported outcomes in knee OA 
patients [2], we developed two independent classification 
models to discriminate SC from N-SC patients, based on 
gender. Table 1 shows participants demographic characteristics.  

 
Table 1: Demographic characteristics 

 Male group (n=61) Female group (n=92) 
 SC  

n=29 
N-SC  
n=32 

SC 
n=51 

N-SC 
n=41 

Age (year) 66.2 ± 10 62.7 ± 8.7 63.9 ± 8.9 65.4 ± 9.6 
Height (m) 1.76 ± 0.07 1.77 ± 0.05 1.61 ± 0.06 1.63 ± 0.05 
Weight (kg) 104.7 ± 27.7 96.6 ± 20.0 86.1 ± 18.0 86.4 ± 17.6 
BMI (kg/m2) 33.5 ± 7.9 30.7 ± 5.9 32.8 ± 6.5 32.1 ± 6.0 

 
*Student t-test revealed no significant differences between S and N-SC 
groups in both male and female (p < 0.05) 
 
Kinematic parameters with the most discriminative value were 
identified by incremental selection on a regression tree. A 
decision tree was chosen as classification method to facilitate 
clinical interpretation. The effectiveness of the classifiers is 
evaluated by receiver operating characteristic curve analysis, 
namely, the area under the curve (AUC), sensitivity (Se), and 
specificity (Sp) through leave-one-out cross validation 
procedure. The stability of the classifiers was also tested using 
10-folds classification tests. The retained models are then 
validated using an additional distinct validation dataset 
containing 13 males and 18 females providing an unbiased 
evaluation of the classifiers. 
 

 
RESULTS 
 
Table 2 summarizes the classification performances of the 
two classifiers (one for male group and the other for female) 
obtaining the highest classification rate and stability measured 
on test dataset and Table 3 on the validation dataset. Two 
kinematics discriminant features were needed to classify SC 
and N-SC candidates for both males (valgus motion from heel 
strike to end of mid-stance and the absolute value of the 
flexion angle at heel strike) and females (the mean axial 
rotation during loading and add/abduction angle at the end of 
terminal stance). 
 
Table 2: Classifiers performances on the test dataset 

SC and N-SC Se Sp AUC 
Male group 82.7% 84.3% 0.84 
Female group 74.5% 73.1% 0.74 

 
Table 3: Classifiers performances on the validation dataset 

SC and N-SC Se Sp AUC 
Male group 4/5 5/8 9/13 
Female group 8/9 6/9 14/18 

 
 
DISCUSSION / CONCLUSIONS 
 
Results supports use of kinematics as objective data for 
clinical decision support for knee arthroplasty. Interestingly, 
discriminant features are different for males and females. The 
AUC is higher for male than for female (0.84 against 0.74). 
The good performance on the validation dataset show the 
stability of the models (9/13 and 14/18 of AUC). Future study 
will add clinical evaluation measures in the classification 
systems and other classification methods (Neural networks, 
SVM, etc.) will be assessed.  
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INTRODUCTION 

Distal radius fractures are the most common form of 
osteoporotic fracture in women and play an important role in 
predicting other osteoporotic fractures [1]. Colles’ fracture, a 
type of distal radius fracture, result from a fall from standing 
height or less [2,3]. To identify an individual’s fracture risk as 
well as monitor effectiveness of preventive or therapeutic 
treatments,  imaging combined with computational tools can be 
used to estimate bone mechanical strength (e.g., failure load). 
For example, high resolution peripheral quantitative computed 
tomography (HR-pQCT) together with subject-specific finite 
element (FE) modeling is used to estimate distal radius failure 
load [4,5]. These imaging-based failure load estimates have 
been validated in experimental axial compressive testing [4,5]. 
However, during a fall, the distal radius is subjected to a 
combination of  dorsal-directed forces (which result in bending) 
and axial compression [6]. Importantly, a FE simulation study 
suggested that the distal radius is ill-equipped to support this 
combination of bending and axial compression [6]. Compared 
with a pure axial loading scenario, the off-axis load needed to 
cause failure was 47% the magnitude of the axial load [6]. 
However, this evidence is preliminary since it was limited to 
data from one participant and the employed FE model was not 
validated against mechanical testing results. 

Using paired left and right forearms, the objective of this 
study was to compare experimentally derived distal radius 
failure loads under axial and off-axis loading conditions. 

METHODS  

Specimens: We acquired 16 pairs of cadaveric forearms (32 
limbs in total) from 16 female donors. We potted the midshafts 
of each intact forearm in bone cement (PMMA). Left or right 
forearms were randomly assigned to either the off-axis or axial 
loading group.   

Mechanical Testing: We aligned potted forearms in a material 
testing system (MTS Bionix, USA). Half of the forearms were 
aligned in a vertical axial orientation (0o dorsal inclination, 3-6o

of radial inclination). The other half were aligned in an off-axis 
orientation (15° of dorsal inclination, 3-6° of radial inclination), 
corresponding with the hand positon during a fall [7]. Failure 
testing was performed at 3mm/s onto the palm of the intact hand 
until fracture occurred. Ultimate failure load was recorded. 

Statistics: We report mean and standard deviations (SD) for 
failure load for axial and off-axis loading configurations. We 
compared failure load of the two loading conditions using a 
paired t-test (SPSS). Alpha-level was 5%.  

RESULTS 

Descriptive failure load data are reported in Table 1. A paired t-
test indicated that failure load under off-axis loading was 27% 
lower than failure load under axial compressive loading 
(p=0.0002).  

Table 1 – Failure load of the distal radius (Mean ± SD) under 
off-axis and axial loading conditions 

Axial Off-Axis 
Failure Load (kN) 1.07 ± 0.45 0.78 ± 0.31 

DISCUSSION / CONCLUSIONS 

The off-axis loading conditions resulted in a 27% lower bone 
(fracture) strength. This suggest that bone strength estimates 
validated with axial loading condition may underestimate 
fracture risk. Findings suggests that the off-axis loading 
condition may offer an attractive alternative to estimate distal 
radius failure load and fracture risk. Incorporating off-axis 
loading conditions into existing imaging and subject-specific 
FE models may also help to improve monitoring efficacy of 
treatment and preventive therapies. 
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INTRODUCTION 
 
Metallic porous materials, made possible only with additive 
manufacturing (AM), are interesting for many orthopaedic 
applications because of their reduced  mechanical properties 
close to bone such as a reduced stiffness to decrease stress 
shielding. However, their mechanical behaviour is not 
predicted accurately since it is known that the manufactured 
structure obtained is different from the nominal geometry due 
to inherent imperfections introduced by AM process. 
Computational studies (such as finite element analysis FEA) 
show low cost and allow for efficient parametric analyses, but 
at the present time cannot be used to precisely predict the 
mechanical behaviour. Thus, experimental data are first 
needed to characterize such highly porous materials in order to 
define the parameters needed for FEA. 
Intervertebral cages could benefit from Ti-6Al-4V porous 
materials [1]. The objective of this study was to assess 
mechanical properties from compression static and fatigue 
tests, the main loading condition of cages. 
 
METHODS  
 
Ti-6Al-4V specimens with cubic mesostructure were 
manufactured by Selective Laser Melting. The porosity and 
the diameter of the struts were 75% and 500 µm, respectively. 
Three of them were tested in static compression, with 
reproducible results (Figure 1), in order to determine their 
macroscopic mechanical properties.  

 
Figure 1: Compression curves of 3 cubic specimens. 
 
Several specimens were then tested in compression fatigue 
with a maximum solicitation of 0.8 σmax (11.8 MPa) and a 
ratio factor R=0.1. The specimens exceeded 5.106 cycles 
without breaking. Optical images were recorded every 20 000 
cycles. A digital image correlation analysis (DIC [2]) was 
carried out on the images to derive the local strain at the 
surface of the specimen. The output is a set of strain maps at 
increasing cycle numbers. 

RESULTS 
 
The specimens have a Young’s modulus of 7 GPa, in the range 
of the cortical bone (3 to 20 GPa). The strain fields display 
heterogeneities (Figure 2, bottom), with some struts having 
higher values than the others. The heterogeneities appear 
before the first 20 000 cycles. The average strain on each row 
was measured and plotted against the number of cycles (Figure 
2, top). The values range from 0 to 0.06%. In the presented 
example, the top row does not deform during 6.106 cycles, 
while the other ones accumulate strain up to ca. 2.106 cycles.  

 
Figure 2: Evolution of the average strain over rows with cycles. 
 
DISCUSSION / CONCLUSIONS 
 
The cubic mesostructure exhibits resistance, and possibly 
infinite life, to cyclic compression with high loads. However, 
the DIC results show that strain accumulates during the first 
million cycles and then stabilizes. In the context of 
intervertebral cages designed with such architecture, it is 
expected that they will undergo mechanical adaptation after 
being implanted. 
 
REFERENCES 
 
[1] S. Jain et al., J Orthop Surg (2016). 
[2] N. Vanderesse et al., Microsc microanal (2013). 
 
FUNDING 
 
This study was funded by the Natural Sciences and 
Engineering Research Council of Canada. 

mailto:Nicolas.vanderesse@ens.etsmtl.ca
Scott Landry
P066



KNEE LOAD REDUCTION FROM AN ENERGY STORING MECHANICAL BRACE: A SIMULATION STUDY 
 

Chris A. McGibbon1, Abeer Mohamed2 
1Faculty of Kinesiology and Institute of Biomedical Engineering, University of New Brunswick, Fredericton, NB, Canada 

2Dept. Mechanical Engineering, University of New Brunswick, Fredericton, NB, Canada 
Email: cmcgibb@unb.ca  

 
INTRODUCTION 
 
Knee braces are a common conservative treatment option for 
reducing pain and improving function in people with 
osteoarthritis [1]. However, only a few studies have examined 
the loading effects on the knee using biomechanical models 
[2], and studies thus far have been focussed on varus/valgus 
off-loading braces. Furthermore, existing braces are not 
capable of returning energy to the user in the plane of motion. 
SpringLoaded Technology Inc. has developed a passive-
mechanical brace capable of energy storage and release (ESR), 
that may not only benefit people with knee disorders, but 
could also reduce occupational injuries in otherwise healthy 
workers by protecting the knee and reducing energy demand.  
 
The purpose of this study was to use a sagittal plane model of 
the knee to simulate brace loading effects during a deep-knee 
bend test, for different brace load/knee angle relationships.  
 
METHODS  
 
A lower-extremity inverse dynamic model was used [3] to 
compute knee kinetics: peak internal knee moment, power and 
total work. A sagittal plane model of the knee [4] was 
integrated with the inverse dynamic model to compute muscle 
tendon forces, cruciate ligament forces and joint contact loads, 
as shown in Figure 1. 

 
Figure 1: Sagittal plane model of the knee. 
 
The brace was simulated by applying a fictitious force (Fb) 
perpendicular to the tibia located rb=20cm below the knee. 
Force applied was a function of knee angle, and three different 
force/angle relationships were examined: Linear (Brace #1) 
which applies force proportional to knee angle; Plateau (Brace 
#2) which applies force proportionally and then plateaus; and 
Walking (Brace #3) which applies load proportionally after a 
flexion delay. Percent change in peak joint kinetics and forces 
were calculated by running the simulation using five randomly 
selected motion data trials from a normative database. 

RESULTS 
 
Joint forces for a representative motion data trial are shown in 
Figure 2. For the 5 subjects there was a 44-49% reduction in 
joint kinetic variables (moment, power, work) with Brace #1, 
and 25-35% reduction for Braces #2 and #3. Similarly, joint 
loads reduced by 50-64% for Brace #1, and 27-55% for Braces 
#2 and #3. All reductions were statistically significant (p<.05). 

 
Figure 2: Knee joint loads during a deep-knee bend test with 
simulated solutions for three different brace load/angle relationships. 
 
DISCUSSION / CONCLUSIONS 
 
During an activity that significantly loads the knee—the deep-
knee bend test—we predicted a significant decrease in 
tibiofemoral and patellofemoral joint loading and mechanical 
energy expenditure, for all three brace designs. Although the 
Linear brace setting performed best for this simulation, other 
simulated activities (chair rise, gait, etc.) are required to 
evaluate which brace setting works best in which activities. 
We conclude that a sagittal plane knee model can be used to 
evaluate the biomechanics of the ESR knee brace. 
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INTRODUCTION 
 

Patient reported outcome measures (PROMs) often 
greatly improve after ACL reconstruction while 
biomechanical factors remain similar between the 
deficient and reconstructed states [1]. This suggests a 
discrepancy between the two approaches and how they 
describe a patient’s knee joint function. This 
discrepancy could be due to the superficial nature of 
the chosen objective measures and that deeper, higher-
level measures obtained through musculoskeletal 
modelling could consolidate subjective and objective 
scores to a greater degree. We therefore developed a 
patient-specific MRI-based knee joint contact model 
capable of these higher-level analyses [2]. The purpose 
of this study was to apply our novel methods to 
determine if knee ligament and joint contact forces 
during a hopping task were correlated to subjective 
functional scores. 
 

METHODS  
 

Three hopping trials were captured for 12 patients pre 
(ACLd) and 10 months post-reconstruction (ACLr) 
using a Vicon system (Oxford, UK), along with ground 
reaction forces during landing (AMTI, MA, USA). 
Novel patient-specific OpenSim models based on 
participant MRI were defined, which were more 
anatomically accurate while being less susceptible to 
soft tissue artefact and ligament over-lengthening [2]. 
The computed joint coordinates were passed to patient-
specific spherical knee models to perform static 
optimization and joint reaction analysis. Knee ligament 
forces and joint contact forces were used as objective 
measures of functional ability. 
 

Subjective measures of functional ability were 
determined with PROMs including the Tegner, 
Lysholm, KOOS, KNEES, and IKDC. PROMs were 
recorded at the beginning of each session and represent 
subjective function in the ACLd and ACLr state. 
 

Paired sample T-tests through statistical parametric 
mapping tested for significant differences between the 
contact loads in the ACLd and ACLr state. Spearman 
correlation coefficients (r) tested the relationship 
between objective (ligament and contact forces) and 
subjective (PROMs) measures of function in both 
states. Statistical significance was set to p < 0.05. 
 

RESULTS 
 

There were no significant differences in the 
distraction/compression (Figure 1) or anterior/posterior 

forces throughout the movement cycle. IKDC was 
moderately correlated (r = 0.64, p = 0.025) to the peak 
compressive force in the ACLd state and correlated to 
peak posterior shear force (r = 0.66, p = 0.02) in the 
ACLr state. Tegner scores in the ACLd state were 
strongly correlated to compressive force in the ACLd 
state (r = 0.76, p = 0.007) and Tegner ACLr scores 
were also strongly correlated to peak compressive 
forces in the ACLr state (r = 0.70, p = 0.012). 

 
Figure 1: Compressive forces of ACLd (black) and ACLr 
(orange) patients during hopping movement. Time zero 
represents time of initial foot contact. 
 

DISCUSSION / CONCLUSIONS 
 

This simplified implementation of the model proposed 
in [2] has enabled us to better quantify muscle, joint 
contact and ligament forces during dynamic tasks. The 
full implementation of our novel model should provide 
an even more advanced clinical understanding of knee 
joint function. 
 

Although no significant differences were observed in 
the waveform of ligament or contact forces between 
ACLd and ACLr states, peak contact forces were 
moderately to strongly correlated with IKDC and 
Tegner activity. This supports our view that the 
discordance between subjective and objective measures 
previously reported could be due to the objective 
measures being poor indicators of knee joint function. 
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INTRODUCTION 
 
Orthopedic implants can be improved by using highly porous 
materials produced by Additive Manufacturing (AM), thanks 
to the increased fixation by bone ingrowth and the ability to 
create gradients on the mechanical properties [1 - 3]. Finite 
Element models (FE) are commonly used to assess the 
mechanical performance of such materials. However, these 
models are often idealized and do not include the irregularities 
due to the AM process. Conversely, such irregularities have 
shown to strongly affect the prediction of FE [4]. The 
objective of this work is to measure and include in FE models 
the most noticeable geometric irregularities of AM porous 
materials to assess their influence on their mechanical 
properties. 
 
METHODS  
 
Porous Ti-6Al-4V specimens were designed as the 8x8x8 
repetition of cubic unit cells with cylindrical struts of 500 µm 
in diameter and 500 µm in length, and were fabricated by 
Selective Laser Melting. The faces of each sample were 
analyzed to automatically measure the struts diameter and 
inclination angle, for a total of 336 struts per specimen.  
Four FE models per specimen were created with struts 
represented by 2 beam elements: 1) an as-designed model 
without irregularities; 2) a model including only the strut 
inclination, 3) a model including only the strut diameter 
variation and 4) a model combining both the inclination and 
diameter irregularities. Material was modeled as elastic-
plastic: E=111.2 GPa, Q=0.3, SY=1145 MPa, Kt=5.7 GPa. 
Specimens were tested in static compression and FE 
simulations were performed to replicate the experiments. 
 
RESULTS 
 
Struts in the manufacturing plane had ellipse-like cross 
sections with minor diameter )minor and major diameter )major 
(Fig.1); while out-of-plane struts (i.e., vertical) had circular 
cross-section with )minor. The strut inclinations were similar 
regardless of the strut direction. Both manufacturing 
irregularities seem to follow normal distributions. The 
simulations of the as-designed FE models over-predicted the 
apparent modulus Eap and strength SY,ap of the samples (Fig.2). 
Strut inclination variation SD mostly contributed to a reduction 
on the modulus Eap, while strut diameter variation S)  mostly 
decreased the strength SY,ap. The combination of both 
irregularities S)+ SD resulted in numerical results closest to the 
experimental data.  

 

 
 
Figure 1: Left to right, top to bottom: measurement of the strut 
diameter and inclination, diameters of vertical and horizontal struts, 
measured strut diameters, measured strut inclinations. 
 

 
 
Figure 2: Experimental and FE results for Eap and SY,ap.  
 
DISCUSSION / CONCLUSIONS 
 
Results support the need of considering the irregularities due 
to AM process in the FE models of porous materials. This can 
be done efficiently by geometric statistical analyses and beam 
FE models. 
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INTRODUCTION 
 
Reverse total shoulder arthroplasty (RSA) surgery is an 
effective treatment strategy for patients with varying shoulder 
deficiencies. The most common need for revision surgery in 
RSA is when the glenoid component becomes loose (1). 
Placing screws in regions of higher bone density will decrease 
micromotion (2). Thus, to improve the long-term success of 
this technique, optimal placement of screws placement is 
important (2). To do this, scapular morphology and bone 
quality is needed (3, 2). Unfortunately, there are few studies 
analyzing optimal screw placement based on bone density 
(3,2). 
 
Three columns of bone extend from the glenoid base 
including, the scapular spine, lateral border and base of the 
coracoid process (3). DiStefano et al. found that the areas of 
thickest cortical bone density were present in these columns 
and (3). In a previous study, variation of scapular bone density 
in cadaver specimens was analyzed (4). The question in this 
study aims to confirm scapular bone density variations within 
patients to increase the effectiveness of RSA surgery. 
 
This study aims to quantify anatomical distribution of 
trabecular bone density in regions of the scapula. It is 
hypothesized that the lateral border and spine of the scapula 
will contain denser bone than in the base of coracoid process. 
It is also thought that there will be no significant differences in 
trabecular bone density within the anatomical structures 
analyzed. 
 
METHODS  
 
Sixteen patients were CT scanned using a Lightspeed+ XCR 
16-Slice CT scanner (General Electric, Milwaukee, USA). 
 
CT scans of the scapulae were imported into Mimics 17.0 
Materialise Software (Leuven, Belgium) for segmentation and 
construction of a 3-D digital model. Segmentation was needed 
to create 3-D tessellated surface mesh models and masks of 
the scapulae containing 3-D voxel locations along with the 
relative Hounsfield Units. A previously established anatomical 
coordinate system was used to facilitate analysis across 
specimens (4). A coordinate system was used to align the 
specimen’s 3-D models and voxels by computer-assisted 
designed quadripod placement that was aligned manually on 
the supraglenoid and infraglenoid tubercles, along with the 

trigonum spinae.  Regions of interest (ROI) were selected 
based on their potential glenoid baseplate screw positioning in 
RSA. These regions include the base of coracoid inferior to the 
suprascapular notch, base of the coracoid lateral to the 
suprascapular notch, an anterior and posterior portion of the 
scapular spine, an anterosuperior portion of the lateral border 
and an inferior portion of the lateral border. These ROIs were 
determined visually on the specimen’s mesh model within 
MATLAB.  
 
DISCUSSION / CONCLUSIONS 
 
It is hypothesized that there will be denser bone within ROI. 
The results of the previous study indicated that the lateral 
border and spine of the scapula contained denser bone than in 
the base of the coracoid process.  
 
This methodological approach has many clinical applications. 
The first is an increased flexibility available to the surgeon 
when inserting variable angle screws in the spine, lateral 
border, or coracoid process. Second, when placing screws in 
the base of coracoid it is important for surgeons to carefully 
plan the trajectory since there may be a small area of thick 
cortical bone available for screw fixation in relation to the 
lateral border and spine. 
 
This study may be able to guide future research aimed at 
insertions strategies of screws along with glenoid baseplate 
design in RSA that increases the integration of scapular 
anatomy to improve the implant’s longevity. 
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INTRODUCTION 
Injury to the anterior cruciate ligament (ACL) is a common 
sports injury that results in reduced functional performance 
and significant losses in knee stability 26.  Limited research 
investigating the relationships between subjective function and 
functional performance has been conducted, despite the 
clinical potential of such knowledge.  The countermovement 
jump (CMJ) is a common functional test administered to 
assess lower limb function, and shows promise as a 
rehabilitative tool for enhanced return to sport protocol. The 
objective of this research was to investigate relationships 
between CMJ performance and subjective measures in 
populations with compromised knee joint function due to 
injury to the ACL. 
 
METHODS  
ACL deficient participants and controls completed the CMJ 
protocol.  Jump height, ground reaction forces (GRF), and 
lower limb power (Watts) were recorded using a VICON 
motion capture system.  ACL injured participants returned 10 
months post-ACL reconstructive surgery to repeat the 
protocol.  Four subjective questionnaires pertaining to knee 
joint function were administered: KOOS, IKDC, Lysholm, and 
Tegner. A mixed methods design was employed to explore the 
relationships between subjective and objective (CMJ) 
measures.  Spearman’s Rho correlation coefficients were used 
to calculate these relationships, while independent samples t-
tests and paired sample t-tests were used to assess differences 
between groups.  
 
RESULTS 
After reconstruction, subjective function improved most 
prominently in the KOOS sports and recreation (57.00±26.10 

to 74.75±18.53, p=0.029) and quality of life (40.50±12.25 to 
58.13±17.10, p=0.003), while all ACL-R subjective scores 
remained significantly lower than healthy controls (p<0.05). 
CMJ landing impulse symmetry ratios of controls matched the 
ACL-D group (0.98±0.17 and 1.03±0.28, p=0.754). After 
ACL reconstruction, impulse symmetry decreased to 
0.83±0.130, p=0.039, while unaffected limb peak VGRF 
increased significantly from 14.98±2.71N/kg to 
17.75±2.71N/kg, p=0.027. ACL-D Tegner activity scores were 
negatively correlated with VGRFs (-0.55<rs <-0.43, p<0.05). 
ACL-R KOOS subsections had strong negative correlations 
with affected-knee extension power at CMJ takeoff (-0.73<rs<-
0.68,p<0.001), and with jump height (-0.80<rs<-0.63, 
p<0.001). 
 
DISCUSSION / CONCLUSIONS 
Despite reporting significant improvements in knee function 
after reconstructive surgery, ACL participants have a decrease 
in objective functional performance such as limb asymmetry 
that may increase risk of re-injury during landing. 
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INTRODUCTION 
Impacts to the hands and wrists from forward falls result in a 
high incidence of upper extremity (UE) injuries [1]. Research 
on forward fall injury mechanisms has focused on the rigid 
tissue (bone) impact response in dissipating mechanical energy 
[2]. However, the motion of soft tissues (muscle, fat, skin) 
relative to bone also mitigates the injurious effects of impact 
through shock attenuation [3]. There are limited data in the 
literature regarding UE soft tissue motion, and most motion 
capture techniques used to assess soft tissue motion involve 
externally mounted devices that can alter tissues’ natural 
movement [4]. Therefore, the aims of this study were to: 1) 
quantify planar displacement and velocity of forearm soft 
tissues after forward fall impacts; and 2) compare the tracking 
efficacy of two massless skin marker designs on varied skin 
pigmentations using automated motion capture software. 
 
METHODS  
Two participant groups (skin pigmentation: light – 9F, 8M; dark 
– 9F, 6M) underwent simulated forward fall hand impacts onto 
two force platforms (~20° to the vertical) using a torso-release 
apparatus. Planar motion of right forearm soft tissue during 
impact was captured using a Photron SA4 high speed camera 
(Photron USA Inc., CA, USA; 5000 frames/s; 1024 x 800 
pixels2 resolution, shutter speed 0.2 ms). Two massless skin 
marker designs were tested on each participant: 1) single layer, 
uniform (SLU) design [3] (grid of uniform, 0.5 cm diameter 
black dots; 2 cm inter-marker distance); and 2) stacked, non-
uniform (SNU) design (non-uniform, ~0.5 cm diameter black 
dots overlaid on top of contrasting ~1 cm diameter white dots; 
2 cm inter-marker distance) (Figure 1). 

 
ProAnalyst® (Xcitex Inc., MA, USA) was used to track marker 
position in the proximodistal and anteroposterior axes. Mean 
peak displacement and velocity data for eight forearm regions 
across four zones (Figure 2) were calculated in a LabVIEW® 
program (LabVIEW 2016, National Instruments, TX, USA). 
Separate sets of two-way mixed ANOVAs were used (SPSS 
24.0, IBM SPSS Statistics, IBM, NY, USA) to examine if soft 
tissue kinematics differed between sexes based on forearm 
region (between-subject factor: sex (female, male); 

 
within-subject factor: forearm region (1–8)), as well as light and 
dark skin pigmentation groups depending on the skin marker 
design (between-subject factor: skin pigmentation (light, dark); 
within-subject factor: marker design (SLU, SNU)).  
 
RESULTS 
On average, soft tissue kinematics between sexes did not differ 
(p > .05). Soft tissue displacement and velocity increased from 
distal to proximal forearm regions, with notably sharp increases 
in the proximodistal axis between the 0% to 25% zones. The 
greatest displacement (region 8: 1.47 cm) and velocity (region 
7: 112.8 cm/s) occurred distally toward the wrist. The SLU and 
SNU markers produced different kinematic values (p < .05); 
however, the magnitudes, and consequently meaningfulness of 
these statistical differences for automatically tracking soft tissue 
motion, were negligible (displacement: ≤0.05 cm; velocity: 
≤2.5 cm/s).  
 
DISCUSSION / CONCLUSIONS 
This study successfully quantified forearm soft tissue motion 
following forward fall impacts using massless skin markers. 
The general lack of sex differences across soft tissue kinematics 
suggests that forearm soft tissue motion associated with forward 
fall impacts may not be driven by tissue composition, but rather, 
tissue distribution along the forearm. The results also show the 
effectiveness of two different massless marker designs that 
enable automated tracking of soft tissue motion at high frame 
rates following impact. In conclusion, further analysis of the 
relative motion of soft tissue elements within individual 
segments will help to create more biofidelic biomechanical 
models. Future work should therefore look to better understand 
the protective mechanisms of UE soft tissue both independently 
and in conjunction with other strategies for forward fall impact 
injury prevention (e.g., wrist guards, compliant safety floors). 
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Figure 1: SLU (A) and SNU (B) marker designs 

Figure 2. Schematic of the 8 forearm regions. 
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INTRODUCTION 
 
Large chest size is known to be associated with low back pain 
in women. A combination of biopsychosocial factors may play 
a role in the development and cause of low back pain for this 
population. Increased muscle activation in the erector spinae 
occurs for women with larger chest sizes [1,3].  
 
Previous work has documented the influence of muscle 
activity, specifically co-contraction, and its association with 
the development of low back pain after prolonged standing in 
healthy individuals [2]. The purpose of  this study was to 
determine if muscle co-contraction differs between small and 
large chest sized women during prolonged standing.  
 
METHODS  
 
The study group consisted of 10 university aged females 
ranging in cup size as determined by the difference in over 
breast and under breast measurements, with no previous report 
of low back pain. Electromyography of 8 bilateral channels of 
trunk and back muscles were recorded. Both EMG and pain 
measures were collected in 15 minute increments for the 
duration of a 2-hour prolonged standing protocol [2]. Back 
pain was recorded using a visual analog scale (VAS).  
 
Muscle co-contraction was calculated using a co-contraction 
index (%MVC) [2]. Two-way general linear models (breast 
size (small/large), time) for co-contraction indices of the 
bilateral erector spinae groups at T4, T9, and L3, and gluteus 
medius are reported.  One-way ANOVA tested the difference 
in pain (VAS) between the small (B/C cup) and large (D+ cup) 
groups over the time intervals. 
 
RESULTS 
 
Of the 10 participants, 9 were identified as pain developers 
during the stand (DVAS>10mm). Pain was significantly higher 
for the larger chested group across the entire protocol 
(t(7)=6.78, p<.001). It increased linearly throughout the 
protocol as displayed in Figure 1.  
 
The small chest group had significantly higher gluteus medias 
activity than the large group throughout the prolonged stand 
(CCI(%MVC)diff=233, p<.001). There was no difference in 
gluteus CCI across time for either group. At all three levels of 
the erector spinae (T4, T9 and lumbar regions) the large 
chested group had significantly higher co-contraction of the 
bilateral muscle groups (F(1,56) = 49.73, 21.65, 18.89, p<.001 
respectively).  
 

Figure 1 displays the mean CCI as % MVC (lumbar) of the 
small and large chest sized groups. There was a significant 
interaction of time by group as highlighted by the increase in 
co-activation during the 75 minute and 90 minute intervals. 
 

 
Figure 1: Co-contraction for small and large chest size groups as a 
calculated by CCI Index [2]. VAS scores for both groups as 
calculated by change in mm.  
 
DISCUSSION / CONCLUSIONS 
 
Women with larger chest size had higher bilateral co-
contraction of the erector spinae compared to smaller chested 
women throughout the 2-hour stand. The erector spinae co-
contraction may be related to higher pain recordings and larger 
chest size [3]. Conversely, smaller chested women had higher 
co-contraction of the gluteus medias, which may play a role 
into the lower reporting of pain. Both groups developed 
clinically significant pain throughout the prolonged stand, 
however, the large chested group consistently held higher 
ratings.  
 
Preliminary differences exist in the trunk and gluteus medias 
muscle activation patterns between women of varying chest 
sizes. Breast/chest size is an important anthropometric 
consideration in understanding low back pain. A greater 
understanding of these patterns and co-contraction may help to 
identify protecting or facilitating back pain mechanisms for 
women.   
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INTRODUCTION 

Osteoarthritis (OA) of the knee, one of the most common 
causes of disability and continues to increase in prevalence as 
the older adult and obese populations grow. Biomechanical 
assessment during gait, which currently can be easily acquired 
in clinical settings [1], provides objective and quantifiable 
information about knee function. This leads to opportunities 
to develop automatic objective methods of computer aided 
diagnosis and personalized care pathways. A better 
understanding of the relationships between kinematics and 
clinical evaluation would be contributive. The aim of this 
study is to analyze these correlations and assess if they are 
gender specific. 

METHODS 

IRB approval was obtained for this non-interventional study.  
143 knee osteoarthritis patients referred for orthopaedic 
arthroplasty consultation were enrolled in this study (mean 
age of 65 years old and mean BMI of 32kg/m2). All 
participants underwent a treadmill kinematic assessment 
(KneeKGTM, Emovi Inc., QC, Canada) and completed patient 
reported outcome measures (Oxford-12 Knee, PCS, Frailty 
index) as well as functional tests (Time up and Go) and 
clinical assessment. Knee kinematic parameters were 
extracted from gait patterns to assess correlation with clinical 
measures. Statistical analysis has been performed using the 
Pearson correlation coefficients between biomechanical 
features and clinical evaluation. Since gait parameters can 
differ between gender [2], the analysis has been performed for 
men and women separately.  

RESULTS 

Only significant correlations (p < 0.05) with an absolute 
correlation coefficient higher than 0.4 (|r| > 0.4) were retained. 
Figure 1 (a: males) and (b: females) show the significant cross 
correlations between kinematic features and clinical 
measures, for males and females. Kinematics shown to be 
correlated with the level of pain during specific tasks, active 
range of motion, functional test and frailty. We note that for 
the same clinical measure, kinematic parameter correlating to 
it can vary based on gender. Only kinematic parameters in the 
sagittal presented significant correlations with |r| > 0.4.  

DISCUSSION / CONCLUSIONS 

This study highlights correlations between knee kinematics 
and clinical measures relating to the patient's symptoms and 

function. Interestingly, these correlations seem to be gender 
dependent. Lack of correlation with parameters in frontal and 
transverse plane could be explained by the high inter-subject 
variability in this specific population. It would be interesting in 
future studies to explore advanced multivariate analyses to 
highlight correlations between two data matrices. Results help 
prioritize which kinematic deficiencies to address to improve 
patients’ symptoms and function. 

 
Figure 1: Correlation between kinematics and clinical 
measures. Coefficient values of linear correlations are 
symbolized by colour. *denotes correlations with p < 0.05. 

(a) Males 

 

 

 

 

 
 

 

(b) Females 
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INTRODUCTION 
 
Evidence suggests that individuals with low back pain (LBP) 
move differently than healthy subjects, and that such 
differences may contribute to the ongoing nature of their 
condition [1].  Investigating the variability of inter-joint 
coordination during movement can provide insight into the 
notion of how people in pain move.  
 
Variability is a functional part of everyday movement; however, 
deviations from the “optimal range” are associated with a state 
of pathology [2]. Too little variability may represent an 
individual’s overcompensation to pain, while too much 
variability may indicate an inability to produce a stable 
movement pattern.  Both characterizations have been reported 
in chronic LBP, but this has yet to be investigated in a functional 
task such as sit-to-stand (STS).    
 
METHODS  
 
Participants were adults with chronic LBP (n=16) and healthy 
controls (n=21). Each subject performed 10 trials of a 
standardized STS task.  An electromagnetic motion capture 
system was used, with sensors applied to T12, L3, S1 and the 
left thigh. Individual joint angles were determined by 
calculating the relative orientation of adjacent segments (i.e. 
Thigh relative to S1 defines the hip angle). Sagittal joint angles 
in the upper (T12-L3) and lower (L3-S1) lumbar spine, and the 
left hip were extracted. Data were sampled at 200Hz.  
 
Continuous relative phase (CRP) angle analysis determined 
inter-joint coordination of adjacent joint pairs: (i) Hip-L3S1, 
and (ii) L3S1-T12L3. Phase angles for each joint were 
determined using the Hilbert transform method [3], and the 
absolute difference between the two joints quantified 
coordination: the CRP. A value of 0 corresponds to perfect in-
phase synchronization, while 180 refers to out-of-phase 
behavior.  The deviation phase (DP) quantified variability of 
coordination patterns by calculating the SD of the 10 trials of 
the CRP curves.  
 
Contact surface reaction forces under the thighs and buttocks 
were recorded using a force plate, sampled at 200 Hz, to 
determine center of pressure at the support surface. These data 
were used to identify events and help deconstruct the STS into 
4 separate periods (start/up/down/end).  
 
T-tests compared coordination (mean CRP) and variability of 
the full task (DP) between groups, and a mixed ANOVA 
compared the effects of group (LBP/healthy) and period for the 
two segments (LHip-L3S1 and T12L3-L3S1). 

RESULTS 
 
Significant differences (p<0.05) between groups for 
coordination (LHip-L3S1 and T12L3-L3S1) and variability 
(LHip-L3S1) were found for the full task, showing less in-phase 
coordination and increased variability in the LBP group.  There 
was a significant main effect of period (p<0.001) on 
coordination and variability in both segments, showing 
increased variability, and less in-phase behavior at the start and 
end periods, but with no group main effect or interactions. 
 

 
Figure 1: Mean variability (deviation phase) of LHip-L3S1 inter-
joint coordination for LBP subjects (blue) and healthy controls (red).   
 
DISCUSSION / CONCLUSIONS 
 
The LBP group showed increased variability and less in-phase 
lumbo-pelvic coordination across the full STS motion. This 
suggests aberrant coordination in the spine, which could be 
related to altered spinal proprioception or a poor trunk co-
contraction strategy.  Variability was greatest at the start and 
end of the movement, and may depend on the challenge of the 
task itself, as well as other individual patient characteristics.  
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INTRODUCTION 
 
Low back disorder (LBD) reporting has been linked to the 
performance of occupational manual lifting tasks [1]. Research 
has identified lumbar spine kinematic and kinetic quantities 
during lifting task performance that elevate LBD risk [2]. Using 
these measures, lab-based lifting task assessments can assist in 
identifying individuals who may benefit from ergonomic and/or 
technique training interventions aimed at reducing LBD risk. 
But, physical characteristics of lifting tasks can vary widely, 
making it critical to understand if or how such characteristics 
affect biomechancial risk factors for lifting-related LBDs. The 
objective of this study was to compare the effects of object 
handled and handgrip used on lumbar spine motion and loading 
during lab-based occupational lifting task simulations.  
 
METHODS  
 
Eight men and eight women performed barbell- and crate-lifting 
tasks of equal mass with pronated and neutral handgrips. Handle 
height was individualized to mid-shank level and consistent 
across tasks. Lifting technique and speed were self-selected. 
Kinematics of the hands, legs, pelvis and thorax along with foot-
ground reaction kinetics were recorded and input to an 
electromyography-assisted dynamic biomechanical model to 
quantify L5/S1 forces and moments. Dependent variables were 
compared via separate two-factor repeated measures ANOVA 
with two within-participant factors (object = barbell vs. crate; 
handgrip = pronated vs. neutral).  
 
RESULTS 
 
A statistically significant object × grip interaction effect was 
found for L5/S1 compression (p=0.02). L5/S1 compression was 
238N and 264N greater when lifting a crate with a neutral grip 
and pronated grip, respectively, when compared to lifting a 
barbell with a neutral grip (p<0.01). Lifting a crate with a 
pronated or neutral grip also produced 440N and 416N greater 
L5/S1 compressive loads compared to lifting a barbell with a 
pronated grip (p<0.01). L5/S1 compression was not different 
between crate-lifting conditions (p=0.65) but did differ between 
barbell-lifting conditions (p<0.01). L5/S1 joint loading effects 
were primarily attributed to between-condition differences in 
L5/S1 joint-to-object distances (Figure 1). L5/S1 joint-to-object 

distance was 6cm shorter when lifting a barbell with a pronated 
grip compared to lifting a crate with either a neutral or pronated 
grip (p<0.01). L5/S1 joint-to-object distance was also 1cm 
shorter when lifting a barbell with a neutral grip (p=0.04) and 
2cm shorter when lifting a crate with a pronated grip (p=0.01) 
compared to lifting a crate with a neutral grip. There were no 
between-condition differences in lumbar flexion displacement 
or flexion/extension velocity (Table 1).  

 
 
Figure 1: Peak L5/S1 joint compression (top) and associated L5/S1 
joint-to-object distance (bottom). Bars labeled with a different letter 
were significantly different (p<0.05). Error bars display the SEM.  
 
DISCUSSION / CONCLUSIONS 
 
A crate- and barbell-lifting task can be used interchangeably if 
assessing lifting mechanics based on peak spine motion 
variables. If assessments are based on internal spine loading 
responses to external task demands, however, then decisions 
made would differ if a crate or a barbell was lifted.  
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Table 1: Mean (SEM) of lumbar spine kinematic dependent variables, and F statistics and p-values indicating the effects of object lifted (crate, 
barbell) and handgrip (pronated, neutral).   
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INTRODUCTION 
 
Research has shown that when an individual is exposed to 
relatively low temperatures (e.g., 10oC) hand function declines 
and, once skin temperature reaches approximately 8oC, reaches 
a critical threshold [1,2,3]. However, there is very little 
research using lower (<10oC) temperatures or addressing how 
quickly manual dexterity and tactile sensitivty are impaired by 
exposure to extremely cold water. Given that some 
occupations and activities may require people to use their 
hands to perform tasks in lower temperature environments 
(e.g., people working in North Atlantic Ocean environments 
during the colder months of the year), it is important to study 
hand function impairment following cold exposure. The 
purpose of the current study was to 1) identify a timeline for 
when the skin temperature reaches the critical threshold in 2oC 
water, and 2) determine the time it takes for significant 
reduction in manual dexterity and tactile sensation in 2oC 
water.  
 
METHODS  
 
The study was conducted in two parts. Part 1 of the study 
measured the time until hand skin temperature reached the 
identified 8oC critical threshold while immersed [2]. Part 2 
involved first identifying manual dexterity and tactile 
sensitivity baseline scores respectively using the 30 s Purdue 
Pegboard test (Lafayette Instrument Evaluation) and the 
Semmes Weinstein monofilament Touch-Test (North-Coast 
Medical). Following this, the   participants completed trials of 
30s water exposures and completed the Purdue Pegboard test 
between each exposure. After each pegboard test the hand was 
returned to the water. When the skin temperature reached the 
value at the end of the previous immersion, the 30s trial 
started. This was repeated until the skin temperature was 
below the threshold temperature of 8oC. The hand was then re-
warmed and the same procedure was repeated with the Touch-
Test performed between exposures.  
 
RESULTS 
 
The time taken for skin temperature to drop below 8oC was 
144.4s (median=135.5s, SD=49.5s). A repeated measures 
ANOVA performed on Purdue Pegboard scores showed a 

significant main effect of exposure time, (F (4, 52) = 5.54, 
MSE = 9.98, p = 0.001, Ƞp

2 = 0.30). Post-hoc paired sample t-
tests show significant differences between baseline and 90 
seconds (M= 1.57, SD = 1.91, t (14) = 3.078, p = 0.009, d = 
0.91), and baseline to 120 seconds (M= 2.21, SD= 2.33, t (14) 
=3.561, p = 0.003, d = 1.18). For tactile sensitivity, a repeated 
measures ANOVA, using the Greenhouse-Geisser correction, 
showed a significant main effect of exposure time (F (1.60, 
19.21) = 6.83, MSE = 0.08, p= 0.009, Ƞp

2 = 0.36). Paired-
sample t-tests showed significant differences between baseline 
and 90 seconds (M = -0.1, SD = 0.11, t (13) = -3.22, p = 0.007, 
d = 1.04), as well as baseline to 120 seconds (M= -0.11, SD= 
0.14, t (13) = -2.98, p = 0.01, d = 0.89). 
 
DISCUSSION / CONCLUSIONS 
 
Skin temperature reached the critical threshold in an average 
of 144.4s following 2oC water exposure. The results of both 
manual dexterity and tactile sensitivity testing showed 
significant decreases after 90s of cold water exposure. These 
results are different from past research, which showed that 
Purdue Pegboard test scores significantly decreased after 300s 
of immersion in 10oC water [1]. Past research has also shown 
that finger sensation numbness occurs following cold exposure 
but was tested using different methods [3]. The present study 
demonstrated that immersing the hand in 2oC water results in 
more rapid decreases in manual dexterity and tactile sensation. 
These results can be used for designing protocols and 
equipment for use in cold temperature environments.  
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Table 1: Manual Performance and Tactile Sensitivity Test Mean Score During Each Exposure Time. An Asterisk (*) Represents 
Trials With Statistically Significant Difference From The Baseline (0s Exposure) Trial.  
 0s Exposure 30s Exposure 60s Exposure 90s Exposure 120s Exposure 
Purdue Pegboard 
Score (pegs) 

15.65 15.05 14.65 14* 13.36* 

Touch-Test Score (g) 0.045 0.059 0.127 0.178* 0.178* 
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INTRODUCTION 

Ice hockey helmets must pass a battery of impact tests 
defined by the Canadian Standards Association, which 
requires all testing be done on the CEN EN 960, a standard 
headform first established in 1984 by the British Standard 
Institution1,2. Helmet size categories (S,M,L) are based on the 
circumference of the transverse plane of the head. These 
standards do not consider geometric variations in head shapes 
by size and gender based on anthropometric population norms. 

To pass certification, helmets are impact tested on 
surrogate headforms, which approximates the average 
headshape dimensions for a head size. Helmet design criteria, 
in part, necessitates optimal congruency of helmet’s inner liner 
to the headform’s outer surface. To what extent this fit is 
externally valid across the range of actual head shapes in a 
population for a given helmet size is unknown. This is 
important as helmet impact protection may vary depending on 
the extent a user’s head shape deviates substantially from the 
“normal” generic shape. Hence, the intent of this study was to 
quantify helmet-to-head fit across a spectrum of subjects’ head 
shapes. It is hypothesized that and that subjects’ perception 
would match geometric fit properties.    

METHODS  

Participants: 30 male ice-hockey players aged 18-60 were 
recruited. All participants have played competitive or non-
competitive hockey regularly (at least once per month during 
the hockey season within the last 2 years). 

Photogrammetry was the method used to render the helmets 
and participant heads. A series of pictures were taken around 
the subject’s head and/or helmet using a digital camera (Canon 
EOS T6i, 24.2 megapixels). These photographs were then used 
to render the objects in AutoDesk ReMake. Three scans were 
performed to align the helmet-head combinations: the head, 
the helmet, and the intermediate head wearing helmet. These 
scans were aligned using the Iterative Closest Points in 
MeshLab©. All processing and calculations were performed in 
MATLAB® (MathWorks Inc., MA, USA). 

RESULTS 

Principle Component Analysis (PCA) was utilized to describe 
the helmet-head dimensional-differences (DD) between the 
inner helmet linear and the outer head surface circumferences. 
DD ranged from positive (no contact or gapping) to negative 
(liner foam compression). Four helmet-head PC’s were 
identified that explained 84.7% of fit variance. These principle 
components (PC) corresponded to: PC1 (38.3% of the 
variance) the uniformity of the DD and the anteroposterior 
helmet shift (fig. 1a & b), PC2 (24.2%) the amount of lateral 
compression (fig 2a & b), PC3 (15.3%) the difference in 
magnitude between front and back helmet fit, and PC4 (6.9%) 
the uniformity of fit of the rear helmet and rear bosses. 

When looking at the overall DD and the comfort and fit scores 
of each helmet, there were significant differences between 
helmet models in both DD and perceptions of fit (p < 0.01). 
However, Spearman Correlation analysis found no correlation 
between subjective fit and DD.  

 
Figure 1 & 2: a) Principal component 1; eigen vector in black, 
loading vector (greatest variance in each PC) in grey, Low Z-Score in 
red, and high Z-Score in blue. b) polar coordinate of 5th and 95th 
percentile Z-scores of PC1 (1b) and PC2 (2b) respectively. 

DISCUSSION / CONCLUSIONS 

Quantifying ice hockey helmet fit is a complex problem. This 
study succeeded in estimating helmet-to-head fit and 
summarizing shape discrepancies using PCA. Several 
significant fit discrepancies between helmets were identified, 
and a poor relationship between DD and subjective fit 
preferences were observed. Future research is warranted to 
analyze the 3D geometry of the helmet-head interface, as well 
as include a female and children scan database. 
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INTRODUCTION 
Musculoskeletal complaints are common in heavy machine 
operations, affecting worker productivity, absenteeism and 
occupational health and safety [1]. Previous research has 
demonstrated that industrial machine drivers are exposed to a 
variety of unique stressors including road conditions, 
environmental temperatures, inadequate seatting, truck type 
and age, and exposure to vibration and noise [2, 3, 4]. 
Operators of industrial forestry machines are an understudied 
worker population however they are also exposed to a variety 
of musculoskeletal stressors due to prolonged sitting including 
repetitive strain injury, back and shoulder pain, and 
discomfort. The purpose of this research study was to examine 
forest machine operators in the field to examine the impact of 
prolonged sitting on musculoskeletal discomfort and pain. 
Operators of feller-bunchers (FB) and grapple-skidders (GS) 
were assessed in the field during a typical workday to evaluate 
stressors affected by sitting in a confined cab in a static 
posture for 8 – 10 hours of tree harvesting work.  
 
METHODS  
Participants were recruited from a mechanized logging 
company in Eastern Canada between the months of January 
and April. Six male forest machine operators participated in 
this study; three feller buncher (FB) operators (mean age = 42. 
3 ± 13.8 years) and three grapple skidder (GS) operators 
(mean age = 53.0 ± 4.0 years). Participants were briefed on the 
experiment in accordance with university research ethics.  The 
vehicle cab was instrumented with two pressure sensor pads 
(model X3 LX100:36.36.02, XSENSOR Technology Corp. 
UK) mounted on the seatpan and backrest to examine posture 
changes (Figure 1). A video camera (GoPro Hero 2, GoPro 
Inc., USA) was mounted in the cab to monitor the operators’ 
movements during typical operations (Figure 1). Postural 
assessment was conducted on the video using 3DMatch 
version 1 [5]. Total muscle strength was measured pre- and 
post-shift using a handgrip dynamometer (Inline, Noraxon, 
USA) and a perceived discomfort scale was administered to 
gather comfort data. Vibration values were repeatedly 
measured from the floor and the back of the seat for both 
machines (B&K Accelerometer 2513 Type 1) for comparison. 
A wellness questionnaire was administered to the operators to 
gather lifestyle and health information. This research was 
approved by the University Research Ethics Board.   
 
RESULTS 
There was no difference in handgrip strength pre- and post-
shift. Root mean square (RMS) and median power frequency 

(MPF) of the centre of pressure (CoP) for FB and GS showed 
increased posture changes and larger movements post shift. 
Postural assessment showed severe axial twist in the neck 
(27.1%) and spine (0.7%) of GS operators. GS operators also 
spent more time in mild lateral bent posture (9.3 %) and mild 
neck axial twist (47.9 %). Questionnaire data found that GS 
operators experience extreme neck and left shoulder pain at 
the end of their shift. The vibration level of the GS was higher 
than the FB (p<0.05) for both the floor and seat.  

 
Figure 1: Experimental Setup. Pressure sensor secured to the 
backrest and seatpan of the GS. Video camera view of operator from 
cameral. The sensor pads were secured similarly in the FB. 
 
DISCUSSION / CONCLUSIONS 
This research examined musculoskeletal stress in an 
understudied working population. The results suggest that GS 
operators experience more discomfort and pain than FB 
operators possibly because of the nature of GS work. This 
field study was exploratory in nature and future research is 
needed in this occupation. Improved understanding of operator 
discomfort and pain can help to advance ergonomic design of 
FB and GS machines. 
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INTRODUCTION 
 
Movement related increases in arterial blood pressure has been 
shown in horizontal arm flexion and extension as well as 
during cycling and walking [1,2,3]. These movement related 
increases  in arterial blood pressure are thought to be related to 
angular and linear accelerations of the limb. It is unknown if 
these movement related increases are seen during arm 
cranking.  
 
The purpose of this study was to test if movement related 
increases in arterial blood pressure are present during arm 
cranking. It was hypothesized that a higher cadence would 
produce an increase in mean arterial pressure (MAP) when 
controlling for covariates such as power output and heart rate.  
 
METHODS  
 
After baseline measurements and a warm up, two participants 
followed  an incremental exercise protocol (from no load to 
maximal sustained load for 3 minutes)  on an arm crank 
ergometer at a set cadence of either 45 or 90 rotations per 
minute (RPM). During the exercise protocol, continuous blood 
pressure measurement (Portapres®, Finapres, Netherlands), 
three-dimensional upper-limb kinematics (NDI Certus, 
Waterloo, ON), and heart rate were recorded. The two 
experimental conditions (45 and 90 RPM) were tested on 
separate days.  MAP, workload and heart rate where plotted 
against each other to see the relationship between the three 
variables at 45 and 90 RPM.  
 
RESULTS 
 
For both participants a higher cadence of arm cranking 
resulted in an increase in blood pressure when accounting for 
covariates like power output and heart rate. The mean increase 
in arterial pressure for participant 1 was 17.3 mmHg, and for 
participant 2: 29.86 mmHg.  
 
 
 
 

   
 
Figure 1: A participant mean arterial pressure as power output 
increases for both 45 and 90 RPM   
 

 
 
Figure 2: A participants MAP as heart rate increases at during 45 and 
90 RPM.  
 
DISCUSSION / CONCLUSIONS 
The current data shows that there is an increase in MAP when 
there is an increase in cadence. With more results an 
ANCOVA can be performed to prove that an increase in MAP 
is seen with an increase in cadence while controlling for heart 
rate and power output.  
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INTRODUCTION 
 
Healthy aging has been associated with basic changes in the 
amplitude and frequency of the electromyogram (EMG) during 
movement of the upper extremity [1,2], which could increase 
vulnerability to the development of a musculoskeletal disorder 
(MSD). EMG variability and functional connectivity are 
additional characteristics that may be associated with fatigue 
and injury mechanisms in young men and women [3]. However, 
it is not fully understood if healthy aging affects EMG 
variability and functional connectivity during upper extremity 
motion tasks. 
 
METHODS  
 
Groups of young (N = 19, 11 females, age range = 20-30 y) and 
older adults (N = 13, 9 females, age range = 63-82 y) were 
recruited from the local community, and were free of diagnosed 
MSDs of the neck and upper limb. EMG sensors were 
positioned on the upper trapezius (UT), middle trapezius (MT), 
and lower trapezius (LT) of the participant’s dominant side. 
Reference contractions of each muscle were then collected. 
 
The experiment consisted of a drinking-like arm task and a low 
force repetitive task. For the drinking-like arm task, participants 
reached, grasped, and lifted a 0.5 kg cylinder, placed 40 cm 
from the front edge of the table, at a self-selected speed. Data 
from five trials were collected. For the low force repetitive task, 
participants performed seated repetitive tapping at 2 Hz 
between two targets, placed at 30% and 100% of functional 
reach distance. Perceived exertion of the neck/shoulder region 
was monitored each minute using the Borg CR-10 Scale, until 
a score greater than or equal to 8 was reached, or participants 
reached a task duration of 45 min. Afterwards, participants 
completed the drinking-like arm task again. 
 
EMG data from the drinking-like arm task were partitioned into 
the reach and lift phases. The between-trial coefficient of 
variation (CV) of the root-mean-square amplitude was extracted 
from each muscle and phase. Also, the within-trial normalized 
mutual information (NMI), a nonlinear measure of functional 
connectivity between a pair of muscles, was calculated for all 
muscle pairs. Time (first bout, last bout) x Age (young, older) 
ANOVAs were conducted on all EMG CV and NMI variables. 
 
RESULTS 
 
No significant main or interaction effects were observed for 
data recorded during the reach phase. However, a significant 

Time x Age effect was found on LT CV (p = .023; Figure 1) 
during lift, where LT CV increased over time only for young 
adults. Also, significant age effects identified higher UT CV (p 
= .015) and lower UT-MT NMI (p = .009) for young adults than 
for older adults during lift. 
 

 
 
Figure 1: Lower trapezius coefficient of variation (LT CV) for the 
young and older groups during the first bout (blue) and second bout 
(orange) of the drinking-like lift phase. 
 
DISCUSSION / CONCLUSIONS 
 
Results suggest that age lowers EMG variability and raises 
functional connectivity of the trapezius when lifting a drink. 
Age differences could be due to fewer motor units innervating 
a proportionally larger number of muscle fibers. Since only 
young adults increased their EMG variability following 
repetitive neck/shoulder work, the neuromuscular activation of 
older adults may be less adaptable, leading to greater fatigue, 
and could thus be an age-related mechanism for developing a 
neck/shoulder MSD.  
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INTRODUCTION 
Paramedics are exposed to high physical demands at work 
including lifting, lowering and loading stretchers and scoop 
boards with the mass of a patient [1]. High physical demands 
contribute to paramedics having the highest prevalence of 
musculoskeletal disorders (MSD) by sector [2]. Paramedic 
work has been identified as physically demanding but, limited 
evidence is available describing the resultant biomechanical 
exposures on the low back during the performance of these 
demanding tasks. Low back biomechanical exposures, 
including high peak low back moment and non-neutral sagittal 
trunk angle, are associated with increased risk of MSDs [3]. 
Investigation of biomechanical exposures in demanding 
paramedic tasks can inform where intervention is needed to 
mitigate injury risk. This project identifies which stretcher and 
scoop board tasks have the highest biomechanical exposures 
measured by peak low back moment and sagittal trunk angle.    
 
METHODS  
Twenty employed paramedics (7♀, 13♂; Age 37.15±6.79; 
Height 1.70±0.08 m; Weight 82.29±13.72 kg; Years of 
experience 12.70±7.37) participated in the study. Participants 
performed 3 repetitions of scoop board lifting, stretcher lifting, 
stretcher loading and stretcher lowering at both head and foot 
ends of the equipment. Stretcher tasks were completed with a 
Ferno 35x stretcher (Ferno, Wilmington, OH) and a Ferno 
EXL Scoop Stretcher (Ferno, Wilmington, OH) were used for 
scoop board tasks. A 75 kg, 1.85 m manikin was the load in all 
exertions which is representative of an average patient weight 
lifted by paramedics [1]. 
 
Whole body kinematics (Qualisys, Gothenburg, Sweden) and 
ground reaction forces (Bertec, Columbus, OH) were sampled 
at 60 Hz for all trials. Kinematic and force data were filtered 
using a zero-lag low pass Butterworth filter with an effective 
cut-off frequency of 4.4 Hz. Visual 3D™ software (C-Motion 
Inc., Germantown, USA) was used to calculate peak sagittal 
trunk angles and low back moments. Low back moments were 
normalized to participant mass prior to statistical analysis.  
 
One way repeated measures ANOVA (α<0.05) with pairwise 
comparison post hoc tests were used to test for differences in 
peak low back moments and sagittal trunk angles across 
stretcher and scoop board tasks.  
 
RESULTS 
Scoop board lifting at the head end had the highest resultant 
normalized low back moments, (Figure 1) and scoop board 
lifting at either end had the highest peak sagittal trunk angles 
(Figure 2) compared to stretcher lifting and loading tasks.  

 
Figure 1: Peak low back moment normalized to participant mass 
across stretcher and scoop board tasks. 
 

 
Figure 2: Peak sagittal trunk angle across stretcher and scoop board 
tasks. 
 
DISCUSSION / CONCLUSIONS 
Results of this study indicate that scoop board lifting exposes 
paramedics to the greatest biomechanical exposure on the low 
back. Although the combined absolute mass of the stretcher 
and manikin is greater than that of the scoop board and 
manikin (i.e., lifting a stretcher and patient is heavier than 
lifting a scoop board and patient), the proximity of the load to 
the ground requires greater peak moment generation to lift the 
scoop board. These findings support that future research 
should be directed at developing interventions to mitigate 
biomechanical exposure to the low back in scoop board lifting.  
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INTRODUCTION 
 
Lumbar supports increase lordosis [1] and can reduce 
discomfort [2] compared to non-supportive seating when 
driving. Despite these benefits during prolonged driving 
exposures [1,2], it is possible that altered seat back stiffness, 
pressure distribution, and seat geometry together with design 
features (e.g., bilateral seat trim) may affect the interaction 
between the seat and occupant during a rear-impact collision 
and alter injury potential. Therefore, the purpose of this 
investigation was to examine if and/or how the seat-occupant 
interface (i.e., force characteristics) changes as a function of 
lumbar support presence during a simulated rear impact motor 
vehicle collision. 
 
METHODS  
 
To date, a sample of four participants (2 males, 2 females) 
have each completed two 8 km/h laboratory-simulated rear 
impact collisions during separate test sessions. Randomized 
collisions were completed with lumbar support (4 cm 
horizontal shell deflection with apex at the L4 spinal level) and 
without the support applied in a Honda CRV seat, which also 
has 10 cm bilateral trim. Seat back pressure data was sampled 
at 500 Hz from a ferroresistive pressure sensor (3150, Tekscan 
Inc., Boston, MA, 36.8 cm x 43.5 cm), which has 2288 
sensing elements at a spatial resolution of 1.4 sensels per cm2. 
Total pressure was computed by summing the calibrated 
output from each sensel. Total reaction force was calculated 
by multiplying the pressure outputs by the sensel area (7.02 × 
10-5 m2). Peak of the total reaction force-time history was then 
used to identify the moment of impact and seat-occupant 
contact area was manually determined at the identified frame. 
The masking approach employed was a conservative method 
used to eliminate noise due to mat crinkling and/or bending 
and permitted a local analysis of regions where seat reaction 
forces were concentrated. Mean differences in total force and 
contact area were assessed across support types (within-
subject) and sex (between-subject) using a general linear 
model.  
 
RESULTS 
 
Typical pressure recordings at the time of impact are shown in 
Figure 1. The total force magnitude was, on average, 
equivalent to individual body weight when impacted with both 
lumbar support types (p = 0.86). That is, the magnitude of 
shear force applied to the spine system during both collisions 
was approximately 765 N and 608 N for men and women 
respectively. However, the average area over which the total 
(masked) force was applied to the occupant’s low-back was 

approximately 220 cm2 and 340 cm2 greater without lumbar 
support for men and women respectively (p < 0.04). 
 

 
 
Figure 1: Seat back pressure sensor at the moment of impact during 
a rear end collision with and without the application of lumbar 
support.  
 
DISCUSSION / CONCLUSIONS 
 
Our preliminary findings suggest that lumbar supports in 
automobile seats likely alter the distribution of seatback forces 
during low-speed rear end collisions. Considering the 
observed differences in contact area without a change in force 
magnitude, a measure of stress (force/area) may be a more 
accurate description of the traumatic force and localized 
responses when investigating injury potential resulting from a 
rear impact collision. Although the addition of lumbar support 
creates a more focal loading environment, it remains unclear 
how the reaction force is partitioned across multiple spinal 
levels. Given the more focal force distribution, however, it is 
possible that each lumbar spine segment is subjected to greater 
anterior shear force magnitudes with lumbar support compared 
to without lumbar support where an equivalent force 
magnitude is distributed across a larger spinal region.  
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INTRODUCTION 
 

Registered nurses and nursing aides experience the highest 

injury rates of any occupation [1] due to frequent performance 

of patient handling activities. These tasks, including patient 

turning, put caregivers at an increased risk for musculoskeletal 

disorder (MSD) hazards. The most common sites for MSD-

related injuries are the lower back and shoulder areas [2], 

which can be aggravated during the pushing, pulling, and 

lifting required to turn a large or heavy patient. One strategy to 

reduce these MSD-related risks is to perform patient handling 

activities in pairs. However, due to technical limitations, 

biomechanical analyses have not been performed on both 

caregivers simultaneously while turning a patient. The primary 

objective of this study was to observe how caregivers perform 

partnered patient turns and to quantify the resulting shoulder 

and lower back outcomes at the instant of peak hand force. 

 
METHODS  
 

Twenty-five participants with patient handling experience 

participated in this study. In pairs, participants performed a 

manual patient turn on a hospital bed surface. Participants 

were randomized into either the turn away (pushing) or turn 

toward (pulling) role, and each caregiver performed 3 turns in 

each role. Participants turned a standardized, live patient 

(weight = 82kg; height = 1.85m).  

 

Whole-body motion data for both participants were collected 

using a 12-camera Vicon (Vicon, Oxford, UK) motion capture 

system at 60 Hz. Peak hand forces for each role were 

measured using a Chatillon Force Measurement (Ametek®, 

Largo, FL) system. Acceleration data from a Delsys TrignoTM 

IM sensor (Delsys, Natick, MA) on the patient’s sternum was 

collected at 2160 Hz and used to determine the instant of turn 

initiation, corresponding to the instant of peak hand force. 

 

All motion capture data were processed in Vicon Nexus 2.6.1 

(Vicon, Oxford, UK) and analysed in Visual3D (v6.01.03, C-

Motion, Germantown, Maryland). The accelerometer data 

were processed and filtered in MATLAB (MathWorks, Natick, 

MA). Using a top-down modeling approach, peak hand forces 

were used to calculate net shoulder joint moments, and via a 

single muscle equivalent model, bone-on-bone forces 

(compression and shear) at the L4/L5 spine for each caregiver. 

A one-way ANOVA (SPSS Version 24.0, IBM Corporations, 

Armonk, NY) was used to detect differences in outcome 

measures as a function of caregiver role. The significance 

level was set at p < 0.05.  

 
RESULTS 
 
The peak hand force in the turn away role was 204 N and for 

the turn toward role was 62 N. Both left and right sagittal 

plane shoulder moments, as well as lower back shear forces, 

were influenced by caregiver role, while lower back 

compression forces were not (Table 1).  

 

DISCUSSION / CONCLUSIONS 
 

Caregivers endured different biomechanical exposures during 

the patient turn, dictated by differences in hand force 

requirements and body postures. Turn away caregivers 

experienced greater shoulder moments, as this role exerted 

greater hand forces and initiated the turn from a flexed 

shoulder position, increasing the moment arm. Conversely, 

turn toward caregivers experienced higher L4/L5 shear forces, 

as this role required forward torso flexion to pull the patient 

over. However, all compression and shear values were well 

below threshold limits [3,4] for both caregivers. It is necessary 

to study both caregivers performing a patient turn to 

understand how partnered patient handling may decrease MSD 

hazards and create a safer work environment for all nurses.   

 
REFERENCES 
 
[1] Gomaa AE et al. (2014). Health Care Vol 64; p. 405-410.  

[2] Davis KG and Kotowski SE (2015). Human Factors Vol 

57; p. 754-792.  

[3] McGill SM et al. (1998). 30th annual conference on the 

Human Factors Association of Canada, p. 157-161. 

[4] Waters TR et al. (1993). Ergonomics Vol 36; p. 749-776. 

 

FUNDING 
 
Not funded. 

 
Table 1: Turn away and turn toward caregiver role shoulder and lower back outcomes. 

Caregiver 

Role 

Left Sagittal Plane 

Shoulder Moment (Nm) 

Right Sagittal Plane 

Shoulder Moment (Nm) 

Lower Back 

Compression Force (N) 

Lower Back Antero-

Posterior Shear Forces (N) 

Mean SD Mean SD Mean SD Mean SD 

Turn away 24.3 5.95 27.0 6.48 1160.6 836.5 136.8 66.0 

Turn toward 0.839 2.82 1.64 3.12 1769.4 555.2 130.7 58.2 

Sig. Role p < 0.001 * p < 0.001 * p = 0.741 p = 0.003 * 

Effect Size 
 = 0.839  = 0.832  = 0.002  = 0.171 

An asterisks (*) indicates a significant effect of caregiver role (p < 0.05). 
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INTRODUCTION  
 
Neck flexion is a common posture for those using computers, 

tablets, and cell phones [1]. Coincidentally, flexion is a 

significant mechanical risk factor for the development of 

chronic neck pain [2]. Unfortunately, there have been limited 

endeavors to quantify the intervertebral joint loads throughout 

the cervical spine in flexion. 

 

METHODS  
 
Eight healthy male subjects performed five trials beginning in a 

neutral posture, flexion to 45 degrees, and return to a neutral 

posture. 3D head-trunk angles and surface electromyography 

from 10 neck muscles (5 bilaterally) were used as inputs into an 

EMG-driven inverse dynamic cervical spine model based on a 

50th percentile male anthropometry to compute the compression 

and anteroposterior (AP) shear forces for these tasks. 

 

RESULTS  
 
In a neutral posture, compression increased progressing 

caudally in the cervical spine, but leveled off at the C5-C6 level 

(Fig 1). In contrast there was a roughly constant 18 N of 

posterior shear across the 8 joints (Fig 2). In flexion, both 

compression and shear increased remarkably. Shear was most 

strongly influenced by flexion in the most cranial joints of the 

cervical spine whereas compression was generally twofold 

higher in flexion. 

 

  
Figure 1: Joint compression predicted from the model 

throughout the cervical spine with and without 45 degrees of 

cervical flexion. 

 

 

 
 
Figure 2: Joint shear (negative is posterior) throughout the 
cervical column with and without 45 degrees of flexion. 
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CONCLUSIONS  
 
The dramatic change in joint kinetics provides some mechanical 

evidence for the role of posture in the development of chronic 

neck pain and baseline values to serve as future benchmarks. 

Although the values reported for both compression and shear do 

not exceed what will experimentally fail a cervical functional 

spinal unit [3], taken cumulatively can substantially increase the 

exposure. Future investigations should aim to determine what 

levels of cumulative exposure is either injurious to the cervical 

spine or leads to the development of chronic neck pain. Results 

from this study can inform the development of better design 

guidelines for computer monitor workstations and industrial 

assembly tasks. 
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INTRODUCTION 
 
International standards organizations require hockey helmets 
to be impact tested while mounted to a surrogate headform 
(HF), with anthropometrics of a 50th percentile male [1]. 
However, human head shapes are not identical, nor are there 
consistent guidelines for fitting a hockey helmet to the average 
user. Head shape and helmet fit matter in helmet safety: the 
contact area between a HF has been identified as a critical 
determinant of protection afforded by a helmet [2]. 
 
The objective of this study was to compare quantitative 
measures of hockey helmet fit between an adult male sample 
and three 50th percentile male HFs. 
 
METHODS  
 
3D models of male subjects’ heads (n=42), HFs (NOCSAE, 
Hybrid III, CEN EN960), and the medium hockey helmet were 
created using a 3D acquisition protocol called 
photogrammetry. Human subjects (HS) in this study were 
adult males who wore the medium sized hockey helmet. The 
helmet model permitted anterior-posterior telescopic 
adjustment; 3D models of all seven available adjustment 
increments were created. Photogrammetry is a technique that 
constructs 3D models from a series of overlapping images. 
Digital images were taken of the subject/HF and the 
subject/HF wearing the helmet at multiple angles and heights. 
AutoDesk® ReCap™ (AutoDesk Inc., CA, USA) was used to 
render the pictures into 3D models. MeshLab (open source 
program) was used to align the helmets to the heads. Head 
anthropometrics were taken using a 30cm caliper (Lafayette 
Instrument Company, IN, USA) and a tape measure.  
 
To assess fit, MATLAB® (MathWorks Inc., MA, USA) was 
used to calculate dimensional differences (DD), defined as the 
differences between the radial distances of the helmet’s 
interior liner and the head’s surface. DD were calculated about 
a helmet-referenced transverse plane of the aligned head-
helmet models. Principal Component Analysis (PCA) was 
performed on the DD values to determine the largest 
components of fit. Principal Component (PC) scores were 
ranked for the two greatest PCs (i.e. PC1 and PC2); HF PC 
scores were ranked relative to the HS PC scores. Independent 
samples t-tests were run to compare the anthropometrics and 
mean DD of each of the HFs to the mean of the HS. 
 
RESULTS 
 
PC1 represents medial-lateral helmet warping, and PC2 
represents gapping/compression at the rear aspect of the head-

helmet interface. These PCs represent 65% of total variability. 
Relative to the PC scores of the HS, the PC scores of the 
NOCSAE, Hybrid III, and CEN EN960 HFs were in the 83rd, 
81st, and 52nd percentiles respectively; for PC2, the HF scores 
were in the100th, 98th, and 100th percentiles, respectively. The 
average DD value of each HF were significantly greater than 
the mean DD of the HS (p<0.01). The HFs were also 
significantly less than the mean of the HS in circumference, 
length, and width (p<0.001).  
 
DISCUSSION / CONCLUSIONS 
 
The average DD of each HF were positive (helmet gapping), 
whereas the mean HS DD was negative (foam compression) 
(Figure 1). The PC1 scores of the NOCSAE and Hybrid III 
HFs indicate less medial-lateral foam compression and shell 
warping, while the CEN EN960 was near the mean. Each HF 
had an extreme high PC2 score, indicating less anterior-
posterior warping, corresponding with the gapping at the front 
and back of the HF-helmet interface seen in Figure 1. These 
findings suggest headforms are a poor surrogate for helmet fit, 
which may have further implications on the validity of impact 
responses recorded by the headforms. 
 

 
 
Figure 1: Polar coordinates of dimensional differences of each HF 
and the mean of the HS, with standard deviation of the HS shaded in 
grey. 
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INTRODUCTION 
Sit-stand desks have gained popularity in the workplace. 
Although standing is touted as an active alternative to sitting, a 
range of health concerns—including low back pain (LBP)—
remain unresolved in workers who stand for prolonged periods 
instead of sitting. In sitting, the pelvis slopes backward, 
introducing a kyphosis to the lumbar spine that loads the 
posterior tissues. Standing presents the opposite problem, where 
the lumbar spine can be too extended, leading to stress 
concentrations on the posterior vertebral elements (i.e., facet 
joints). Interestingly, radiographic [1] and magnetic imaging 
[2,3] studies have suggested that a trunk-thigh angle of 135°, 
achieved between sitting (90°) and standing (180°), may 
provide a potential position of equilibrium for the muscles 
crossing the hip joint. Accordingly, chair manufacturers have 
developed sitting solutions aimed at supporting users in 
postures that approach this open, 135° trunk-thigh angle. The 
work presented herein consolidates data from three studies 
aimed at understanding the biomechanical response of 
individuals when transitioning, while supported by different 
seat configurations, from sitting up toward standing. The goal 
was to highlight biomechanical parameters and equilibrium 
constraints that are important to consider when designing office 
chairs that adequately support individuals in open trunk-thigh 
postures. 
 
METHODS 
The first study involved 24 participants (mean age = 25.0 ± 2.2 
years) transitioning in 5° trunk-thigh angle increments from 
conventional sitting (hips and knees at 90°) up to a trunk-thigh 
angle of 135°. Participants were supported at each increment by 
a flat, rigid surface under their buttocks and thighs. The second 
study involved 16 participants (mean age = 25.0 ± 2.2 years) 
performing a similar transition to study 1, but on a contoured 
prototype chair with higher friction and a lumbar support pad. 
The third study involved 24 participants (mean age = 25.0 ± 2.2 
years) simulating different working postures in three different 
office chairs with varying backrest heights. 
 
Mean values were computed for the following measures for 
each posture: foot-floor support forces (studies 1,2), angular 
kinematics of the lumbar spine and pelvis (studies 1,2,3), chair-
user interface pressures (study 2), muscle activities of the leg 
extensors (study 1), lumbar extensors (studies 1,3) and neck 
flexors (study 3), and discomfort ratings (studies 1,2,3). 
Relevant measures were compared across trunk-thigh angles 
(studies 1,2), backrest heights (study 3) and between seat 
support types (study 2 and 3) using a mixed-model ANOVA 
with α=0.05. 
 
 

RESULTS 
As chair height increased through larger trunk-thigh angles 
(study 1), participants’ weight shifted from the seat pan to the 
feet. This meant the knee extensors had to activate (>12% 
maximum) to help apply sufficient resistive forces at the floor 
that would keep the buttocks from sliding forward out of the 
seat. These forces, expressed as the Euclidean norm or resultant 
of the vertical and shear components (Fig. 1), were significantly 
reduced (p < 0.001) in study 2 with the contoured seat. While 
this led to a reduction in muscle demand, it also meant that the 
responsibility of supporting the body weight was reallocated to 
the seat pan, introducing increased pressures on the thighs. 
Lumbar spine angles did not improve with more open trunk-
thigh angles in either study 1 (flat) or study 2 (prototype), but 
were overall less flexed in the contoured chair (p = 0.020). 
Likely due to the increased physiologic costs of sustained leg 
muscle activity and greater thigh pressures, individuals reported 
that postures closer to conventional sitting (hips at ~ 90°) were 
most desirable. 

 
Figure 1: Comparison of flat (study 1: left) and prototype (study 2: 
right) seating. Reaction forces at the feet are lower for the prototype 
seat as it provides a pocket that cradles the buttocks and thighs. 
 
DISCUSSION AND CONCLUSIONS 
There are important trade-offs to consider when designing 
chairs that accommodate open trunk-thigh angles. Several 
measures (i.e., thigh pressure, foot support forces, pelvic tilt) 
deviated from sitting (hip at 90°) at trunk-thigh angles of 115-
120°. Beyond these angles, the buttocks were no longer 
supported, causing significant weight to be supported by 
actively engaged legs and increased pressure concentrations 
under the thighs. Solutions might explore posteriorly translating 
the user’s centre of mass at greater trunk-thigh angles by 
allowing more backrest recline (which has shown minimal 
effect on neck and upper back muscle demands (study 3)). 
Changes to seat contour, depth, and length of thigh support 
could also help redistribute support demands and reduce 
potentially harmful pressures on the soft tissues of the thighs.  
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INTRODUCTION 
Prolonged occupational sitting exposures are linked to an 
increased risk of acute low back pain reporting [1,2].  In 2011, 
up to 40% of Canadian workers employed in occupations 
involving prolonged sitting were over the age of 55 years [3].  
There are known age-related changes to lumbar intervertebral 
discs, including anterior wedging [4], but it is unclear how this 
affects the loss of lumbar lordosis that occurs during sitting 
[5].  The aim of the current investigation was to quantify age 
and sex related differences in discomfort development and 
lumbar postures during a prolonged sitting exposure. 
 
METHODS  
A total of 17 mature (63.7 ± 3.9 years) and 17 young (23.8 ± 
5.0 years) participants were screened for body mass index 
(BMI) equal to or under 30kg/m2, waist circumference (under 
88cm and 102cm for males and females respectively), 
moderate levels (300-6000 MET-min/week) of physical 
activity [6] and matched according to standing height within 
sex across age.  Participants were asked to sit continuously for 
90 minutes while completing a transcribing task on a desktop 
computer.  The locations of marker clusters affixed to the skin 
surface above the first lumbar vertebrae and sacrum were 
continuously sampled at 50Hz using an Optoelectronic motion 
capture system (Northern Digital Inc., Waterloo, Canada).  
Lumbar inclination angles relative to the pelvis about the 
mediolateral axis during the seated exposures are reported 
relative to standing.  Maximum standing range of motion 
(ROM) about the mediolateral axis prior to sitting exposure is 
also reported.  Baseline removed discomfort in the neck, left 
and right shoulders, upper back, middle back, low back, 
pelvis, sacrum, left and right buttocks and left and right thighs 
was assessed at 15 minute intervals. 
 
RESULTS 
Younger adults sat in an average (standard deviation) -28.6 
(11.3) degrees of flexion compared to -9.2 (7.1) in older adults 
(p<.0001).  There was no effect of time or sex on sitting 
postures.  Younger adults achieved more than 10 degrees 
greater maximum ROM compared to older adults, with 
average values of 66.4 (13.0) degrees and 55.6 (16.0) 
respectively (p=0.0398).  There were different patterns of 
discomfort development over time across age in the middle 
back (p=0.0022) and right shoulder (p=0.0086) (Figure 1).  In 
both body locations, there was no increase in reported 
discomfort over 90 minutes among younger participants 
(p>0.9741).  However, older participant reported higher right 
shoulder discomfort after 60, 75 and 90 minutes compared to 
values reported in the first 15 minutes (p<0.0158).  Similarly, 
older adults reported higher middle back discomfort after 75 
and 90 minutes of exposure (p<0.0060). 

 

 
 
Figure 1: Differences in discomfort development over time, across 
age in the (A) Right shoulder and (B) Middle back regions (* 
indicates differences over time; ǂ indicates differences between age) 
 
DISCUSSION AND CONCLUSIONS 
This is the first study to provide evidence of postural 
differences and discomfort development across age during 
sitting.  Older adults had a reduced maximum ROM compared 
to younger adults and sat in less flexion.  These differences 
may be related to increased low back stiffness in older adults 
reported previously [7].  The results of this study provide 
insight into age-specific responses to prolonged sitting and 
guidance for the development of novel standing or walking 
break paradigms aimed at the prevention of occupational low 
back pain related to prolonged sitting exposures 
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INTRODUCTION 
 
Large amounts of spine flexion are seen in “slumped” sitting 
postures which could contribute to low back pain and injury 
[1]. Clinical observations have suggested that limited 
hamstring flexibility may be associated with sagittal spinal 
curvatures in spine flexed postures [2]. The purpose of this 
study was to determine if individuals with decreased 
hamstring flexibility sit with more slumped (flexed) sitting 
postures in an office chair. 
 
METHODS  
 
41 females (age 18-69) with no previous history of low back 
disorders were recruited from the local population.  At the start 
of the study participants completed the Global Physical 
Activity Questionnaire (GPAQ) and then were instrumented 
with 2 tri-axial accelerometers (ADXL335, Analog Devices, 
Norwood, MA, USA), fixed to the skin over the spinous 
processes of the first lumbar vertebrae (L1) and second sacral 
vertebrae (S2) in the +y down orientation.  Postural calibration 
trials for the accelerometers consisted of 5, 5s posture trials: 
upright standing, maximum flexion, maximum extension and 
maximum flexion seated.  Hamstring flexibility was then 
measured in three, 3 s trials consisting of the sit and reach test 
(SR) synced with accelerometer data collected at 256 Hz 
(Optotrack Data Acquisition Unit, NDI, Waterloo, ON, 
Canada). Participants then completed a 10-minute sitting trial 
on a backless office chair at an adjustable computer 
workstation.  Participants were divided into 3 groups based on 
their SR score [3]: poor, good, and excellent. Accelerometer 
data were processed with custom written code (Matlab r2017, 
The Mathworks, Nattick, MA, USA) calculating spine and 
pelvic angles during the sitting trial. The calculated variables 
and anthropometric data were compared between flexibility 
groups with a one-way ANOVA (SPSS, IBM Corporation, 
Armonk, NY, USA). Level of significance was set at p≤0.05.  
 
RESULTS 
 
There was no significant difference in seated lumbar spine 
angles (p=0.999) and seated pelvic angles (p=0.901) between 
the 3 flexibility groups.  Individuals in the highest flexibility 
group were significantly shorter than the other groups 
(p=0.032) but no differences in weight (p=0.182) and age 
(p=0.241) were observed. A non-significant trend was 
observed that suggests individuals with poor and good 
flexibility perform the SR predominantly by flexing their spine 
while individuals with excellent flexibility flex through both 
their spine and pelvis. 
 

 

 
Figure 1: Non-significant relationship between hamstring flexibility 
measured by the SR test and pelvic and lumbar angles during a 10 
minutes sitting trial. 
 

 
Table 1: Contribution of lumbar flexion and pelvic tilt on the SR 
score. 
 
DISCUSSION / CONCLUSIONS 
 
Hamstring flexibility, as measured by the SR test, does not 
influence sitting posture when sitting in an office chair. 
However, since our population included more flexible 
individuals than poor, we may have missed an effect on seated 
posture at that end of the spectrum. Secondary findings (Table 
1) demonstrate that there are different ways to reach during the 
SR test. We found that all individuals flexed with their low 
back during the SR test, however, only those with excellent 
flexibility engaged both the pelvis and lumbar spine. Finally, 
the significance found between height and flexibility 
associates shorter individuals with higher SR values. Previous 
literature has found that anthropometrics have no effect on SR 
values [4], thus, these findings may be a result of our chosen 
population. Future work will investigate low flexibility 
individuals; perhaps this is the end of the spectrum where 
seated posture constraint comes into play. 
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INTRODUCTION 
 

Massage therapists (MTs) have high rates of wrist and thumb 

pain [1]. Approximately 40% of MTs reported working 20-40 

hours per week [2] and most are fee for service model where 

time away from work means decreased income. These high 

hours of exposure puts MTs at greater risk for injuries and the 

financial pressure of being self-employed may lead to them 

working through injury and pain.  

Since increased range of motion (ROM) can lead to increased 

susceptibility to injury [3], the purpose of this study was to 

measure ROM in student MTs wrists and thumbs to determine 

whether there were differences between hands. We 

hypothesized that MTs would favour one hand and therefore we 

would observe unilateral increased ROM in the thumb and wrist 

joints.   

 

METHODS  
 
Nineteen massage therapy students in the final semester of their 

three-year program volunteered to participate in the protocol 

approved by the institutional REB. Participants were eligible for 

inclusion if they were in their last semester of study in the 

massage therapy program at Humber College and were 

excluded if they had any current injuries of the hand. A single, 

trained rater used manual goniometry to measure bilateral 

extension and flexion in the interphalangeal (IP) and 

metacarpophalangeal (MP) joints of the thumb as well as radial 

and ulnar deviation using passive ROM procedures. 

Researchers led the participants through passive ROM in order 

to obtain the greatest possible movement without pain. 

Dominant hand, sex and semester of study were taken at the 

time of collection. Paired sample T-tests were used to analyze 

the difference between dominant and non-dominant hands in 

each joint. All statistical procedures were analysed using 

SPSS™ (IBM, Santa Ana, CA, USA) to determine statistical 

significance.  

 

RESULTS 
 
Results showed statistically significant greater ROM of 

extension of the IP joint in the right hand compared to the left.  

All other joints in their respective ROMs showed no 

statistically significant differences in ROM. Mean extension of 

the IP and MP joints in right and left hands were greater than 

the population mean. Mean flexion of the IP and MP joints in 

the right and left hand were less than the population mean. For 

means of all joint ROM please refer to the table in figure 1.   

 

Joint Left ROM Right ROM 
IP Flexion 71 70 

IP Extension  25 27 

MP Flexion 53 54 

MP Extension 20 23 

Radial Deviation 17 17 

Ulnar Deviation 27 29 

Figure 1: Mean ROM in all Joints  

 
DISCUSSION / CONCLUSIONS 
 

We did not analyse with dominant hand because we did not 

know if MTs necessarily favour dominant hand. There was only 

one left hand dominant participant which left comparisons 

between left and right handed MTs irrelevant. We were also 

unsure of the techniques students are taught on right versus left 

hand procedures.  

We compared the joints of the thumb to population norms and 

discovered overall greater ROM in extension and less in flexion. 

The thumb is often placed in greater extension when improper 

massage technique is used but the smaller degree of flexion is 

less clear.  

Further research is needed to understand the different roles of 

each hand during massage as well as information on the change 

of ROM throughout the careers of MTs.  
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INTRODUCTION 
 
Modern industrial work uses upper body exertions to reduce the 
high mechanical load and low back injury risk associated with 
traditional material handling tasks. Modern occupational risks 
are different from those 20-30 years ago, and over half of 
modern work strategies involve upper body pushing, pulling, 
and reaching [1]. Lateral reaches can induce twisted back 
postures associated with low back disorders [2] and maximum 
or high velocity twisting movements increase risk [3]. Twisted 
postures can be limited through workstation interventions, but 
current design guidelines tend to focus on upper body 
anthropometry and shoulder posture rather than lumbar spine 
posture. The magnitude of lumbar spine twist associated with 
lateral reaching tasks is currently unknown and an evidence-
based injury model needs to be developed. The purpose of this 
study was to quantify lumbar spine axial twist during simulated 
occupational tasks across a range of forward and lateral reach 
distances, task heights, and exertion directions. 
 
METHODS  
 
Twenty-four (12 M; 12 F) participants performed single-handed 
exertions against an interface fixed to a load cell (MSA-6, 
AMTI, USA) attached to a robotic control arm (Motoman 
HP50, Yaskawa, USA). Eleven right-hand target locations 
corresponded to current ergonomic forward and lateral reach 
guidelines at three reach distances with reach angles ranging 
from directly forward to directly lateral. Exertions were 
performed at each target in all combinations of three exertion 
directions (forward push, upward exertion, downward exertion) 
and two heights (standing acromion and olecranon heights). For 
each trial, participants held a 40 N exertion for 3-seconds. 
Participant thoracopelvic and right upper limb motion were 
recorded using an optical motion capture system (Vicon MX, 
USA) at 50 Hz for 1-second during this static hold. Foot 
placement was constrained within a shoulder width area and 
with toes pointed anteriorly. Thoracopelvic (lumbar) twist and 
flexion-extension angles and pelvic twist angles were compared 
across conditions using a mixed GLM (RStudio 1.0.136) with 
sex, reach distance, reach angle, reach height, and exertion 
direction as factors (α = .05). 
 
RESULTS 
 
Lumbar twist angle was -7.3 ± 1.7° (18% ROM; to the 
contralateral side) for forward reaches, and twist increased with 
reach angle to a maximum of 14.7 ± 1.3° (36% ROM) collapsed 
across heights and exertion directions. Maximum twist was 
similar between reach distances, and was greatest for push 
exertions at targets over 30° from midline (p<.0001) (Figure 1). 

 

 
Figure 1: Lumbar axial twist angle by exertion direction across reach
angle collapsed across sex and height. Positive values represent twist 
to the right. 
 
Lumbar flexion was similar across all targets (2.6 ± 1.3° across 
all measures), but was greater at elbow height (5.0 ± 1.4°) 
targets than shoulder height (0.3 ± 1.1°) targets (p<.0001). 
Pelvic twist decreased with reach distance from the closest (4.2 
to furthest (0.8 ± 2.2°) reach distances. Twist angle increased 
from a contralateral twist (-4.6 ± 1.7°) at directly forward targets 
to a maximum of 9.7 ± 2.1° at lateral targets. 
 
DISCUSSION / CONCLUSIONS 
 
Lumbar twist was impacted by target locations and by hand 
force direction. Participants used a contralateral twist strategy 
similar to previous standing applications for straight forward 
hand locations. This indicates that participants may favour 
lumbar twist over shoulder flexion, as this contralateral twist 
would reduce the effective reach distance for these hand targets. 
The most lateral hand targets beyond 60° from midline required 
nearly 40% of lumbar twist range of motion, which exceeds the 
25% predicted threshold for elevated cumulative injury risk [4]. 
These findings suggest that future ergonomics guidelines 
should assess reaching and exertion tasks at hand target 
locations beyond 60° from the midline of the body and consider 
them as non-optimal zones. 
 
REFERENCES 
 
[1] Baril-Gingras et al. (1995). Ergonomics 38: 905-925. 
[2] Marras et al. (1995). Ergonomics 38: 377-410. 
[3] Punnett et al (1991). J Work Environ Health 17: 337-346. 
[4] McKinnon & Callaghan (in revision). Ultrasound in 
Medicine and Biology 
 
FUNDING 
 
Funding for this research was provided by NSERC.

-15

-10

-5

0

5

10

15

20

25

0 20 40 60 80 100

Lu
m

ba
r T

w
is

t A
ng

le
 (°

)

Reach Angle (°, from midline)

Down Push Up

Scott Landry
P091



ASSESSING THE EFFECTS OF HEAD SUPPORTED MASS CONFIGURATION ON MOVEMENT TIME 
DURING A RAPID RECIPROCAL VISUAL SCANNING TASK  

 
Laura Healey1, Brynna Yap1, Aaron Derouin2, Steven Fischer1 

1Department of Kinesiology, University of Waterloo, Waterloo, Canada 
2School of Kinesiology and Health Studies, Queen’s University, Kingston, Canada 

Email: lahealey@uwaterloo.ca  
 

INTRODUCTION 
 
In 2014 80% of the Royal Canadian Air Force Griffon 
Helicopter aircrew reported chronic neck pain, and 78 aircrew 
were grounded due to neck injury [1]. While the exact 
mechanism of injury is likely multifactorial, headborne mass 
(i.e. a helmet, night vision goggles (NVGs), and a 
counterweight (CW)), is thought to be a leading contributor. 
This additional equipment affects the distribution of mass, 
increasing force and torque on the neck. This, in turn, affects 
the dynamic characteristics of the head and neck system during 
rapid head movements as required to navigate a helicopter [2,3]. 
Understanding and quantifying the effect of added mass on 
performance (movement time) is critical to inform safe design 
parameters for military helmets that maximize performance, but 
minimize risk. Of particular interest to designers is the CW 
system, as this mass strictly serves the purpose to balance the 
head, and therefore can be easily altered and distributed along 
the posterior aspect of the head. Therefore, the objective of this 
study was to determine how changes in CW configuration affect 
neck performance.  
 
METHODS  
 
Ten university aged participants (six male, four female) were 
recruited. Participants were excluded if they had any history of 
chronic or acute neck pain, concussions, or vertigo.  
Instrumentation: An Ops-Core Skull Mounting System was 
modified to allow for mass to be re-distribution across the 
posterior of the cap. The cap was also instrumented with a laser 
pointer directed in the center of the participant’s field of vision, 
where participants rapidly and reciprocally moved their head 
such that the laser move between one of two pairs of 30mm 
round targets. Target pairs were oriented along the medial-
lateral plane requiring head movements about the yaw axis, and 
along the anterior-posterior plane requiring movements about 
the pitch axis. Each set of targets was 2.21m apart and separated 
by an arc of 70q from the participant.  
Protocol:  Participants were asked to sit in a standardized seat 
and rapidly and repeatedly acquire targets in the yaw or pitch 
plane for 20s, akin to a scanning task completed by a pilot. 
Condition one replicated the normal configuration when 
wearing only NVGs. Condition two replicated the configuration 
inclusive of NVGs and a standard CW (single point mass). The 
next four conditions were randomized and consisted of NVGs 
and different configurations of a CW. The CW mass was 
bisected and was either dispersed in the yaw or pitch axis, either 
6cm or 12cm apart.   
Analysis: The number of targets acquired during each trial was 
used to calculate movement time (number of targets acquired / 

20s). To determine the effect of each configuration of CW on 
each participant’s movement time a repeated measures 
ANOVA was completed. 
 
RESULTS 
 
A main effect of condition on movement time was detected for 
yaw movements (F = 6.209 (5,45) = 6.209, p>0.01 K2 = 0.408). 
Pairwise comparisons found a significant difference (p<0.01) 
between the NVG and NVG & CW for yaw movements.  

 
Figure 1: Average movement time in the pitch and yaw directions for 
each condition. *Indicates significance between conditions in the yaw 
direction 
 
DISCUSSION / CONCLUSIONS 
 
Our results suggest that while adding a CW increases the mass 
on the head, its balancing effects may result in improved 
performance. These results are useful for informing product 
design as it does not appear that the configuration of the CW 
affects performance, giving designers multiple options for CW 
configuration. It is still unknown what affect distributing the 
CW may have on neck function (i.e. muscle activity), which 
may have implications for fatigue and injury.  
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INTRODUCTION 
 
Operators of heavy mobile vehicles are exposed to whole-
body-vibration (WBV). Negative health of excessive vibration 
exposure include  lower-back pain, spinal degeneration, 
gastro-intestinal tract problems, sleep problems, headaches, 
neck problems [1]. Seating can amplify or attenuate vibration 
exposures, and must be matched with the vibration 
characteristics [2]. The purpose of this study was to evaluate 
whether retrofitting bucket trucks with high end suspension 
seats reduces whole-body vibration exposures. 
 
METHODS  
 
Two International Durastar bucket trucks (2012 & 2014 model 
years) were tested with their existing seats, and subsequently 
with new high end suspension seats. The vibration exposure 
was evaluated using a standardized route on city streets 
involving 35-39 minutes of driving, depending on the traffic 
conditions. It contained sections with varying surface quality 
representing the typical driving exposures for these vehicles. 
 
Whole-body vibration exposure measurements were conducted 
according to ISO 2631-1 standards [3]. Seatpan acceleration 
data were collected using 5th generation iPod Touch devices. 
A novel APP (WBV 1.0, ByteWorks, New Mexico, USA) 
collected and frequency-weighted the acceleration data with a 
sampling frequency of approximately 90 Hz. Measurements 
were made at the seat-operator interface.  
 
Vibration analysis was conducted according to ISO-2631-1 
and carried out with LabVIEW software (version 2010, 
National Instruments, Austin Texas). The health risk 
assessment was based on the frequency-weighted root-mean-
square accelerations calculated using the appropriate 

frequency weighting and scaling factors for health effects. The 
axis with the highest frequency-weighted r.m.s. acceleration 
value was compared to the ISO-2631-1 health guidance 
caution zone (HGCZ) limits. The daily whole-body vibration 
exposure was standardized to an eight-hour reference period, 
A(8), based on 5.5 hours of active driving (at the vibration 
levels recorded from driving the test route).  
 
RESULTS 
 
All vibration exposures were within the HGCZ, but were 
reduced with the new seats compared to the original seats. 
Vibration exposures were less for the driver than passenger. 
 
DISCUSSION / CONCLUSIONS 
 
Retrofitting seats can reduce whole-body vibration exposure, 
consistent with previous research. The WBV app operating on 
iPod devices can be used to effectively measure whole-body 
vibration. 
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Table 1: Vibration exposure for the driver and passenger for two bucket trucks with their original and new seats. 

VEHICLE NUMBER duration 
(min) 

RMS 
Ax 

RMS 
Ay 

RMS 
Az 

RMS 
max axis 

A(8)-
5.5 hr 

hours to 
upper limit 

HGCZ 

1- Driver - original seat 35.1 0.193 0.267 0.716 Z 0.59 12.6 

1- Driver - new seat 39.3 0.241 0.266 0.603 Z 0.5 17.8 

1- Passenger - new seat 39.3 0.194 0.271 0.712 Z 0.59 12.8 

2 - Driver - original seat 34.9 0.383 0.359 0.754 Z 0.63 11.4 

2 - Passenger - original seat 34.9 0.225 0.363 0.828 Z 0.69 9.5 

2 - Driver  - new seat 36.1 0.189 0.282 0.624 Z 0.52 16.6 

2 - Passenger  - new seat 36.1 0.170 0.306 0.696 Z 0.58 13.4 
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INTRODUCTION 
 
Due to the unpredictable and non-modifiable nature of many 
emergency response situations, the injury risk imposed on 
paramedics is difficult to attenuate solely via ergonomic 
solutions. Thus, movement (re)training interventions may be 
necessary to supplement these approaches [1]. Unfortunately, 
most movement (re)training interventions have been shown to 
be ineffective, perhaps because they have relied on standard 
didactic approaches to facilitate learning [2]. If these 
interventions incorporated fundamental principles of 
biomechanics and motor learning, their effectiveness may be 
improved. The purpose of this in-progress study is to compare 
the short- and long-term effects of two different movement 
(re)training interventions – standard didactic (DID) and 
augmented feedback (AUG) – on general and paramedic-
specific lifting techniques in untrained participants. 
 
METHODS  
 
Twenty-four men and women aged 19-29 years-old without 
resistance training, safe lifting program participation, or 
paramedic-work experience are currently being recruited. 
Participants are being randomly assigned to DID or AUG 
intervention groups. All participants begin by completing 
baseline lifting tasks involving a 6kg box, 8.7kg medication 
bag, and 82kg backboard with a dummy (lifted with a 
researcher). Next, they engage in their assigned intervention 
led by a blinded research assistant. In the AUG intervention, 
participants perform five blocks of 10 box lifts while being 
coached to adopt a hip-hinge pattern using a combination of 
tactile position-control guidance and verbal augmented 
feedback. In the DID intervention, participants listen to a live 
presentation on safe lifting guidelines and perform five blocks 
of 10 box lifts without additional instruction or feedback. The 
baseline lifting tasks are performed a second and third time, 
immediately after and one-week (± one day) following the 
intervention. Spine kinematics during the lifting tasks are 
being quantified using an optoelectronic motion capture 
system (Qualisys AB, Bohuslän, Sweden). Peak spine flexion 
angles and peak flexion/extension velocities will be compared 
using repeated-measures ANOVAs. 
 
RESULTS 
 
Preliminary analyses based on seven completed datasets 
suggest that the DID and AUG interventions are capable of 
eliciting immediate reductions in peak spine flexion angles 
during the performance of all three lifting tasks (Figure 1). 
DID intervention participants are showing smaller reductions 

than those in the AUG group immediately after and one-week 
post-intervention, except in the bag lifting task.  

 

 
Figure 1: The reduction in peak spine flexion angles observed in the 
lifting tasks acutely (A) and one-week (B) after the AUG and DID 
interventions. The error bars indicate the standard error. This is 
preliminary data from seven participants (n=3 in AUG; n=4 in DID). 
 
DISCUSSION / CONCLUSIONS 
 
Preliminary results suggest that DID and AUG interventions 
can elicit acute changes in lifting techniques, both in rehearsed 
and unrehearsed lifting tasks. With the exception of backboard 
lifting, the changes remained in both intervention groups for at 
least one week following the intervention, however, to a lesser 
extent in the DID intervention group. 
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INTRODUCTION 
 
Lifting height and weight are important determinants of low 
back loading [1] and have been used in physical exposure 
assessment tools [2,3]. Physical exposure assessment could 
potentially benefit from automated identification of lifting 
characteristics such as height and weight [4]. To recognize 
lifting height and weight, wearable sensors in combination 
with machine learning techniques were explored. A model 
with generic and targeted feature extraction is compared. 
Generic features are predominantly used in physical activity 
classification for their flexibility, while targeted features are 
specifically adapted to each task to characterize posture or 
movement [5]. Since targeted features are based on a priori 
knowledge of lifting strategy, this model is hypothesized to 
contain a better representation of the differences in lifting 
strategy imposed by different constraints (i.e. height and 
weigh of the load) compared to generic features. 
 
METHODS 
  
Twenty-two healthy students aged 18-26 years with less than 
six months of manual material handling experience performed 
lifts with three different start and end heights (i.e. floor, 
knuckle, shoulder) and with at least two different weights (4.5 
kg and 75% of maximal lifting weight) in a standardized 
lifting task while whole body kinematics were recorded. 
Position data of six segment clusters on the forearm, upper 
arm, thorax, pelvis, thigh and shank (right side) were averaged 
to obtain one representative marker per segment and 
subsequently double differentiated to obtain acceleration of a 
“virtual accelerometer”. Eleven different generic time and 
frequency domain features (i.e. mean, median, median 
frequency, spectral energy etc.) were determined from each 
segment cluster (in each three-dimensional axis along with the 
vector norm) which resulted in a total of 264 features. 
Targeted features were based on the original position data of 
the representative marker(s) of specific segment(s) and 
consisted of distance to the load, trunk inclination, knee angle, 
and velocity of the load (velocity in each axis along with the 
vector norm) which resulted in a total of 7 features. To avoid 
effects of different numbers of features only 7 generic features 
were selected by using the best individual feature selection 
method [6]. The resulting generic feature set and targeted 
feature set were each used in combination with leave-one-
subject-out cross-validation to train and test the same type of 
classifier (linear support vector machine) on classification of 
different start height, end height and weights. Classification 
performance was assessed by comparing classification 
accuracy, specificity and sensitivity between the generic and 
targeted feature extraction models. 

RESULTS 
 
The classification results are shown in Table 1. The majority 
of the outcome measures showed a performance of 80% or 
greater, which is assumed to indicate good performance. The 
targeted model performed better on the classification of 
different end heights, while the generic model performed 
better on classification of different weight of the lifts. The 
classification of different start heights showed better 
performance only in the targeted model compared to the 
generic model based on its specificity, whereas both models 
showed similar accuracy and sensitivity. 
 
Table 1: Accuracy, specificity and sensitivity of two height and one 
weight comparison for both the generic and targeted feature 
extraction model. Note that all outcome measures are on a scale from 
0 to 100%, with a higher percentage indicating better performance. If 
the models resulted in different outcomes, the highest number was 
made bold. 

 Classification Generic (%) Targeted (%) 
Accuracy D start height 87 87 
 D end height 73 94 
 D weight 82 53 
Specificity D start height 86 89 
 D end height 88 93 
 D weight 86 52 
Sensitivity D start height 86 86 
 D end height 53 94 
 D weight 77 52 

 
DISCUSSION / CONCLUSIONS 
 
The hypothesis of better classification performance of the 
targeted feature extraction model is only confirmed when 
considering different end heights, although the models 
performed equally well when considering start height. 
Therefore, the targeted features used in this study contain a 
better representation of differences in lifting strategy imposed 
by the height of the lifting task. Future research should explore 
why classification performance is lower when using targeted 
feature extraction to detect changes based on weight. 
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[6]Jain, A.K. et al. (2000). IEEE Trans. Pattern Anal. Mach. 
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INTRODUCTION 
 

A functional abilities assessment (FAA) uses a series of 

performance metrics to determine if an injured worker is able 

to return to work. Recent studies have established FAA 

normative profiles for shoulder, elbow, and wrist joint 

kinematics to inform clinical decisions [1]. However, there is 

limited guidance for the hand, even though dexterity is 

frequently tested in a FAA. Furthermore, this “evidence-

based” approach is contenious; Kuijer et al. [2] found FAA 

metics only accounted for 15% of the variance in successful 

return to work. In addition, clinical opinions vary on the use of 

normative values in FAA [3]. 

 

The goal of this study was to establish normative joint 

kinematics for hand FAA, and to determine the relation (if 

any) between kinematic and performance outcomes. 
 
METHODS  
 

Twelve healthy right hand dominant participants performed a 

series of FAA tests as well as five activities of daily living 

(ADLs) involving grasp and manipulation. Standard tests 

included grip strength, wrist and finger joint range of motion, 

and the Purdue Pegboard (standard and assembly tasks). ADLs 

included (i) buttoning a shirt, (ii) drinking from a cup, (iii) 

eating with a spoon, (iv) putting on a wrist watch, and (v) 

texting on a phone, each repeated three times. 

 

Wrist and finger joint kinematics were collected with the 

CyberGlove III (CyberGlove Systems LLC, San Jose CA) at a 

sample rate of 50 Hz. A digital trigger time stamped the 

beginning of each cycle for the tasks. Kinematics were 

smoothed with a Butterworth filter (CO = 6 Hz). Cycles were 

cut and time normalized (100% of cycle time). The cycles for 

each task were ensemble averaged to establish normative 

profiles. Cycle times for the Purdue Pegboard were also 

calculated as a performance metric. Pegboard cycles were 

grouped into quartiles by cycle times, further enabling 

kinematic comparison based on performance. 

 
RESULTS 
 
For the 30-second standard task of the Purdue Pegboard, 

participants completed a mean of 15.2 (SD 1.4) pins, 

representing a time of 1.94 (0.17) s/pin. Wrist extension was 

relatively constant, ranging from 5.9° (3.9°) to 12.6° (7.2°). 

Conversely, metacarpophalangeal (MCP) and interphalangeal 

(IP) joint flexion angles of the thumb and index finger varied 

throughout the cycle, and with pegboard performance. 

Specifically, MCP and IP joint angles co-varied negatively for 

participants in the higher quartile with the fastest cycle times, 

demonstrating kinematic coupling. In contrast, MCP versus IP 

joint angle excursions were smaller for participants in the 

lower quartile, and had a less discernible pattern (Figure 1). 
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Figure 1: Index finger proximal interphalangeal (PIP) versus 

metacarpophalangeal (MCP) joint angle excursions in the fastest 

(higher quartile) and slowest (lower quartile) pegboard cycles. 

 
DISCUSSION AND CONCLUSION 
 

We observed kinematic interaction involving reciprocal finger 

joint angles in participants with faster pegboard cycle times, 

demonstrating a relationship between postural control and 

performance. We also successfully identified joint coupling 

for several activities of daily living, including positive co-

variation of MCP and IP finger joints during buttoning a shirt, 

drinking from a cup, and eating with a spoon. While further 

research is still needed to determine the efficacy of normative 

profiles, our results represent a first step by identifying joint 

coordination strategies during grasp as well as demonstrating a 

relationship between joint kinematics and performance. 

Ultimately, establishing normative profiles may be best 

utilized to plan and monitor rehabilitation following injury. 
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INTRODUCTION 
 

Muscle fatigue leads to alterations of whole-body movement 

patterns in daily/occupational tasks. However, the system’s 
ability to organize itself to respond to fatigue is poorly 

understood [1]. The effects of fatiguing different joints on 

overall movement characteristics have rarely been studied, and 

this could help better understand the hierarchy of motor control.   

 
METHODS  
 

Thirteen healthy adults (5 F, 8 M; age = 23.3±2.36 years; height 
= 175.7±7.5cm; body mass = 66.2±9.6kg) participated in the 
study.  All were right-handed and none self-reported any neuro-
musculoskeletal or cardiovascular impairments. 
 

 
Figure 1: Fatiguing tasks for the study, A) Trunk extension for TF, 

B) Shoulder elevation for SF, and C) Elbow extension for EF 

 

Participants performed a series of fatiguing tasks, preceded and 

followed by a standing repetitive pointing task (RPT). Three 

locations of fatigue were used: trunk-fatigue (TF), shoulder-

fatigue (SF), and elbow-fatigue (EF).  For each, the participant 

was asked to support static forces until she/he self-reported a 

Borg CR-10 scale [2] rating of 10/10 for the fatigued joint (Fig. 

1). For the RPT, the participant performed 25 whole-arm 

forward and backward repetitive movements [3] while having 

their motion tracked with a six-camera VICON MX3 motion 

capture system (Oxford Metrics Ltd., Oxford, UK).  The arm 

was maintained at shoulder height with the elbow elevated to 

maintain a planar movement. The reaches were made between 

two targets placed at 30% and 100% arm length, and timed with 

a metronome. To minimize any carryover of fatigue, the order 

of fatigue tasks was counterbalanced for participants, a 30-

minute recovery time was allowed between tasks, and the Borg 

rating was required to return to initial levels before continuing.   

 

Kinematic data from the RPTs were processed in Visual3D (C-

Motion, MD, US) and MATLAB (Mathworks Inc., MA, US), 

and peak angular acceleration and deceleration was measured 

for each forward reach. Only the middle 20 reaches were 

evaluated to avoid errant reaches at the start and end of the RPT. 

 

Statistical analysis was performed using Generalized 

Estimating Equations in SPSS (IBM Corp., NY, USA).  Main 

effects of gender and trial type were evaluated while accounting 

for reach number.  Significance was set at p<0.05. Significant 

main effects were evaluated with pairwise comparisons. 
 
RESULTS 
 
Main effects of fatigue type were shown for peak shoulder 

acceleration (p<0.001), peak shoulder deceleration (p<0.001), 

and peak elbow deceleration (p<0.001).  A main effect was not 

shown for peak elbow acceleration (p=0.441).   

 

Pairwise comparison of the acceleration and deceleration values 

showed differences between several of the fatigue trial types 

and the baseline non-fatigued trials. For the TF trials, no 

differences were shown in the peak acceleration or deceleration 

measures of the shoulder or elbow relative to the non-fatigued 

trials. In SF, peak acceleration values of the shoulder and elbow 

showed no differences to the non-fatigued trials.  However, an 

increase was seen in magnitude of peak deceleration for both 

joints in comparison to the non-fatigued trials (shoulder, 

p<0.001; elbow, p=0.016). In EF, lower peak accelerations were 

seen in the shoulder (p=0.022) while no difference was seen in 

the elbow peak accelerations relative to the non-fatigued trials. 

The EF peak decelerations for the shoulder were not different 

from non-fatigue, but were higher for the elbow (p<0.001). 
 
DISCUSSION / CONCLUSIONS 
 

The results show several insights into the control and adaptation 

of multi-joint movement to fatigue. First, peak angular 

accelerations and decelerations of the shoulder and elbow did 

not seem to be affected by this TF for this this RPT.  Second, 

SF and EF were both associated with an increase in the peak 

deceleration at the elbow, indicating a greater emphasis on 

“catching” the motion at the end of the reach.  Third, the lower 
peak acceleration at the shoulder during EF may be a function 

of protecting the fatigued elbow by reducing the loads induced 

from the shoulder. 
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INTRODUCTION 
 
Due to the increased popularity of stand-based occupational 
work stations, which are being promoted for reducing 
occupational sitting [1], there is a growing need to understand 
the impact of ergonomic aids, such as standing mats, in this 
field. In particular, while standing mats have been studied in 
relation to musculoskeletal discomfort and pain [1,2], there 
have been no studies exploring the effects of their use on 
metabolism and caloric expenditure. The purpose of this study 
was to examine the biomechanical and metabolic responses to 
the use of an air-spring standing platform, and to compare 
perceptions of discomfort over a two-hour standing period. It 
was hypothesized that the standing platform would moderately 
increase metabolic expenditure, increase centre of pressure 
movements, and reduce musculoskeletal discomfort. 
 
METHODS  
 
Sixteen participants visited the lab on two separate occasions, 
performing a 2-hour standing simulated-work session, once 
with and once without a standing mat (Santa Cruz Wurf 
Board, Jump Sport Inc.). Visual analog discomfort scores 
(VAS) and force plate centre of pressure (COP) measurements 
were taken every fifteen minutes, and metabolic data were 
recorded at the start, midpoint, and end of the standing 
sessions. 
 
RESULTS 
 
COP variables demonstrated higher values, indicating more 
movement, on the control compared to standing mat day. 
However, only RMS velocity in the medial-lateral direction 
was statistically significant (p=0.02) (Table 1). Further, there 
was no difference in caloric expenditure between the two 
sessions (Table 2). VAS scores showed no clear benefit of the 
standing mat on low back or lower limb discomfort. 
 

Table 1: Mean (SEM) values for each centre of pressure 
variable and p-value for the comparison between control and 
standing mat days. * indicates p < 0.05. 

  
DISCUSSION / CONCLUSIONS 
 
The short-term introduction of an air-spring standing mat 
during simulated work tasks appears to have no clear benefits 
on energy expenditure, biomechanical center of pressure 
variables, or for alleviating musculoskeletal discomfort. 
Whether longer term exposure to this type of mat has 
differential effects remains to be addressed. 
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Table 2: Mean (SEM) values for each metabolic variable and p-value for the comparison between control and 
standing mat days. 

 

 Control Standing Mat p-value 
CoP AP range (m) 0.103 (0.01) 0.083 (0.006) 0.10 

CoP ML range (m) 0.216 (0.02) 0.173 (0.01) 0.06 

CoP AP RMS (m) 0.016 (0.002) 0.013 (0.001) 0.10 

CoP ML RMS (m) 0.036 (0.004) 0.027 (0.003) 0.09 

AP velocity range 
(m/s) 

0.494 (0.06) 0.402 (0.05) 0.22 

ML velocity range 
(m/s) 

0.902 (0.08) 0.788 (0.09) 0.35 

AP velocity RMS 
(m/s) 

0.025 (0.002) 0.021 (0.001) 0.06 

ML velocity RMS 
(m/s) 

0.046 (0.004) 0.034 (0.003) 0.02* 

Cumulative path 
length (m) 

5.39 (0.4) 4.48 (0.4) 0.11 

 Control Standing Mat p-value 
VO2 (ml/min) 339.1 (15.1) 350.7 (15.8) 0.59 
VO2 ( ml/kg/min) 4.8 (0.2) 5.1 (0.2) 0.30 
Eem (kcal/min) 1.6 (0.1) 1.7 (0.1) 0.45 
Eekg (kcal/kg/day) 33.3 (1.6) 35.4 (1.5) 0.36 
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INTRODUCTION 
 
Hockey players often lack hip mobility which is partly 
attributed to excessive time spent in a flexed position during 
competition. Increased range-of-motion (ROM) allows 
muscles to be stretched further and therefore be less 
susceptible to injury. Foam rolling (FR) interventions have 
predominantly been performed by young healthy populations 
[1,2] where increases in hip ROM are evident, without 
impairing performance [3]. It is unclear whether such FR 
benefits occur in athletes with chronic hip tightness. Further, 
many athletes perform pre-game warm ups sessions up to an 
hour prior to competition, therefore warranting investigation 
into the retention of its effects. The purpose of this study was 
to determine if FR improves acute passive hip flexion (HF) in 
amateur ice hockey players up to an hour post-FR. 
 
METHODS  
 
Sixteen amateur hockey players (8 women) had passive HF 
measured by the same investigator at baseline and 
immediately post, 10, 30 and 60 minutes post-FR in the supine 
position using a straight leg raise method. Measurement was 
executed digitally by the Coach’s Eye® application 
(TechSmith©, MI, USA) on an iPad (Apple Canada Inc., ON, 
CAN). Participants warmed up for 5 minutes on a cycle 
ergometer then performed 2 sets of 1-minute bouts of FR 
using a multi-rigid roller on both anterior and posterior aspects 
of the dominant thigh with 30 seconds of rest separating sets. 
A one-way repeated measures ANOVA was performed with 
Bonferroni post-hoc testing to detect any differences between 
time points. 
 
 
RESULTS 
 
Overall, the group experienced increases in passive HF post-
FR in comparison to baseline measures (p<.001). Further, an 
average increase of 6.25° was seen 1-hour post-intervention 
(p=.018). Men and women showed no difference in passive 
HF across the time points (p>.05). Post-FR measurement 
points were not significantly different (p>.05). 
 
 

 
 
Figure 1: Average passive hip flexion (°) in 16 amateur ice hockey 
players pre, and immediately post, 10, 30 and 60 minutes post foam 
rolling the anterior and posterior thigh. (* indicates significant 
difference from baseline, p<.05) 
 
DISCUSSION / CONCLUSIONS 
 
Our current data shows increases in passive hip flexion in 
comparison to baseline measures at multiple time points up to 
1 hour after FR (2 × 1 minute on both anterior and posterior 
portions of the thigh) in amateur ice hockey players. This FR 
protocol appears to be a beneficial addition to warm up 
routines when it is desirable to maintain increased hip flexion 
for up to an hour, as is often the case prior to competition.  
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INTRODUCTION 
 
A whole-practice modality for a single-leg squat (SLS) is 
practicing a task in its entirety, without practicing individual 
components, such as the split squat. Progressive-part practice is 
practicing SLS components, increasing in difficulty, as practice 
tasks progress towards SLS’s. Furthermore, specific practice 
modalities, such as whole practice, have been more effective for 
learning depending on the complexity of the movement [1]. 
Therefore, the purpose of this study was to assess which of two 
different practice methods was most effective in improving the 
kinematics of a single-leg squat (SLS). It was hypothesized that 
part-practice will be more effective for learning a SLS than 
whole-practice. 
 
METHODS  
 
Twelve healthy young adults (20.7 ± 0.9 years, 6 M) were 
screened for lower body injuries or medical conditions that 
would prevent them from completing the study. Participants 
completed the Waterloo Footedness Questionnaire, and the 
PAR-Q medical questionnaire. [2]. Participants were randomly 
delegated into each the whole- or part-practice groups (3M in 
each), and unaware of the other group. All protocols were 
approved by the University of New Brunswick ethics 
committee. 

Electromagnetic sensors were placed bilaterally on the dorsum 
of the foot, anterior-mid leg, anterior mid-thigh, T5/S1, and 
T12/L1 and data were sampled at 240 Hz (Polhemus Liberty, 
Polhemus, Vermont, USA). Following baseline (PRE), a 5-
week practice protocol began. WP and PP practiced with the 
primary investigator. WP practiced SLS for the duration of the 
study; PP practiced bilateral squats before progressing to split 
squat, rear-foot elevated split squat, then to SLS for the final 
two weeks. Both groups also performed two unsupervised 
practice sessions weekly. Following the practice protocol 
(POST), SLS performance data were recollected. Participants 
also completed a retention test (RET) two weeks POST. 
Dominant and non-dominant limbs were assessed separately. 
 
Variables of interest included bilateral hip, knee, and ankle 
flexion, hip abduction, adduction, as well as, lumbar spine 
flexion, extension, and lateral flexion. A mixed-model two-
factor ANOVA was used to compare joint kinematics between 
time points and groups. Significant effects were analyzed with 
Bonferroni adjusted t-tests. The significance level was set at 
a=0.05. 
 
 

RESULTS 
 
The mixed-model two-factor revealed a significant group-by-
session interaction for the left lower-limb for peak knee angle 
(F(2,22) =4.20, p=0.03). Post-hoc testing showed WP had a 
higher peak knee angle at POST time point, suggesting that 
learning occurred due to the practice modality but was not 
retained.  

 
Figure 1: WP and PP left knee angles at time points PRE, 
POST, and RET. Error bars represent standard deviation.  
The asterisk indicates a statistically significant difference 
between the indicated pair. 
 
DISCUSSION / CONCLUSIONS 
 
WP seemed to show some advantages for learning the SLS 
compared to PP. WP showed significantly more knee flexion 
than PP on the left leg at the post-time point, which may be due 
to the predominantly right-foot dominant cohort. Statistical 
significance showed improved learning at POST only, 
indicating that SLS refinements were not retained. All 
participants were inexperienced in SLS; however, participants 
came from various athletic backgrounds, which may have been 
a confounding factor due to pre-existing baseline abilities.  
Future studies should consider larger, non-athletic populations 
so that differences between practice conditions may be more 
pronounced. 
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INTRODUCTION 
 
The only forces contributing to propulsion in cycling are those 
directed perpendicular to the crank and, therefore, it has been 
suggested that cyclists should adjust their pedalling technique 
accordingly. However, it has also been shown that this is 
difficult, and that cyclists often produce substanial forces 
tangential to the crank [1]. Results from previous research 
suggest that, despite the indisputable theoretical mechanical 
advantages, consciously controlling the direction of an 
external force will likely affect the contribution of the 
asscociated muscles, as well as the magnitude of the resultant 
force [2,3]. The purpose of this study was to investigate the 
relationship between these two variables, by measuring the 
pedal force magnitudes and directions as well as the amplitude 
of muscle activation in cyclists slowly increasing pedal forces 
from zero to maximal effort under two conditions – exerting 
pedal forces as they would do during normal cycling, vs 
directing them perpendicular to the crank. We hypothesized 
that in the first, unconstrained case, the coordination of 
muscles, and thus the direction of the pedal force, would 
change. Conversely, in the case of controlled pedal force 
direction, intermuscular coordination patterns should remain 
constant. 
 
METHODS 
 
Testing was comprised of a non-constrained (NC), and a con-
strained (C) condition. In the NC condition, participants were 
asked to push against the pedal, naturally, as if they were cy-
cling, while slowly increasing their force from zero effort up 
to a maximum effort. In the C condition, cyclists were given 
the same instructions, with the additional requirement to direct 
the pedal forces always perpendicular to the crank. Visual 
feedback was provided to ensure that subjects always pushed 
in the required direction for the C condition. Instrumented 
pedals (Sensix, Poitiers, France) and electromyography 
(EMG) were used to measure the three-dimensional pedal 
forces and the muscle activity of seven lower limb muscles, 
respectively. 
 
RESULTS 
 
Exemplar results are shown in Figure 1. They indicate that in 
the NC condition (A1), the pedal force direction changed con-
siderably as force increased from zero to maximal effort. In 
contrast, in the C condition (B1), the force direction was com-
paratively constant, as required by the protocol. The EMGs of 
the leg extensor muscles increased continuously and similarly 
for all muscles in the C condition (B2). The changes in pedal 
force direction in the NC condition on the other hand were 
accompanied by non-linear increases in selected EMG activi-
ties (A2). For example, activation of several muscles abruptly 

increased at ~5 s in the NC condition, which was associated 
with a distinct change in force direction (A1). 

 

 
Figure 1: The development of force direction and EMG amplitude 
over time, at a crank angle of 60°. The top row panels show the re-
sultant pedal force in an NC (A1), and a C trial (B1). The bottom 
panels show the corresponding EMG recordings. TA = Tibialis Ante-
rior, VL = Vastus Lateralis, RF = Rectus Femoris, GMAX = Gluteus 
Maximus, BF = Biceps Femoris, GM = Gastrocnemius Medialis, 
SOL = Soleus. 
 
DISCUSSION / CONCLUSIONS 
 
Our results support the hypotheses that pedal force direction 
changes with effort and that these changes in force direction 
are directly reflected in changes of the activation patterns of 
the lower limb muscles. The results also indicate that aside 
from previously identified variables (such as pedalling speed 
and crank position), the pedalling “effort” also substantially 
affects pedal force direction. Finally, the lower activation of 
most leg muscles in the C compared to the NC condition indi-
cates that restricting the direction of an external force limits 
the full activation of many muscles, thereby artificially re-
stricting force production and thus performance. 
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INTRODUCTION 
Extreme Conditioning Protocols (ECPs) have increased in 
popularity in recent years. ECPs as defined by American 
College of Sports Medicine (ACSM), involve high repetitions, 
vigorous intensity workouts performed in a specific order and 
duration, with self-selected short rest between and within sets. 
The high intensity and competitive atmosphere has lead many 
to conclude that such workouts are inherently dangerous and 
impose an increased risk of injury with minimal evidence. The 
spine is the second most common site for injury during an 
ECP, surpassed only by the shoulder [1]. However previous 
studies have used self reported questionnaires instead of 
quantitative kinematic and/or kinetic measures. The purpose of 
this study is to quantify muscle activity and kinematics of 
experienced participants while they complete an ECP.  
 
METHODS  
Males (n=10) and females (n=10) (29.5 ± 3.9 years) 
experienced in ECPs were recruited to participate in the study.  
Participants were screened for a history of musculoskeletal 
injury (none in last 2 years) and by a certified CrossFit™ 
coach for correct form in squat, deadlift and dumbbell push 
press. Muscle activations during the ECP were collected with 
electromyography (EMG) from eight muscles bilaterally: 
thoracic and lumbar erector spinae (TES, LES), rectus 
abdominis (RA), external oblique, internal oblique, gluteus 
medius, biceps femoris, and rectus femoris muscles. 
Maximum voluntary contractions (MVCs) were collected to 
provide normalizing data. Kinematics were collected using a 
total of 46 smart markers (3D Investigator™, Northern Digital 
Inc., Ontario, Canada). 16 markers were used on four rigid 
bodies at the spine levels C7, T6, T12 and S2, and 30 markers 
were used on ten rigid bodies to the track limbs and head. 
Maximum range of motion in spinal flexion, extension, lateral 
bend and axial twist was captured to provide normalizing data. 
The protocol consisted of 5 rounds of deadlifts, front squats 
and dumbbell push press completed as quickly as possible 
with self-prescribed rest. Perceived level of discomfort was 
measured using a 100mm visual analog scale (VAS) before 
and after each round (6 total VAS scores). Heart rate was 
monitored with a Polar M400 and chest strap to provide an 
indication of intensity. 
 
RESULTS 
During the deadlift, RA mean activity increased in round 5 
(p=0.01). LES and TES showed a decrease in mean activity 
between rounds 1 and 5 (p=0.001). Both upper and lower 
thoracic segments displayed an increase in flexion in the 5th 
round compared to the 1st (44.2% (3.7) to 51.2% (1.4) of total 
flexion range, p=0.009; 63.0% (6.4) to 67.2% (8.6), p=0.02). 
The lumbar spine did not show any significant levels of 
flexion. Hip and knee flexion tended to decrease between 
round 1 and 5, although only changes in hip flexion reached 

significance. Left hip flexion decreased from 112.5° (14.4) to 
102.7° (14.3), p<0.001) and right hip flexion decreased from 
108.8° (19.5) to 102.7° (14.3), p=0.01. During the squat, there 
was a general decrease in activity of lumbar and thoracic 
erector spinae muscles when comparing round 1 to round 4 
(p<0.01). The lower thoracic and lumbar segments tended 
towards greater extension by the 5th round (28.5% (1.0) to 
25.4% (1.2) of total flexion range, p<0.001; 28.7% (6.8) to 
21.5% (1.2), p<0.001). Left hip flexion increased from 7.1° 
(9.6) to 9.5° (10.9), p=0.002 and right hip flexion increased 
from 7.9° (9.6) to 9.7° (7.3), p=0.002. Discomfort ratings 
increased from 0.65mm (0.5) in the 1st round to 15.6mm (12.3) 
in the 5th round (>10mm change indicates clinically relevant 
pain level). The largest changes in discomfort were between 
3rd and 4th rounds, and the 4th and 5th rounds. Participants 
completed the first round with a heart rate of 76.9% (8.6) of 
their maximum and ended the last round at 90.0% (4.5). 
 
DISCUSSION / CONCLUSIONS 
Both squat and deadlift form changed with increasing round. 
During the deadlift, participants adopted a more straight-
legged, bent over posture. With an increase in thoracic flexion 
and decrease in LES and TES activity, it is likely that the 
posterior passive structures of the thoracic spine were under 
strain during later rounds [2]. During the squat, hip and knee 
angles increased in flexion while the lower thoracic and 
lumbar spine segments adopted a more upright posture. 
Hooper et al. found a decrease in knee angle and an increase in 
hip flexion during an ECP involving squats [3]. A possible 
explanation of the small differences in our findings may be 
due to the ECP-experienced participants in this study being 
more accustomed to performing while fatigued and possibly 
better able to adopt a more spine-sparing form with increasing 
fatigue (in the squat). However, additional research is needed 
to understand whether the changes in the deadlift are from the 
participants taking greater risks by adopting a less 
conservative form. Although the discomfort scores did reach 
clinically significant levels of back pain by round 4 continuing 
into round 5, the results must be interpreted with caution as 
participants were not asked to discern between injurious pain 
and exercise induced discomfort. Therefore, it appears that 
experienced individuals can self-select an appropriate amount 
of rest to maintain high exercise intensity, with only small 
changes in posture and muscle activation.  
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INTRODUCTION 
 
Comparing high and low calibre hockey players provides 
insight into skating techniques that may be consistent with 
improved performance. Differences in hip angles, centre of 
mass, and stride rates have been found between high and low 
calibre players when completing a skating start task [1,2]. 
However, full stride skating has not been compared between 
these groups using motion capture and with data reduction 
techniques such as principal component analysis (PCA). The 
objective was to compare hip, knee, and ankle angles during 
full stride skating between high and low calibre players using 
PCA. 
 
METHODS  
 
High (n=8, mean age 24 years) and low (n=8, mean age 24 
years) calibre male ice hockey players were recruited. Players 
were considered high calibre if they played at least at the 
major junior level. 
 
Data were collected with a 10 camera motion capture system 
(Vicon, Oxford, UK) sampled at 240 Hz. Twenty-four 
reflective markers were placed on the players according to a 
modified Helen-Hayes marker system. Players completed a 
full stride skating task for five trials.  
 
Marker data were low pass filtered (4th order Butterworth) and 
time normalized to full stride. Hip, knee, and ankle joint 
angles were calculated about joint coordinate systems. PCA 
reduced angle waveform dimensionality and each player’s trial 
was scored against principal components (PC-scores). Three 
PC-scores were retained for each joint. Hierarchical linear 
models examined the relationship between PC-scores and skill 
level with and without controlling for speed. 
 
RESULTS 
 
Significant differences existed in waveform characteristics 
(PC-scores) between skill levels. High calibre players 
displayed greater ankle inversion during push-off and recovery 
(p<0.01), greater knee extension (p=0.05; Figure 1A) and 
external rotation at push-off (p=0.04), and greater hip flexion 
throughout stride (p=0.03; Figure 1B) after controlling for 
speed. Interactions existed between speed and skill level 
including faster skating speeds were associated with increased 
plantarflexion at push-off in low calibre players (p<0.01) 
while there was no relationship in high calibre players.  
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Figure 1: Group means for knee (A) and hip (B) flexion angles 
during full stride skating for high (red, solid lines) and low (black, 
dashed lines) calibre groups. The grey shaded area represents when 
significant group differences occurred. 
 
DISCUSSION / CONCLUSIONS 
 
Differences in skating patterns during full stride skating 
existed between high and low calibre players. Joint motions 
that might lead to improved skating performance include: 
increased plantarflexion during push-off, increased ankle 
inversion at the end of push-off, increased knee extension and 
external rotation during push-off, and increased hip flexion 
during glide. Given the study’s observational design, it is not 
clear if skating performance will be improved if players 
implement these recommendations. Experimental studies that 
address skating deficits are required. 
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INTRODUCTION 
 
Stop/start transition tasks are fundamental and frequent in ice 
hockey, yet the mechanics for optimal performance and safety 
are poorly understood. The lower body mediolateral dynamics 
during these tasks are associated with lower body hip and knee 
non-contact injuries, with greater incidence rate in females 
than males [1]. Gender differences have been seen in other 
sport contexts (e.g., soccer, basketball) during jumping and 
run cutting tasks in strength and movement techniques. 
Therefore, the goal of this study was to compare body 
kinematic and electromyographic patterns of male and female 
skaters’ during an on-ice stop & go transition task. It is 
hypothesized that gender differences in the skating task 
execution will exist and that females may show slower peak 
skating velocities and longer stop times. 
 
METHODS  
 
Twenty elite male (n=9) and female (n=11) ice hockey players 
(21.6r3.56 years, height = 1.75r0.08 m, body mass = 77.6r11.6 
kg) participated in this study. Elite status was defined as playing 
at the Canadian U Sports university level or higher.  
 
An 18 camera Vicon motion capture system (Vicon Motion 
Systems Ltd., Oxford, UK) was used to collect kinematic data 
at 240 Hz. Reflective markers were placed on joint centres using 
a full-body Plug-in-Gait (PiG) model. Following SENIAM 
guidelines, eight wireless electrodes were placed over selected 
lower limb muscles of each participants’ dominant leg. Surface 
EMG was recorded using a Noraxon TeleMyo DTS System 
(Noraxon U.S.A. Inc., Scottsdale, AZ). Ice hockey skates 
(Vapor 1X, Bauer Hockey Ltd., Exeter, NH) were used. 
 
Participants performed six (3 right, 3 left) stop & go skating 
trials. The right direction sequence involved the participant 
performing a right crossover, skating between blue lines 
(13.57m), performed the stop and transitioned into a left cross 
over and skated back towards the initial blue line. This was 
repeated in the left direction. 
 

Marker data were labelled and gap-filled using Nexus 2.5 
software (Vicon Motion Systems Ltd., Oxford, UK). Kinematic 
event detection for the skate ON, OFF, and STOP events as well 
as EMG processing were done in Visual3D (Ver 5.01.30, C-
Motion, Germantown, MD). MATLAB scripts (MathWorks, 
Natick, MA) using the biomechZoo toolbox [2] were used to 
post-process and analyze the kinematic and EMG data.   
 
RESULTS 
 
There is a significant main effect (p<0.05) for male and female 
pre and post peak skating velocities. Males have a significantly 
greater stop distance compared to females (p<0.05), however, 
the time to complete the stop is non-significant (p>0.05). Visual 
inspection of video trials indicate medial knee drop on the outer 
leg of the stop occur in both sexes.   
 
DISCUSSION / CONCLUSIONS 
 
As found in a previous study, males displayed greater peak 
skating velocities compared to females based on forward 
skating [3]. Males took the same amount of time to complete 
the stop as females, yet they covered 0.70m and 1.2m more 
distance for left and right tasks, respectively. Quantitative 
verification of the medial knee drop observations are to be 
completed in the near future. Full analysis of all dependent 
variables including EMG measures will be pursued.  
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Table 1: Left and right pre and post peak speed (m/s), stop distance (m) and stop time (s) for male (n = 7) and female (n = 7) ice hockey 
players.  

   
Peak Speed - Pre-Stop 

(m/s) 
Peak Speed - Post-Stop 

(m/s) Stop Distance (m) Stop Time (s) 

Male  
Left  6.87 ± 0.05 7.33 ± 0.20 2.72 ± 0.54 0.66 ± 0.08  
Right 6.80 ± 0.13 7.33 ± 0.16 3.09 ± 0.43 0.68 ± 0.05 

Female 
Left  5.92 ± 0.11 6.22 ± 0.10 2.03 ± 0.43 0.62 ± 0.07 
Right 6.11 ± 0.08 6.29 ± 0.15 1.89 ± 0.37 0.59 ± 0.09 
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INTRODUCTION 
Active female adolescents are 4-6x more likely to sustain an 
Anterior Cruciate Ligament (ACL) injury compared to their 
male counterparts[1]. Reach distance (RD) on the Y-Balance 
Test (YBT) (Move2Perform, Evansville, IL) is a common 
clinical assessment of dynamic balance[2]. Literature reports a 
relationship between anterior RD asymmetry and injury 
rate[3], yet there is no evidence to show if the quality of 
movement (QOM) or kinematic measurements infer proper 
dynamic balance. A measure of QOM or kinematic 
measurements of the YBT has yet to be considered, and may 
provide a better assessment. Our main objectives were to 
compare YBT anterior reach distance, ankle dorsiflexion, knee 
flexion, Frontal Plane Projection Angle (FPPA) and QOM 
between healthy and ACL deficient adolescent females. Our 
hypothesis was that the healthy participants would move 
differently than ACL deficient participants according to the 
QOM and kinematic measurements. 
 
METHODS  
Twenty-five healthy and ten ACL deficient recreationally 
active adolescent females were recruited for the laboratory 
study. The anterior (ANT) reach of the YBT was completed 
according to previously established protocols[2]. Kinovea 
software (Kinovea, 0.8.15) was used to measure knee flexion, 
ankle dorsiflexion, and frontal plane projection (FPPA) angles 
from video recordings of frontal and sagittal views. To 
measure the joint angles, anatomical landmarks were used to 
ensure consistency. Landmarks for joint angle measurements 
were selected based on what is most commonly used in 
previous literature[4-7].  
QOM was assessed by a previously validated protocol used for 
unilateral step-down tasks[4], grouping participants into good, 
moderate and poor movement categories. ANOVAs and 
frequency calculations were used to assess the relationships. 
 
RESULTS 
Participants were females 14.4±1.6 years, with BMI=22.7±4.8 
kg/m2. After grouping participants into good, moderate and 
poor QOM categories, only 4% of the healthy group scored 

good, with 74% scoring moderate and 22% scoring poor. The 
ACL deficient participants were distributed as 20% falling in 
the good category, 80% in the moderate category, and 0% in 
the poor category.   
The kinematic results obtained from the ANT reach of the 
YBT did not show significant differences between the limbs of 
the healthy and ACL deficient participants (Table 1).  
 
DISCUSSION / CONCLUSIONS 
Overall, a majority of participants scored in the moderate 
range on QOM. Video data suggested that there were no 
significant differences between the groups when evaluating 
frontal and sagittal plane joint movements.  
We believe that this lack of observed differences between the 
healthy and ACL deficient population may be because the 
adolescent female population as a whole do not yet possess 
adequate movement patterns. 
This data suggests that QOM and joint angle measurement of 
the YBT are not useful methods to differentiate between ACL 
deficient and healthy individuals in this population. This data 
does not support our hypothesis. In future research, the focus 
may need to be more specific to knee movement instead of 
overall movement quality or the RD achieved. 
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 Table 1: Kinematic Measurements of the ANT YBT  

Kinematic Measurements Healthy (n=50 
limbs) 

ACL Deficient 
(n=10 limbs) ANOVA (p-value) 

Anterior Reach Distance (%LL)* 65.0 ± 5.1 64.5 ± 5.5 0.77 
Knee Flexion (degrees) 69.2 ± 11.0 70.9 ± 9.2 0.64 
Ankle Dorsiflexion (degrees) 27.7 ± 5.8 27.2 ± 4.9 0.79 
FPPA (degrees) 4.8 ± 7.3 5.2 ± 7.8 0.88 
* %LL = Percentage of leg length 
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INTRODUCTION 
 

Using pacing strategies is common in sports where the 
goal is to cover a given distance faster than the opponent(s). 
There are multiple types of pacing strategies depending on the 
length and duration of the race, and pacing is an important 
component of flatwater canoe kayak sprint performance [1,2].  
Few studies have investigated pacing strategies in canoe kayak 
sprint, and those that have did not look at the velocity-distance 
or stroke rate (SR)-distance waveforms of individual 
competitors. The aim of the current study was to use Functional 
Data Analysis (FDA) techniques to analyze pacing strategies 
used by elite flatwater canoe kayak sprint athletes at major 
international competitions. It was hypothesized that all-out, 
positive, and even pacing strategies would be used in the 200 
m, 500 m, and 1000 m events, respectively. It was also 
hypothesized there would be differences in velocity and in SR 
pacing strategies between medallists and non-medallists (final 
three competitors per race) in all events, and that these 
differences would be visible during specific time points within 
the race (i.e. acceleration phase, mid-race, end-spurt, etc.).  
 
METHODS  
 

Velocity, SR, and race time data from all flatwater 
canoe kayak sprint events at the 2016 Olympic Games, 2016 
World Cups 1-3, and 2017 World Championships were 
obtained from the International Canoe Federation. All A-final 
data for events being raced at the 2020 Olympic Games were 
analyzed. Each boat velocity value for every 10-metre split was 
normalized to the average velocity of the given race. This 
process was completed for all races to calculate normalized boat 
velocity, and the same calculations were completed to calculate 
normalized SR.   
 

The normalized boat velocity and SR data were then 
stratified into the top 3 competitors and the bottom 3 
competitors for each race. Principal component analysis was 
used to determine differences in the normalized velocity-
distance and normalized SR-distance waveforms between the 
top 3 and the bottom 3 competitors per race of a given distance. 
An unpaired t-test was used to detect statistical significance 
between the top 3 and bottom 3 competitors using the calculated 
principal component scores (PCs) for both metrics. An alpha 
value of 0.05 was used to detect significance.  
 
RESULTS 
 

Average normalized velocity and SR profiles 
increased to a peak value and then declined at various rates for 
all race distances (Figure 1). Normalized velocity PC1 

(magnitude) and PC2 (difference) scores were found to be 
significantly different between the top 3 and bottom 3 
competitors for 1000 m races. Normalized SR PC2 scores for 
500m races and PC1 and PC2 scores for 1000 m races were 
found to be significantly different between the top 3 and bottom 
3 competitors.  
 

 
Figure 1: Average normalized velocity (A-C) and SR (D-F) for the 
top 3 (solid line) and bottom 3 (dashed line) competitors for 200 m, 
500 m, and 1000 m races. Dotted line, race average. 
 
DISCUSSION / CONCLUSIONS 
 

This research shows that pacing strategies, measured 
using velocity and SR data, can be different between medalists 
and non-medalists depending on the distance of a flatwater 
canoe kayak sprint race. FDA techniques showed that 
competitors in longer distance races (i.e. 500 and 1000 m) 
should not expend too much energy mid-race to ensure they are 
able to accelerate to greater velocities during the final 300 m. 
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INTRODUCTION 
 
Technology in sports equipment has grown to play a large role 
in elite athletic performance in nearly every sport.  With regards 
to ice hockey, major advances in manufacturing and new 
composite materials have been adopted in stick and skate 
construction. However, the fundamental ergonomic design of 
hockey equipment has changed rather little.  Hence, the purpose 
of this study was to evaluate a novel elastic system across the 
hip joint intended to improve skating acceleration performance.   
 
METHODS  
 
Nine elite level hockey players took part in the study. Power 
Guidance Latex elastic bands of varying stiffness ran posterior 
to the hip joint and were secured to the posterior thigh and low 
back. These bands were secured above the subject’s pelvis, and 
at the level of the head of the vastus lateralis. Length of the 
bands between attachment sites was normalised to 35% of the 
participant’s leg length to ensure similar levels of elastic 
assistance between subjects.  
Data was collected in two parts. Initially, to asses the effect of 
these bands on hip extension power, participants performed 
vertical jump tests on a force plate (9260AA, Kistler AG, 
Winterthur, Switzerland) under 3 conditions of added passive 
elasticity over the hip joint, as well as a control condition with 
no assistance.  
To assess the effect of these bands on forward skating 
acceleration, independent measures including skating ground 
reaction forces and kinematics were collected on ice. Forces 
were obtained from skates instrumented with a load cell 
sampling at 256Hz measuring force normal to the skate blade.  
Full body kinematics were obtained while the participant 
performed skating accelerations from rest through a 15m 
capture area surrounded by 18 VICON (Vicon©, Oxford, UK) 
motion capture cameras. This was repeated with the same 
conditions used in the vertical jump tests, performing 3 
acceleration skating starts under each condition. Kinematic data 
was processed using Vicon Nexus 2.5 software as well as 
Visual3D (Ver 5.01.23, C-Motion, Germantown, Maryland, 
United States). Analysis of kinetic and kinematic data was 
performed in MatLab (Mathworks, Natick, MA, USA) utilising 
the BiomechZoo toolbox[1]. 
 
RESULTS 
 
Preliminary analysis has shown participants had an average 
improvement of 1.54% in the time required to skate 9m when 

skating in their fastest elastic condition compared to the control 
(p=0.052) as seen in figure 1. While this is not significant, it 
shows a trend toward faster skating. This could be partially 
attributed to an increase in stride length as was seen with each 
successive stride.  By the sixth stride, average stride length was 
8cm longer in one of the elastic conditions than it was in the 
control condition. The control condition yielded the greatest 
average jump height (30.86cm), however no differences 
between conditions were significant. Further analysis of the 
kinetic and kinematic variables is currently underway. 
 

 
Figure 1: Percent improvement in time to skate 9m for each 
participant between their best elastic condition and the control 
condition. 
 
DISCUSSION / CONCLUSIONS 
 
Similar to what has been found in past research surrounding 
vertical jump height [2], not all study participants achieved their 
peak performance under the same elastic stiffness condition.  
The majority of skaters did see improvements in their skating 
acceleration when wearing the system of elastic assistance.  
This suggests that additional stiffness elements could 
potentially be incorporated into existing hockey equipment and 
personalised to the athlete in order to maximize performance.  
Analysis of kinetic and kinematic variables is currently 
underway to examine the mechanisms which lead to these 
performance benefits and how they could be tailored to 
individual skaters.  
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INTRODUCTION 
 
There is evidence to suggest that putting while visually focusing 
on the far target (FT) may have advantages over the more 
common method of focusing on the golf ball, which is 
considered the near target (NT) [1,2]. The FT is defined as the 
point on the target line (the line coincidint with the intended 
starting direction of the ball) that is closest to the centre of the 
hole [1]. It has recently been demonstrated that the FT method 
was particularly more effective for heel-to-toe breaking putts 
than the NT method suggesting that there are some underlying 
kinematic differences in how the putter is delivered to the ball 
[1]. Further, excessive head motion during the stroke is often 
cited as an issue and it has previously been suggested that the 
FT method may be associated with less head motion [3]. The 
purpose of this study was to compare NT to FT methods of 
putting in terms of golfer and club kinematics.  
 
 
METHODS  
 
A sample of 44 experienced golfers executed 12 attempts at the 
same 8 ft putt, which was straight and slightly uphill. Odd 
numbered participants made the first six attempts with the NT 
method, while even numbered used the FT method for the first 
six. After each trial, participants walked to a separate section of 
the green and executed a different putt, which was not analyzed. 
An 11-camera optical system (Raptor-E, Motion Analysis 
Corporation, CA, USA) operating at 250 Hz was used to track 
the motion of the putter, feet, and head of the participant as well 
as the golf ball. During an initial familiarization session, 
participants were custom fit for length and lie to an Anser 4 Ping 
putter, which they used during the study. During this session, 
participants were also educated on, and practiced, the FT 
technique as well the NT method. Paired sample T-tests were 
conducted on relevant kinematic variables from the golfer, 
putter, and ball. Statistical significance was set at α < .05 for all 
tests. Statistical analyses were performed using SPSS V22.0 
(IBM Co., NY, USA). 
 
 
RESULTS 
 
Although not significant, on average participants sank 6% more 
putts while using the FT method (p=.20).  However, the average 
distance the ball passed (or finished) relative to the centre hole 
was significantly closer for the FT method (2.1 cm closer, 
p=.001) relative to the NT method. The FT method generated 
significantly higher putter speeds (46 mm/s higher, p < .001), 
which resulted in the ball speed at the hole being significantly 
closer to the optimal speed (66 mm/s closer, p < .001). At 

impact, the FT method resulted in a more closed face (0.44° 
more closed, p=.028), a more in-to-out path (1.25° more, 
p<.001) and a higher within-participant variability of horizontal 
impact spot on the face (p=.005). The FT method was 
associated with a significantly greater translation of the putter 
head inside the target line during the back stroke (6 mm more 
inside, p<.001) as well as a significantly more open face at the 
end of the back stroke (0.42° more, p = .009). The rate at which 
the face angle was closing at impact was significantly higher for 
the FT method (11°/s higher, p<.001). 
 
The angular distance travelled by the golfer’s head during the 
stroke was significantly higher with the NT method (7.5° more, 
p<.001). The angular velocity of the head about the longitudinal 
axis was significantly higher with the NT method at impact 
(13.5°/s higher, p<.001). Further, the NT method was associated 
with significantly higher within-participant variability with 
respect to the vertical velocity of the head at impact (p<.001), 
angular velocity about the long axis of the head at impact 
(p=.001), and the total linear and angular distances travelled by 
the head during the stroke (p=.001, p=.001). 
 
 
DISCUSSION / CONCLUSIONS 
 
From a coaching perspective, it is important to understand any 
fundamental differences between techniques. For example, if a 
golf instructor believes that a student is struggling with 
excessive and variable head motion, then the findings from this 
study suggest that trying the FT method may be a viable option.  
Also, some golfers, such as Jordan Spieth (3 time Major winner 
and lowest scoring average in 2017) use both visual focus 
techniques during a round of golf. Being aware of the tendency 
to strike the ball with more speed and with a more open face 
while using the FT method would be important when 
diagnosing issues with choosing the intended start line of the 
ball. Further the amount of face rotation and putter translation 
inside the target line during the back stroke are commonly used 
parameters when fitting for a particular style of putter [4].  
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INTRODUCTION 
 
Lateral ankle stability seems important for injury prevention, 
performance enhancement, and footwear design [1,2]. 
Research on this topic, however, has shown a lack of 
reliability or sensitivity of proposed methods assessing lateral 
ankle stability [1,2]. Hence, the purpose of this investigation 
was to evaluate the test-retest-reliability and sensitivity of 
selected biomechanical variables when using a novel protocol 
that evaluates lateral stability, namely the Submaximal Lateral 
Shuffle Test (SLST). 
 
METHODS 
 
40 male recreational athletes (26.3±6.1 years, 1.81±0.08 m, 
76.8±8.6 kg) participated to assess sensitivity of the SLST. 
Eleven of the 40 participants were tested twice to determine 
the reliability across two days. In the SLST participants had to 
shuffle sidewards to the force plate and back five times in the 
setup displayed in Figure 1. A metronome was used as an 
orientation of the movement. Initial metronome pace was set 
to 120bpm. Participants had to keep the shuffling distance 
consistent and shuffle simultaneously to the beats of the 
metronome. After a successful trial, the metronome pace was 
increased by 10bpm until participants were not able to 
maintain the distance or metronome pace. After two 
unsuccessful trials, metronome pace was decreased by 5bpm. 
Two further attempts were allowed. The last successful trial 
was set as the maximum performance. Three shoe conditions 
(own shoe, high cut, low cut) were assessed at 90% of the 
person’s maximum performance. Kinematics of the ankle 
(Motion Analysis Corporation, Santa Rosa, CA, USA) and 
force data (Kistler, Winterthur, Switzerland) were collected 
during the SLST. 
A mean-rating, absolute-agreement, 2-way mixed-effects 
model was used to calculate the ICC values for reliability. 
Sensitivity was defined as the ability of the measures to detect 
differences in footwear. Paired sampled t-tests were calculated 
to compare differences in footwear. For variables that showed 
a difference, the smallest worthwhile change (SWC) was 
calculated using the following equation: SWC = 0.2 * STD. 
Sensitivity was determined as the ratio of subjects that crossed 
the SWC threshold. 

 
Figure 1: Schematics of the SLST.  
 
RESULTS 
 
Ankle angles, ankle moments, and ground reaction force 
variables showed ‘good’ to ‘excellent’ reliability in the SLST. 
Four variables (Tab. 1) differed in biomechanical variables 
between the high and low cut shoe. Those variables showed 
sensitivity classifications between 70.0% and 82.5%. 
 
DISCUSSION / CONCLUSIONS 
 
The SLST showed good to excellent reliability across two 
days, was able to distinguish differences in footwear 
conditions, and showed meaningful differences in 70.0%-
82.5% of participants. Other approaches to assess lateral 
stability are lacking reliability or sensitivity in biomechanical 
data [1,2]. The SLST is capable of detecting subject-specific 
and small differences due to changes in footwear [3] in 
landing and push off forces as well as ankle kinematics. The 
SLST seems to be an appropriate, improved approach to assess 
lateral stability in athletes. Future research should adopt this 
methodology when assessing lateral stability, particularly with 
respect to different footwear conditions. 
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Table 1: Mean ICC for three shoe conditions, t-test comparison between high and low cut shoe, and sensitivity classification 
using the SWC indicating the amount of subjects that show a meaningful difference. 

Variables Reliability Comparison Sensitivity 
Peak Inversion Angle 0.958 t(39) = -5.774, p < 0.001 82.5% 
Peak Internal Rotation Angle 0.853 t(39) = -3.010, p = 0.005 80.0% 
M-l Landing Peak 0.797 t(39) = -1.871, p = 0.069 70.0% 
M-l Push Off Peak 0.922 t(39) = -2.350, p = 0.024 70.0% 
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INTRODUCTION 
 
The Government of Canada reports indicate from 2004 to 
2014, ice hockey showed a 40% increase in rates of reported 
head injury for children and youth [1]. There is also growing 
evidence of the effects of sub-concussive impacts on mental 
health and chronic brain injury, which is a concern, 
particularly with youth [2]. Profiling head impacts is used to 
characterize the full spectrum of trauma to identify where risk 
exists to brain injury. The purpose of this research was to 
profile the head impacts specific to youth ice hockey. 
 
METHODS  
 
Video of Canadian boys’ youth hockey games was analyzed 
for all head impact events. Analysis consisted of two 
reviewers documenting all observed head impacts and a third 
reviewer confirming consistency. Analysis of 83 games was 
completed; 19 IP, 11 novice, 6 atom, 16 peewee, 16 bantam 
and 8 midget games. All confirmed head impacts were 
categorized into 1) event type; falls (ice), collisions, punches 
and puck 2) velocity; very low (<2.0m/s), low (2.0-4.0m/s), 
medium (4.0-6.0m/s), and high (>6.0m/s) and 3) head 
location; front, front boss, side, rear boss, rear, and crown. 
 
RESULTS 
 
Head impacts against the boards and falls to the ice account for 
a high percentage of impacts in lower divisions (Figure 1). 
Glass impacts increase at bantam and more appear at midget. 
Puck and punch impacts consistently account for a low 
percentage of events. ‘Very low’ impacts are high among the 
IP and novice divisions (Table 1). At ‘low’ velocity, IP tends 
to experience a high number of falls to ice and boards with 
collisions more prevalent at atom and above. ‘Medium’ 
velocity impacts are more common at higher divisions and no 
impacts >6.0m/s were recorded. The most common head 
impact location was the side with a shift to the front 
documented at bantam and midget. A relatively high number 
of impacts to the rear of the head were found for IP.  

 
Figure 1: Head impact event type experienced at six divisions of 
youth ice hockey, presented by overall percentage. 
 
DISCUSSION / CONCLUSIONS 
 
Body collisions (shoulder, elbows and head) remain consistent 
throughout each division. Collisions in younger divisions tend 
to result from players bumping into one another without the 
intention of transferring energy. The findings illustrate the 
frequency at lower divisions of play to falls to ice and against 
the boards likely due to weaker skating abilities. Low velocity 
impacts against the glass are being experienced beginning at 
bantam and midget, coinciding with the introduction of body 
checking. These results are important for youth hockey 
providing a guide to make informed decisions on game and 
standard modification, and age specific head protection 
reflective of their respective trauma profile.  
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Table 1: Summary of head impacts across velocity and event type for six divisions of youth ice hockey. Results presented as the 
average number of impacts per game. 
 

 

Event 
Type 

IP Novice Atom Peewee Bantam Midget IP Novice Atom Peewee Bantam Midget IP Novice Atom Peewee Bantam Midget

Ice 0.09 0.05 - 0.03 - - 0.47 0.14 0.17 0.16 0.13 - 0.06 - 0.08 0.13 0.03 0.06

Shoulder 0.03 0.36 - 0.22 0.13 0.06 0.41 1.00 0.17 0.13 0.59 0.31 0.03 0.23 0.25 0.09 0.13 0.06

Elbow 0.31 0.18 0.25 0.09 0.09 - 0.19 0.18 0.67 0.31 0.31 0.06 0.06 - - 0.09 0.09 -

Head 0.25 0.82 - 0.13 0.13 - 0.31 0.18 0.50 0.06 0.06 - - - 0.17 0.13 0.06 0.38

Boards 0.03 0.18 0.08 0.09 0.06 - 0.63 0.05 0.33 0.19 0.31 0.06 0.06 - - 0.16 - 0.06

Glass - - - - - - 0.08 - 0.16 0.56 - - - - 0.06 -

Punch - 0.23 - - 0.06 - - 0.06 - 0.03 0.09 - - - - - 0.03 -

Puck - - - - - - - - - 0.03 - - 0.09 0.08 0.03 - -

Other 0.06 0.05 - 0.03 0.19 - 0.41 0.16 0.17 0.25 0.19 - 0.06 0.03 0.08 0.16 - -

TOTAL: 0.78 1.86 0.33 0.59 0.66 0.06 2.41 1.76 2.08 1.13 1.88 1.00 0.28 0.35 0.67 0.78 0.41 0.56

Medium (4.0-6.0 m/s)Very Low (<2.0 m/s) Low (2.0-4.0 m/s)
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INTRODUCTION 
 
The golf drive plays a very important role in determining overall 
golf performance. Therefore, it is beneficial to know how 
manipulating club parameters, such as mass, may influence 
driving performance. The majority of previous research [1,2] 
suggests that increasing the mass of the club will decrease 
clubhead speed, which is a primary determinant of a successful 
golf drive. Varying the mass of the clubhead by 26 g was found 
to have a meaningful influence on face angle at impact and the 
resulting flight of the ball [1]. However, adding mass to the 
clubhead will influence both club delivery and impact 
dynamics. Therefore, the purpose of this study was to remove 
the influence of impact dynamics by investigating the effect of 
adding mass to the grip of the driver.  
 
 
METHODS  
 
Three club mass conditions (275, 325, and 375 g) were tested 
in a balanced repeated measures design. A sample of 34 
experienced golfers executed 12 drives for each condition in 
blocks of six. The same clubhead was used for all conditions 
and all grips and shafts were matched as closely as possible. A 
mass of 50 g was permanently fixed inside the grip of the 325 g 
club, while 100 g was fixed inside the 375 g club. Ball flight 
and club kinematics were recorded using the Flight Scope X2 
Doppler Radar (FlightScope Ltd, Orlando, FL, USA) as well as 
an 11-camera optical system (Motion Analysis Corporation, 
Santa Rosa, CA, USA). One-way repeated measures ANOVAs 
were conducted on relevant kinematic variables and statistical 
significance was set at α < .05. 
 
 
RESULTS 
 
There were no significant differences in clubhead speed 
between conditions (Fig 1A). The 375 g condition resulted in a 
significantly higher ball launch relative to both the 325 g 
(P=.004) and 275 g (P=.014) conditions (Fig 1B). The launch 
differences were due to significant differences in delivered loft 
at impact (Fig 1C). 

Figure 1 A Clubhead Speed  B Golf ball vertical launch angle  C 
Clubhead loft just prior to ball impact 

 

 
Figure 2 A Delivered face angle (positive points right for right-handed 
golfer)   B Face angle if there was no shaft deformation  C Grip rotation 
about its long axis at impact (positive twist tends to point the face right)  
 
The 275 g condition resulted in the face of the driver being 
significantly more closed to the target line (pointing left for a 
right-handed golfer) relative to both the 325 g condition 
(P=.038) and 375 g condition (P=.015) (Fig 2A). Fig 2B shows 
what the face angle would be if the shaft was not bent or twisted 
at impact; therefore, it is based entirely from the position and 
orientation of the grip. So, the position and orientation of the 
grip at impact resulted in the face being significantly more 
closed with the 275 g condition relative to the 325 g (P < .001) 
and 375 g conditions (P<.001) (Fig 2B).  The largest contributor 
to this effect was the orientation of the grip about its long axis 
at impact. Relative to the 275 g condition, both the 375 g and 
325 g conditions resulted in grip orientations, which were 
twisted significantly more open (Fig 2C). Positive grip twist 
would tend to open the face (and add loft).  
 
 
DISCUSSION / CONCLUSIONS 
 
The 325 g condition is representative of a typical driver mass, 
while the 275 g and 375 g conditions would fall outside the 1st 
and 99th percentiles. Despite these large differences in mass, 
only a small and statistically insignificant trend, showing 
decreasing clubhead speed with increasing mass, was found. 
These findings are in agreement with [3], who found no change 
in clubhead speed with the addition of 22 g of mass to a point 
just below the grip. The finding that adding mass to the grip 
increases the probability of leaving the face open to the target 
has implications for club fitters and golfers trying to ameliorate 
a slice. 
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INTRODUCTION 
 
Loss of consciousness (LOC) occurs with approximately 
eight percent of concussions in professional American 
football. LOC has been used in the past as an indicator of 
severity when physician used a grading system to 
classify concussions [1]. Recently, concussion severity 
has been assessed using the duration of the recovery [2]. 
Previous studies have stated that LOC was not a 
predictor of prolonged symptoms [3], while others have 
showed that athletes who had lost consciousness took 
longer prior to return to play [4]. It is therefore unknown 
whether LOC should be considered when assessing 
concussion severity.  
Head impact biomechanics can provide information 
regarding the severity of head impacts associated with 
loss of consciousness. 
The purpose of this study was to compare the head 
accelerations and brain tissue deformation between cases 
of concussions with and without LOC in elite American 
football to inform prevention strategies. 

 
METHODS  
 
Concussive injuries with and without LOC from helmet-
to-helmet and shoulder collisions as well as falls in elite 
American football were reconstructed in laboratory using 
hybrid III headform to obtain peak linear and rotational 
acceleration.  The Wayne State University Brain Injury 
Model was used to obtain maximum principal strain, 
cumulative strain damage at 10%, and strain rate metrics 
in five brain regions associated with loss of 
consciousness. Independent sample t-tests were 
performed to identify differences between groups. 
Logistic regressions were then performed to identify the 
most predictive variables. 
 

RESULTS 
 
Impact velocity, peak linear and rotational acceleration 
were greater in the LOC group than the no LOC group. 
The brain tissue deformation metrics were greater in the 
LOC group than the no LOC group. The most predictive 
variables varied depending upon the type of event that 
lead to injuries. The best overall predictor was impact 
velocity. 

 
DISCUSSION / CONCLUSIONS 
 
The presence of a loss of consciousness in concussive 
impacts is a result of greater magnitude of brain tissue 
trauma. This was primarily caused by greater impact 
velocities in head impacts leading to LOC. Rules aiming 
at mitigating this aspect of the game would decrease the 
risk of a loss of consciousness in this sport. Each type of 
events resulted in different values of kinematic data and 
brain tissue deformation, which suggests that studies 
evaluating risk of concussions based one type of event 
cannot be generalized.  
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INTRODUCTION 
 
The soccer kick is the most relevant and most prominent 
movement in soccer [1]. The kicking performance depends on 
two major factors: the kicking accuracy and the kicking 
velocity [1]. Previous pilot research has shown that high 
caliber soccer players have higher kicking velocity during the 
soccer kick as a result of smaller ankle joint deformation at ball 
contact compared to recreational athletes. It has been 
hypothesized that the momentum of the lower leg is transferred 
to the ball more effectively due to smaller movement at the 
ankle. Similarly, movement of the metatarsophalangeal (MTP) 
joint could result in energy loss during the soccer kick. MTP 
joint motion can be decreased by increasing the longitudinal 
bending stiffness of a shoe [2]. Therefore, the purpose of this 
study was to investigate the influence of longitudinal midsole 
bending stiffness on the deformation of the MTP joint during 
the soccer kick, and whether cleat bending stiffness affects 
kicking velocity. It was hypothesized that MTP joint 
deformation will be lower, and therefore kicking velocity will 
be higher in stiff cleats.  

METHODS 
 
This study enrolled 20 male, recreational soccer players (age: 
29.5 ± 5.6 years, height: 175.5 ± 6.4 cm, mass: 74.3 ± 8.4 kg). 
All participants performed six maximum effort soccer kicks in 
five stiffness conditions. A commercially available soccer 
cleat was modified to five different levels of bending stiffness. 
Kicking velocity was recorded using a radar gun (Applied 
Concepts Inc., Texas, USA). The order of cleats in which 
subjects performed the soccer kicks was randomized and, both, 
the participants and investigators were blinded to the cleat 
configuration. Friedman’s test for non-parametric data was 
used to investigate if the change in MTP joint angle from 
before ball contact to after ball contact, and whether kicking 
velocities are significantly different between stiffness 
conditions.   

RESULTS 
 
There was no significant difference in the change of MTP joint 
angle from before ball contact to after ball contact. Further, 
there was no significant difference in kicking velocity between 
the five stiffness conditions. Three out of 20 subjects showed 
a significant difference in kicking velocity in one of the five 
stiffness configurations. However, the optimal stiffness that 
resulted in best performance was subject specific (Figure 1). 

 

Figure 1: Individual kicking velocities in all five stiffness 
configurations for two participants (Left: Subject A, right: 
Subject B). 

CONCLUSION 
 
Previous research investigated the influence of different shoe 
models on kicking velocity [3]. However, this study is the first 
to date that systematically changed one single property of 
soccer cleats, the longitudinal bending stiffness, and 
investigated its effects on kicking velocity. Optimal 
longitudinal bending stiffness that results in highest kicking 
velocity is subject specific. However, due to the small fraction 
of subjects showing a significant difference in kicking velocity 
between stiffness configurations, it can be concluded that 
bending stiffness is not a shoe property of importance when 
designing soccer cleats with the goal to increase kicking 
velocity. The reason for this might be that the largest 
deformation of the MTP joint from before ball contact to after 
ball contact was 7 degrees, which is not significant enough to 
affect kicking velocity. In comparison, pilot work has shown 
deformations of 20 degrees in the ankle joint during the soccer 
kick. 
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INTRODUCTION 
Personal protective equipment (PPE) is commonly used in 
contact sports, however our understanding of its effects on the 
human body are very limited. Goaltenders typically wear 
approximately 15-20 kg of PPE [1] but there is a large gap in 
our understanding of the effects of this equipment on the 
athlete’s upper body. Our limited understanding is two-fold. 
First, sport equipment has evolved through materials 
engineering at a faster pace than biomechanical evaluations [2].  
Second, sizing restrictions are continuously being updated by 
professional sport governing bodies. For these reasons, there is 
often little time for manufacturers to adequately test the effects 
of their equipment modifications on an athlete’s safety and 
performance. Currently, the National Hockey League (NHL) is 
proposing to decrease the size of goaltender upper body 
equipment. Therefore, there is a need to investigate the effects 
of current goaltender upper body equipment compared to a 
prototype equipment model that meets the new NHL rules and 
regulations. The purpose of this research was to quantify peak 
shoulder and elbow range of motion (ROM) in ice hockey 
goaltenders, and the potential ROM differences between new 
and currently available upper body equipment models.  
 

METHODS  
Twenty male participants between the ages of 18 and 40, and 177 
to 186 cm tall, performed four upper limb ROM exercises in three 
equipment conditions and one control condition. The ROM 
movements included elbow flexion, shoulder flexion, shoulder 
abduction and shoulder horizontal flexion. The equipment 
conditions were defined as: control = no equipment, equipment 
condition #1 = high protection and low mobility, 
equipment condition #2 (prototype) = medium protection and 
high mobility, equipment condition #3 = low protection and high 
mobility. The order of conditions was randomized using a 
balanced Latin-square design and the movement order was 
randomized for each condition using a computer number 
generator. All joint angles were quantified using a manual 
goniometer (Layfayette Gollehon Extendable Goniometer) and 
calculated as the average of three trials. Each equipment trial was 
normalized by subtracting the ROM calculated during the control 
condition. Larger differences from control indicates more 
restricted ROM. A repeated-measures analysis of variance 
(ANOVA) was used to compare ROM across the three equipment 
conditions for each of the four upper extremity ROM patterns. 
Significant main effects were further tested by comparing mean 
differences using paired t-tests with Bonferroni adjustment to 
correct for multiple comparisons (a<0.017).   
 
RESULTS 
Significant main effects (p<0.001) were observed for shoulder 
flexion, shoulder abduction and shoulder horizontal flexion. 

Post-hoc analysis suggested that shoulder flexion ROM was 
significantly restricted in equipment condition #3 compared to 
equipment condition #2. Equipment condition #3 also had 
significantly restricted shoulder abduction ROM, compared to 
equipment conditions #1 and #2. Lastly, equipment conditions 
#1 and #3 were significantly restricted in shoulder horizontal 
flexion ROM, compared to equipment condition #2 (Figure 1). 
 

Figure 1: Mean change (from control condition) in elbow and shoulder 
ROM for three goaltender equipment conditions (i.e. larger values 
indicate a more restricted ROM). Vertical bars = standard deviations.  
 
DISCUSSION / CONCLUSIONS 
Interestingly, equipment condition #3 (low protection and high 
mobility) had the largest amount of shoulder ROM restriction, 
which contradicts a common perception of high mobility in this 
condition. The prototype equipment condition (#2) allowed for 
similar elbow flexion ROM compared to the other two 
conditions but had the largest shoulder flexion and horizontal 
flexion ROM. The concern of tightly compressed protective 
foam around the participant’s body, to adhere to the new NHL 
rules and regulations, did not appear to affect the ROM 
performance of equipment condition #2. Future research must 
now investigate the safety of this new prototype upper body 
equipment to ensure that goaltenders are adequately protected 
from puck and/or stick contact. In conclusion, the new upper 
body equipment (equipment condition #2) allowed for the 
largest amount of shoulder ROM. Conversely, equipment 
condition #3 restricted shoulder ROM in all shoulder 
movements. These findings support the need for ongoing testing 
of protective equipment to ensure that new equipment models 
continue to provide maximum performance for athletes and 
help inform equipment regulations.  
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INTRODUCTION 
 
Clinical rehabilitation following an ACL injury largely focuses 
on regaining leg symmetry. Lower limb asymmetries have been 
studied in multiple facets, however there are mixed conclusions 
[1]. The objective of this study was to identify asymmetries in 
sagittal plane hip, knee and ankle joint angle between the 
dominant and non-dominant leg in a healthy young athlete 
population during the first 200 msec after landing during single 
leg drop. The onset of puberty has been linked to increased risk 
of ACL rupture [2], leading to the selection of early-pubescent 
to post-pubescent participants (12 years and older) for this 
study.  
 
METHODS 
 
80 athletes ranging in age from 12 to 26 years (mean=17.0, 
standard deviation= 4.1 years) were asked to complete a single 
leg drop jump task from a height of 30cm. The entire task 
included a single leg drop jump from the stated height, and then 
transitioning to an immediate jump to reach maximum vertical 
displacement upon landing. Landing technique was chosen at 
the individual’s discretion. Each participant completed the task 
a total of four times on each leg. 
 
3D joint angles for the three lower extremity joints were 
calculated using Visual3D biomechanical software (C-Motion, 
Inc., MD, USA). The mean sagittal plane joint angles of the 
dominant and non-dominant leg during the first 200 msec after 
landing from the single leg drop jump were then statistically 
compared using paired t-tests (p<0.05) in Matlab 2017b (The 
Mathworks, Inc., Natick, MA).  
 
RESULTS 
 
No statistically significant differences were identified when 
comparing the dominant and non-dominant mean joint angles 
for the early contact phase of the single leg drop jump. Using a  

5% difference threshold for mean joint angles, seven of the 80 
subjects had a difference in plantar-flexion angles between the 
two legs greater than 5%, five had a difference of over 5% in 
knee flexion, and two in hip flexion (Table 1).  

DISCUSSION / CONCLUSIONS  
 
Flexion angles at the ankle, knee and hip showed little variance 
between dominant and non-dominant limbs over the 200 msec 
landing phase, as seen by their waveforms in Figure 1. Mean 
flexion angles differed from dominant to non-dominant legs 
through a range of 0.2-0.8°, however, these differences were 
not statistically significant and not considered clinically 
relevant (Table 2). Further investigation is needed to determine 
whether the individuals whose joint angles exceeded the 5% 
difference threshold might be at a greater risk of injury. 
 
Table 1: Joint flexion angle paired t-test comparison (p<0.05).  

JOINT OVER 5% 
DIFFERENCE 

UNDER 5% 
DIFFERENCE 

HIP 2 79 
ANKLE 7 73 
KNEE 5 75 

 
Table 2: Mean flexion angles (°) in 200 msec after landing. 

JOINT DOMINANT NON-DOMINANT 

HIP 36.4 35.6 
ANKLE 12.2 12.0 
KNEE 44.2 43.5 
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INTRODUCTION !
Female athletes are more prone to ACL injures than male 
athletes because of anatomical, hormonal, and neuromuscular 
differences [1]. Studies have shown that neuromuscular 
deficits in females can be modified with the introduction of a 
neuromuscular training regimen [2,3]. Researchers suggest 
that NMT programs that elicit injury prevention and increase 
sports performance will enhance the general adoption of these 
programs [4]. As many as 70% of ACL injuries occur from 
non-contact athletic movements such as cutting and jumping 
[5]. The drop vertical jump test has been widely used 
by researchers to examine the risk factors associated with 
female ACL tears [6]. Limited research has been conducted 
observing the biomechanics involved with cutting maneuvers 
after the implementation of an NMT program. Thus, the 
purpose of this study was to examine the effect of the 
implementation of a 5 week NMT warm-up on knee valgus 
torque, vertical ground reaction force, and reaction time during 
a side-step cutting maneuver in a sample of female collegiate 
basketball players. !
METHODS  !
10 healthy NCAA Division II collegiate women’s basketball 
athletes (age=19.3+1.6 years, height=170.5+8.5 cm, 
mass=65.99+10.8 kg) were recruited and randomly assigned to 
either the 5 week neuromuscular training warm up group 
(N=5) or the 5 week traditional dynamic warm up group 
(N=5). The 10-minute NMT warm up called the PEP (Prevent 
Injury Enhance Performance) was performed 3 times a week 
for 5 weeks under the supervision of a certified athletic trainer. 
The control group performed their traditional 10-minute 
dynamic warm up 10-minute warm up 5 days a week for 5 
weeks.  !
Biomechanical analyses of subjects performing the side-step 
cutting maneuver were administered before and after the 5 
week intervention to quantifiably measure peak knee valgus 
torque, vertical ground reaction force, and reaction time 
utilizing: a set of passive, reflective markers (9 mm DIA), on 
anatomical structures according to the Helen Hayes marker 
set, a motion analysis system of 8 visible-red cameras (Motion 
Analysis. Santa Rosa. CA), Cortex motion capture software at 
a sampling rate of 240 fps, and 2 force plates (AccuGait. 
AMTI. Watertown. MA) connected with the motion analysis 
system at a sampling rate of 1800 Hz. !
A 2x2 repeated-measures analysis of variance was performed 
to assess the interaction of time (pre and post) and group 
(intervention or control) and their main effects on peak knee 
valgus torque, peak vertical ground reaction force, and 
reaction time during the side-step cutting maneuver. 

Bonferroni’s post hoc tukey was used to identify any pairwise 
magnitude differences for significant interactions amongst the 
variables. !
RESULTS !
There was a statistically significant two-way interaction 
between group and time for peak knee valgus torque, F(1, 8) 
7.171, p = .028. Statistically significant differences were found 
between groups in peak knee valgus torque, F(1, 8) = 5.844, p 
= .042, and vertical ground reaction force, F(1, 8) = 9.348, p 
= .016 (Figure 1). No significant differences were found in 
reaction time between groups  F(1, 8) = .290, p = .605. !
DISCUSSION / CONCLUSIONS !
After 5 weeks, subjects in the NMT intervention group 
exhibited greater reduction in peak knee valgus torque and 
vertical ground reaction force during a 90° side-step cutting 
maneuver when compared to the control group. Reaction time, 
a variable quantifying a sports performance metric, showed no 
significant difference between the intervention and control 
groups. An implementation of a 10-minute NMT warm up, 3 
times per week can elicit positive effects reducing the risk of 
non-contact ACL injuries in female collegiate basketball 
players,but does not improve reaction time to enhance 
basketball performance. !
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INTRODUCTION 
 
With diagnosed arthritis affecting 1 in 5 adults in Canada – 
with no cure, playing sports such as golf become difficult [1].  
The grip of a golf club is the only contact point between the 
player and the club, making the player’s grip force and the 
golf grip itself an important elements of the game.  However, 
grips are the most overlooked piece of equipment in a golfer’s 
bag and comprehensive examinations have not been done on 
current golf grips [2].  Therefore, the objective of this study is 
to systematically analyse the hand forces produced from 
various golf grips at the distal-phalanges of the hand-grip in 
individuals with and without hand arthritis using new wearable 
sensor technology. 

 

METHODS  
 

The forces at the hand-grip interface of the golfers grip were 
measured using a new wearable FingerTPS (Pressure Profile 
Systems Inc., Los Angeles, CA, USA).  This technology 
encompassed capacitive tactile sensors into a conformable 
finger cot that easily slips over the participants fingers [3].  
The data is wirelessly transferred via Bluetooth which allows 
the participants to not be tethered to a computer while 
swinging.  Three sensors are placed over the participant’s 
index, middle and ring finger of their bottom hand (right hand 
for a right handed player).  Each participant performs 2 golf 
shots on artificial turf into a net with each of the 12 seven iron 
clubs.  Each graph created shows the force in newton’s on the 
y-axis and the time stamp in seconds on the x-axis.   
 
RESULTS 
 
Preliminary data was collected on a sample size of 2 right 
handed female golfers (F, 21 and 22).  In both players, out of 
the three arthritis grips tested, the Lamkin arthritis grip had the 
highest force across all the fingers tested (Figure 1).  In 
evaluating the peak forces that occurred throughout each grip, 
participant 1 demonstrated a larger force output across all the 
fingers with the arthritis grips as well as with the midsized 
medium firmness grip and a lower force output in both the 
standard and midsized hard firmness grips.  Participant 2 
demonstrated larger force outputs in the standard and jumbo 
soft firmness grips and a lower force output in the midsized 
hard firmness grip.   

Figure 1: Lamkin Arthritis Grip, participant 1.  

DISCUSSION / CONCLUSIONS 
 

From the preliminary data collected, comparing all 12 of the 
golf grips tested, it was noticed that generally larger diameter 
grips made of softer firmness materials produced larger forces 
and standard harder firmness grips produced lower forces in 
the index, middle and ring fingers of the golfer’s right hand.  
The preliminary data suggests that currently marketed arthritis 
grips and softer, larger diameter grips may not be the best 
option for reducing harmful high forces produced when 
swinging a golf club.  However, further tests need to be 
conducted on different skill level golfers, both male and 
female, as well as with and without hand arthritis in order to 
gain an accurate representation of the forces that occur in a 
players hands.  With arthritis being the most prevalent chronic 
health condition – with no cure [1], understanding the 
relationship between arthritis and sports is essential in order to 
develop better equipment. 
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INTRODUCTION 
 

Female athletes are two to four times more likely to tear their 
ACL then their male counterparts1, with young females (13-17 
yrs.) having the highest injury incidence of any sex-age strata2. 
ACL injury mechanisms are commonly determined from 

evidence gathered during highly controlled lab-based 

activities. However, many non-contact ACL ruptures occur 

following a reaction to an external stimulus, when an athlete is 
unable to pre-plan their movement strategy3. To improve 

prevention programs, ACL injury mechanisms should be 

evaluated during unanticipated movements. Drop-jump 

landings offer a realistic simulation of the rapid decelerations 

commonly associated with ACL injury and have been 
validated as a clinically feasible movement assessment tool4. 

The purpose of this study was to determine if young male and 

female athletes displayed different lower-limb landing 

mechanics during an unanticipated drop-jump task. 

 
METHODS  
 

Fourteen athletes (male=7, female=7; 16.6±1.4yrs; 1.76 

±0.06m; 68.77±9.54kg) performed a series of unanticipated 

drop-jump landings. Drop-jumps consisted of stepping off a 

raised platform (aligned to the participant’s tibial plateau), 

immediately performing a two-legged maximal vertical jump, 
and landing onto a force platform (FP4060-08, Bertec Corp., 
Columbus, OH, USA) with either one- or two-legs. The 

required landing leg(s) was randomly signaled by displaying a 

visual cue approximately 400ms before landing (Figure 1).  

Full body kinematics were recorded through a 10-camera 

motion capture system (Vicon MX-13, Oxford Metrics, 
Oxford, UK) with reflective markers placed on anatomical 

landmarks. Only single-leg landings on the dominant limb 

were used for the subsequent analysis. The maximum angles 

and moments for the hip, knee and ankle were calculated over 

the landing phase for each drop-jump. Independent sample t-
tests were used to compared between-sex kinematic and 

kinetic differences (α = 0.05). 
 
RESULTS 
 
Female participants landed with significantly greater knee 
abduction angle during the unanticipated drop-jump when 

compared to their male counterparts (female=6.23±3.3°; 
male=1.63±2.13°; p=0.019; d=1.27). No statistically 

significant differences were identified at the hip or ankle. 

 

 
 

 
 
 
 
 
 
 
 
 

Figure 1: Projector placed in front of participants was used to 

randomly signal the required landing leg.  

 
DISCUSSION / CONCLUSIONS 
 

Kinematic sex-differences were identified during the landing 

phase of an unanticipated drop-jump, with female athletes 

reaching a significantly greater knee abduction angle 
compared to their male counter parts. Knee abduction during a 

jump landing has been identified as a potential risk factor for 

sustaining an ACL injury5. Video analysis of ACL injuries 

typically describe rapid decelerations with reduced knee 

flexion and greater knee abduction as the common mechanism 

of injury6. This has been confirmed in cadaver studies with 
individual knee abduction loads elevating ACL strain7. 

Although female athletes typically perform jump landings 

movements with greater knee abduction5, few studies have 

reproduced these findings in a young population. Given the 

association between knee abduction and ACL injury, these 

findings could provide an explanation for the increased ACL 
injury rates observed in young females. Future research will 

determine if the observed kinematic differences are a result of 

anthropometric features, musculature strength, or muscle 

activation patterns.  
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INTRODUCTION 
 
Soft tissues overlying the hip play a critical role in protecting 
against fractures during fall-related hip impacts [1]. As a 
result, regression equations that could estimate hip soft tissue 
thicknesses may prove to be a valuable tool for assessing an 
individual’s injury risk and need to adopt preventive 
measures. Therefore, the purpose of this study was to develop 
soft tissue thickness prediction equations for the left and right 
greater trochanters (GT) and iliac crests (IC) for a range of 
healthy, younger and older adults. 
 
METHODS 
 
Thirty-two anthropometric measurements (9 lengths, 7 
circumferences, 10 breadths, 6 skinfolds) were taken from the 
waist, hips, and thighs of 100 (50F, 50M) younger (16-35 
years) and 101 (50F, 51M) older (36-65 years) adult 
participants. Using enCORETM software (2013, GE 
Healthcare, v. 15.00.362), corresponding whole-body Dual-
Energy X-ray Absorptiometry (DXA) scans were analyzed to 
determine participants’ actual bilateral soft tissue thicknesses 
overlaying the IC and GT.  Measurements were taken as the 
horizontal distance between the most lateral point on the IC 
and GT, and the edge of the soft tissue (representing the skin 
surface), respectively. Multiple linear stepwise regression was 
used to generate two sets of four prediction equations for the 
right and left IC and GT soft tissue thicknesses of the younger 
(37F, 37M) and older (38F, 38M) groups. Anthropometric 
data from separate validation samples (younger: 13F, 13M; 
older: 12F, 13M) were then input into the generated equations 
to quantify the accuracy of the predicted tissue thicknesses.  
 
RESULTS 
 
Prediction equations for the younger group exhibited adjusted 
R2 values ranging from 0.704 to 0.791, with more explained 
variance for the GT than IC soft tissue thicknesses; 
corresponding adjusted R2 values for the older group ranged 
from 0.819 to 0.852. Across all equations, major predictors 
were sex, height, abdominal skin fold, and hip circumference. 
Standard errors for predicted and actual IC and GT soft tissue 
thicknesses were ≤ 0.77 cm and ≤ 0.86 cm, for the younger 
and older groups, respectively. Mean root mean square errors 
of ≤ 0.90 cm and ≤ 0.87 cm were recorded for the younger and 
older groups. Predicted and actual soft tissue thicknesses were 

generally highly correlated (see example scatter plot in Figure 
1), with R2 values ranging from 0.466 to 0.738 (younger) and 
0.842 to 0.848 (older).  

Figure 1: Sample scatterplot of predicted and actual soft tissue 
thickness overlying the left GT for the older group.  
 
DISCUSSION / CONCLUSIONS 
 
These findings suggest that soft tissue thicknesses overlying 
the IC and GT can be estimated fairly accurately using surface 
anthropometric data from adults across a range of ages. 
Compared to other methods of predicting soft tissue 
thicknesses at the hip (e.g., hip circumference, %body fat, 
spinal measurements), the prediction equations presented here 
are more practical to use and more accurate on average than 
previous methods [2,3].  
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INTRODUCTION

Sonomicrometry is a technique that directly measures distances

with high temporal and spatial resolution by the transmission and

timing of ultrasound pulses between piezoelectric crystals. So-

nomicrometry has been applied to various disciplines, including

physiology and biomechanics. In biomechanics, it is commonly

used to measure muscle geometry and fascicle length [1].

The use of sonomicrometry is hindered by the need to remove

artifacts from its distance traces. While many of the artifacts are

easy to detect and correct using heuristics, it is not uncommon to

obtain poor quality distance traces with artifacts requiring non-

trivial corrections. The correction of such artifacts is compli-

cated by the need to judge whether or not they are correctable,

and how they should be corrected; unprincipled, ad hoc correc-

tions often lead to inconsistent results. Then, how should one

decide what corrections to make? The literature is unclear: in-

clusion and exclusion criteria for data and procedures for artifact

correction are not reported in detail. Careful artifact correction

is also painstaking and time consuming. Existing tools require

significant manual user input to satisfactorily address artifacts.

METHODS

To address these issues, we developed a software tool with ac-

companying guidelines for the correction of sonomicrometry ar-

tifacts. The software tool employs an automated correction pro-

cedure specific for the more easily reversible artifacts (“level-

shifts”). The procedure’s specificity allows it to be completely

elementary, and is intended to cause the procedure to fail when

encountering the more difficult or ambiguous artifacts. In such

cases, the user is expected to remove the stumbling block so that

the procedure may continue. This collaboration is enabled by

the ability to apply (and reverse) the automated procedure in pro-

gressive steps. In this way, the user has precise control over the

correction of artifacts, but is also responsible for their validity.

RESULTS

In general, the software tool greatly simplifies and expedites the

process of artifact correction. We demonstrate the use of the soft-

ware tool by correcting a portion of an unusually poor distance

trace taken from a pilot experiment. See traces below (Figure 1).
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Figure 1: (Results) Removing artifacts from a low quality trace with the software tool. In practice, the correction of traces as poor as this one

should probably not be attempted due to the risk of introducing new errors. Row 1 displays a selected portion of the trace, while Row 2 displays a

closeup of the trace in which individual data points can be distinguished. (A) The original trace with highlighted artifacts in magenta and yellow. (B)

Application of the automated procedure leaves three artifacts. Modified segments are highlighted in white and cyan. (C) The remaining artifacts are

corrected manually to complete the correction. For verification, the corrected trace is compared to the uncorrected trace (superimposed in green).
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INTRODUCTION 
 
Common methods of measuring speed in sport include using 
Global Positioning System (GPS) tracking devices, video 
analysis, time gates, model-based image matching (MBIM), 
and Doppler Effect laser devices [1]. However, while these 
methods can be accurate, most of these methods require a 
specialized setup that can be costly or unavailable if analyzing 
video post-competition. The use of open source software is a 
possible solution but often lacks published validation for speed 
measurements [2]. The purpose of this research was to 
examine the error of speed measurements extracted from video 
during an ice hockey skating exercise using open source 
software. 
 
METHODS  
 
Five HD cameras were used to record an athlete engaging in 
four skating exercises at two speeds (i.e. slow and fast) 
(Figure 1). The athlete was instructed to glide through the test 
area. The speed of each trial was measured by high speed 
camera for comparison with the broadcast cameras. 
Comparisons were made using a linear regression. A 
comparison of the measured speeds using open source 
software to the high speed camera was also conducted by an 
ANOVA with Tukey post-hoc. Significance was set to a p-
value of 0.05. 
 
RESULTS 
 
The r2 values from the linear regression were lowest for 
broadcast camera 3, exercise 4 and highest for broadcast 
camera 1, exercise 1 (Table 1). No significant difference was 
found between the speeds calculated by the high speed camera 
(slow: 4.46 m/s +/- 0.2; fast: 7.2 m/s +/- 0.7) and the speed 
calculated from the broadcast cameras (slow: 4.50 m/s +/- 0.4; 
fast: 7.34 m/s +/- 0.6) (p>0.05). The inter-rater and intra-rater 
reliability analysis resulted in a significant correlation of 0.960 
and 0.958, respectively. 
 

 
Figure 1: Camera placement and exercise direction on the ice rink 
for exercises 1 through 4. Arrows indicate direction of travel as well 
as the area (3.4m) where the speed measurements were taken. 
 
DISCUSSION / CONCLUSIONS 
 
The open source method of determining the speed of a skater 
from broadcast cameras resulted in errors amounting up to 0.7 
m/s for a 4.5 m/s skating exercise and up to 1.3 m/s for a 7.2 
m/s skating exercise. The speed measures for each HD camera 
in comparison to the reference speed were found to have r2 
values that were close to 1.0, which are similar to those from a 
professional human motion tracking package (ProZone) [3]. 
The open source method was found to be less accurate when 
the athlete was moving directly towards the HD cameras, 
which may be the result of the reference grid working best 
when motions are orthogonal to the broadcast camera position. 
This would suggest that the placement of the grid, and the 
angle at which the object/person is moving relative to the 
recording broadcast camera, are critical components to 
ensuring accuracy of a speed measure using this method.  
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Table 1: The r2 values showing the amount of variance accounted for by each HD video camera in relation to the high speed 
camera reference speed per exercise for the target method. 

 Target method 
Exercise 1 2 3 4 
Camera 1 0.996 0.989 0.981 0.933 
Camera 2 0.977 0.991 0.974 0.990 
Camera 3 0.992 0.992 0.968 0.815 

Camera 4 0.988 0.955 0.991 0.914 
Camera 5 0.962 0.975 0.987 0.977 
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INTRODUCTION 
 
Central sensitization (CS) is an important underlying 
mechanism in the clinical manifestation of chronic 
musculoskeletal pain [1]. Topical capsaicin is commonly 
employed with and without skin pre-heating in experimental 
settings to transiently induce pain and CS in humans [2-5]. 
Only one study has previoulsy investigated the effect of skin 
pre-heating on topical capsaicin induced CS and observed no 
differences in the area of secondary hyperalgesia evoked by 
heat/capsaicin versus capsaicin alone [5]. These findings were 
based on assessesments conducted 75 minutes after capsaicin 
application, however, peak responses of topical capsaicin are 
commonly reported within 30 minutes of application [2-4]. No 
studies have compared the effect of pre-heating on capsaicin 
induced CS within the first 30 minutes after cream application. 
Our purpose was to investigate the effect of skin pre-heating 
on topical capsaicin induced CS during the first 30 minutes 
after capsaicin application. We expect the heat-capsaicin 
technique to evoke a larger area of secondary hyperalgesia 
within 30 minutes compared to capsaicin alone and placebo.  
 
METHODS  
 
20 young, healthy individuals participated in this crossover-
design study. Topical capsaicin (Zostrix 0.075%) was applied 
to a 50cm2 area on the dorsal forearm in capsaicin (CAP) and 
capsaicin with skin pre-heating (CAP+HEAT) sessions, while 
placebo cream (Lubriderm) was applied in the control (CON) 
session. Hot towels (40°C) were applied to the cream region 
for 10 minutes prior to capsaicin application in the 
CAP+HEAT session. Brush allodynia testing was employed to 
quantify the area of secondary hyperalgesia [1, 2]. Mechanical 
allodynia testing was performed inferiorly from the right 
shoulder and superiorly from the right wrist [1, 2]. Participants 
were asked to identify the point where they felt an increase in 
mechanical sensitivity to brushing [1, 2].  The sum of the 
linear distance of both points to the closest border of the cream 
region was recorded as the total allodynia score [1,2].  Brush 
allodynia was assessed at baseline, at 10-minute intervals 
during cream application, and after cream removal. Total 
allodynia scores were compared between sessions (CON, 
CAP, CAP+HEAT) and across time points using two-way 
repeated measures ANOVA. Post hoc comparisons between 
sessions at each time point were performed using Tukey tests. 
Statistical tests were performed in Graphpad Prism (Graphpad 
Sofware, USA) with a significance level of alpha = 0.05.  
 
 
 

RESULTS 
 
Significant increases in total allodynia score were observed in 
the CAP+HEAT session compared to both CAP and CON 
sessions at 20 minutes (p<0.001), 30 minutes (p<0.001) post-
application, and after cream removal (p<0.001). Significant 
increases in total allodynia score were observed in the CAP 
session compared to the CON session 30 minutes after cream 
application (p<0.001) and after cream removal (p<0.001). 
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Figure 1: Total allodynia score between CON, CAP, and 
CAP+HEAT sessions compared at baseline, during cream 
application, and after cream removal. *Denotes significant 
differences compared to CON and # denotes significant difference 
compared to CAP at alpha<0.05.  
 

DISCUSSION / CONCLUSIONS 
 
Our findings support our hypothesis that CAP+HEAT leads to 
greater increases in secondary hyperalgesia area compared to 
CAP and CON within 30 minutes of cream application. 
Experimentally evoked CS is being increasingly used to study 
the effects of chronic pain on movement, stability, and 
postural control in humans [3,4]. Our findings suggest that 
pre-heating enhances the effect of topical capsaicin when used 
to experimentally evoke CS, and contribute further insight into 
the use of capsaicin to experimentally induce CS in humans. 
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INTRODUCTION 
 
Skin sensitivity tests are important research tools. Such 
examinations aim e.g. to investigate the contribution of skin 
sensitivity towards balance [1] or to identify neuropathy [2]. 
Vibration sensitivity data is ratio scaled, were the amount of 
measurement error often increases as the values increase, 
possibly indicating heteroscedasticity [3]. Although not 
recommended [3], heteroscedastic data is often analyzed with 
conventional statistical tests. Therefore, we analyzed the 
nature of vibration sensitivity data and hypothesized 
heteroscedasticity in our data. In case of heteroscedasticity, 
data was treated using the appropriate approach.  
 
METHODS  
 
Twenty-eight healthy subjects (16♂, 12♀) participated in the 
study (mean±SD: 23.2±2.6 yrs, 173.5±8.0 cm, 66.9±9.8 kg). 
Three trials of vibration perception thresholds (VPTs, 200 Hz) 
were measured at the hallux of the dominant foot (test), and 
then measured again (retest) after a break of 45 min. Foot 
temperatures were monitored before and after each test, and 
mean±SD of the VPTs were calculated. As suggested [3], 
heteroscedasticity was identified by plotting VPT differences 
(test-retest, raw data) against their mean. Foremost, the 
Spearman-correlation was calculated between the absolute 
differences of the raw VPTs and their mean. Data was then 
treated by taking the natural logarithm (log) of raw data [3]. 
 
RESULTS 
 
Heteroscedasticity was first confirmed by looking at the 
differences: Smaller mean values were associated with smaller 
differences (error), whereas greater mean values were 
associated with greater error, seen in the "funnel-shape" 
exhibited by the data points (Figure 1, left). Second and most 
importantly, significant and positive correlations (in raw data) 
were observed between the absolute differences of the VPTs 

and their mean (p=0.004, r=0.530). After treating the data 
(natural logarithm), data points no longer appeared "funnel-
shaped" (Figure 1, right), and the correlation disappeared 
(p=0.724, r=-0.020), indicating absence of heteroscedasticity.  
 
DISCUSSION / CONCLUSIONS 
 
Confirming our hypothesis, vibration sensitivity data is of 
heteroscedastic nature. Considering the plots of the VPT 
differences and the Spearman-correlations, our data benefitted 
from the log transformation. Interestingly, most conventional 
statistical tests do not assume heteroscedasticity, e.g. tests to 
detect bias (t-tests [3] or analyses of variance [4]). This is also 
true for all conventional correlation analyses [5] and for 
measures of absolute reliability (Bland-Altman plots) [3]. In 
this way, p-values or correlation coefficients may result in 
different outcomes, depending on whether they are executed 
on raw or log data. This highlights the importance of carefully 
analyzing data (especially on the ratio scale in all scientific 
disciplines) in order to interpret outcomes appropriately. 
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Figure 1: Difference plots based on raw (left) und transformed data (natural logarithm, right). 
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INTRODUCTION  
The use of wearable systems is becoming more common in 
health care and rehabilitation settings [1-2]. In general, a 
wearable system for data collection consists of three main 
components: 1) the sensing and data collection hardware, 2) 
the communication hardware and software, and 3) the data 
analysis and display [1]. While there has been great interest 
in wearable sensors for in-home monitoring to mitigate falls, 
few researchers have applied such technology to 
musculoskeletal disorder prevention/rehabilitation [e.g. 3-5]. 
 
The goal of the present work was to develop a novel sensor-
based framework for the assessment of movement quality 
and control in clinical, sport, and ergonomic settings that is: 
1) flexible (i.e. can be easily adapted), 2) powerful (i.e. can 
carry out simple as well as complex calculations and 
analyses), 3) efficient (i.e. completely portable and requires 
minimal user interaction), and 4) inexpensive (i.e. <$500). 
Presented below is an overview of the framework, which is 
currently being refined, optimized, and tested. 
 
METHODS 
The proposed framework involves six main parts, which are 
shown in Figure 1. The entire system is run through a 
custom mobile application. Briefly, when finalized, the 
system and custom application will function as follows:  
1. Upon opening the application, the user logs in and is 

then asked to assess a new participant or to reassess an 
existing participant. The next step involves entering 
participant demographics as well as having them fill out 
various questionnaires that the assessor selects. These 
data are stored to the database as described below. 

2. The user selects which assessment task(s) they would 
like the participant to complete, and the application 
automatically moves through data collection procedures 
(e.g. sensor placement details and videos of what the 
participant will need to complete).  

3. The system connects to wireless inertial measurement 
units (IMU) via Bluetooth® and collects data for the 
length of time based on procedures in 2. The application 
provides required feedback such as metronome tones 
and can also take synchronized videos. 

4. On-board calculations can first assess data quality, then 
movement control and quality variables of interest.  

5. Processed data are sent to, stored, and organized in an 
encrypted cloud database. Data can continuously grow 
and are tagged to be accessed in a certain fashion (e.g. 
location where they were collected, user, participant, 
date, injury, age, etc.). We also use custom pattern 
recognition and machine learning methodologies that 
we have developed to differentiate groups [6]. 

6. Feedback is provided to the user regarding how the 
participant compares to themselves at other visits, as 
well as others. The software can also filter for 

comparisons (e.g. only females of 20 to 30 years of 
age). Specific feedback is being refined, but we can 
provide z-scores for certain variables, as well as custom 
movement quality scores via machine learning [6]. 

 
RESULTS AND DISCUSSION 
We have developed a novel sensor-based framework for the 
assessment of movement quality and control that meets each 
of our original criteria, and are in the process of 
implementation and validation. The system is flexible, 
because the number of sensors and sample rate can be 
adjusted, and additional movement tasks and analyses can 
be added at any time. Currently, we are validating our 
ability to reliably assess three-dimensional lumbar spine 
kinematics, local dynamic stability, and coordination during 
dynamic trunk movements [7], but will expand to other 
tasks and analyses. The system is powerful, because we can 
program any type of analysis directly into the application 
and can also harness cloud-computing and machine learning 
algorithms to differentiate groups (e.g. healthy vs. injured) 
[6]. The system is efficient because it will walk the user and 
participant through the required steps and automatically 
store data to the database with minimal user interaction. 
Finally, the system is inexpensive as we are currently using 
and validating off-the-shelf IMU sensors (Meta Motion R, 
MbientLab Inc., CA, USA), which retail for $78 USD each 
and are much less expensive in bulk. These characteristics 
make this framework ideal for use in numerous settings. 
 
CONCLUSIONS 
We have developed a sensor-based framework system for 
the assessment of movement quality and control in clinical, 
sport, and ergonomic settings that is flexible, powerful, 
efficient, and inexpensive. We are currently validating all 
aspects of the system, while finalizing the programming, 
prior to testing the framework at several sites with patients.  
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 Figure 1. Flow diagram outlining the six stages of our sensor-based framework, which is run through a custom application. 
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INTRODUCTION 
More and more children are sustaining anterior cruciate 
ligament (ACL) injuries [1] with very high re-injury rates [2]. 
Moreover, approximately 50% of patients are not able to return 
to pre-injury physical activity following surgery and/or 
rehabilitation [3]. The high incidence and re-injury risk among 
children clearly demonstrates the need for improved 
management of this population. There is a severe lack of 
information regarding clinically relevant functional capacity 
measures and return to play guidelines in this population. In 
adults, current guidelines focus on the relative difference in 
functional capacity of the injured and contralateral limbs during 
a battery of hop tests [4,5]; these guidelines do not exist for 
children. To create these guidelines, we must (1) understand the 
functional capacity of healthy children with these tests and (2) 
evaluate their use as clinical outcome measures in ACL-injured 
children. Since baseline measures on a healthy population are 
easily measured in a school environment (i.e. gymnasium), but 
ACL-injured children will be evaluated in a laboratory setting, 
the purpose of this study was to determine the reliability of a 
battery of hop tests in the two environments in measuring limb 
performance asymmetries. 
 
METHODS  
Thirty-four children (18 females) participated in a multi-
centered (gymnasium and laboratory), counter-balanced 
designed study that involved two data collections, separated by 
two weeks, using a battery of hop tests [4,5]. Participants were 
instructed to hop maximal distances while using one limb at a 
time for the following tasks (Figure 1A-D): anterior hops, 
lateral hops, triple hops, and cross-hops. In addition, a timed six 
meter hop test was completed (Figure 1E).  

 
Figure 1: Single-limb hop tests on the right foot. 
 
 

Participants performed each task in a randomized order. Two 
practice trials for familiarization before completing a minimum 
of three good trials (consisting of using proper technique and 
holding the landing for two seconds). This was repeated for 
each limb and each task, in a randomized order. The mean 
distances/times for the three trials were calculated for each limb. 
Two-way repeated measures ANOVAs (p=0.05) were used to 
determine between (sex) and within (location) participant 
differences. Post-hoc t-tests were performed if a main or 
interaction effect was found. Cronbach’s alphas were used to 
determine the reliability of the performance measurements 
taken at each location on both limbs for each task. 
 
RESULTS 
No group mean differences were found between locations, 
however a sex effect was found in the triple hop and the cross 
hop for both limbs. Post-hoc analyses revealed that male 
participants were jumping further than females for both tasks on 
each limb, independent of the test location. Given the presence 
of a sex effect, Cronbach’s alphas for reliability were calculated 
for each sex separately and revealed there to be good to 
excellent with all values being >.706 (Table 1).  
 
DISCUSSION AND CONCLUSIONS 
The performance measurement differences in males and 
females were expected and clearly indicate that different 
performance guidelines should be used for each sex. However, 
current rehabilitation guidelines have yet to be sex-specific and 
this study strengthens the argument for a re-evaluation of 
guidelines on the functional performance of the lower limb. 
Furthermore, these results demonstrate that this battery of hop 
tests was reliable in children in different environments. Future 
work can include larger sample sizes to create a baseline dataset 
and various populations such as children with ACL injuries, 
pre- and post-surgery to assess rehabilitation progression. 
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Table 1: Cronbach’s alphas for reliability for males and females for each hop task on each limb; an alpha over 0.7 demonstrated good reliability. 
 Anterior Hop Lateral Hop Triple Hop Cross Hop Timed 6m Hop 
Limb Right Left Right Left Right Left Right Left Right Left 
Females .706 .715 .745 .755 .929 .947 .832 .848 .913 .868 
Males .864 .862 .725 .744 .880 .912 .879 .852 .914 .965 
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INTRODUCTION 
 
The purpose of this study is to predict a sit-to-stand (STS) 
motion imitating that of a healthy human. Researchers have 
taken a spectrum of approaches in STS prediction, and still there 
is a lack of validated results in the literature. This work includes 
the creation of three integrated models: a three-link 
biomechanical model, a motion model describing the time 
histories of generalized coordinates as parametric curves, and a 
model of preference that minimizes mechanical effort and 
physical infeasibilities. An iterative dynamic optimization 
strategy allows for motions of gradually increasing complexity 
while the model’s performance is improving. By using these 
models in this optimal control strategy, we aim to produce the 
gross motion patterns and events characteristic of healthy STS 
described in the literature. 
 
METHODS  
 
Predicting STS requires a biomechanical model and theory of 
how this motion is realized. A schematic of the human model, 
created in MapleSim (Waterloo Maple Inc., ON, Canada), is 
seen in the Figure. The global position of the hip and angle of 
inclination of the head-arms-torso (HAT) during STS were 
characterized as Bézier curves to fully control this system. 
These curves were optimized in MATLAB (The MathWorks 
Inc., MA, United States), using fmincon to minimize the sum of 
squared joint torques and physical infeasibilities, including 
impossible configurations, failed momentum transfer, lifting, 
and slipping of the foot. The order of the Bézier curves was 
increased and the process was iterated until successive solutions 
were feasible and demonstrated convergence. The active joint 
torques for this motion were evaluated against normative joint 
torque strengths, as a final, manual, check of feasibility and a 
prediction acceptance criterion. The predicted STS was then 
compared to the six normative events of STS as described by 
Kralj et al. [1].  

RESULTS 
 
The resulting motion is shown in the Figure. From sitting, the 
model flexed the HAT, the buttocks lifted from the chair, and 
the ankles dorsiflexed and then returned to a neutral posture 
while the knees and hips extended to standing, as would be 
expected in healthy STS [2]. The final event of STS, standing 
on, was predicted to occur after 1.60 seconds, much quicker 
than the minimum of 2.12 seconds observed in the research [1]. 
However, when the remaining events were compared to their 
normative occurrence in time, all were predicted within range 
and most were within one standard deviation of reported values. 
 
DISCUSSION / CONCLUSIONS 
 
This study has described STS using a three-link biomechanical 
model and a cost function minimizing exertion and 
infeasibilities, including slipping and falling. This model 
appears to contain some truth in how healthy people stand from 
a seated position and, as a result, predicts STS with generally 
good agreement to experimental results in the literature. 
Possibly the greatest benefit of this work to another researcher 
is the comparison of both kinematic and kinetic results to 
normative STS data, which should serve as a benchmark for 
future work in STS prediction. 
 
REFERENCES 
 
[1] Kralj A et al. (1990). J Biomech Vol 23; p. 1123-1138. 
[2] Schenkman M et al. (1990). Phys Ther Vol 70; p. 638-648. 
 
FUNDING 
 
This research was supported by the Natural Sciences and 
Engineering Research Council of Canada (NSERC) and the 
Canada Research Chairs program. 

 
 
Figure: Evenly spaced snapshots of predicted sit-to-stand for a 174cm, 62kg female from a 46cm chair. 
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INTRODUCTION 
 
Hippotherapy is a treatment modality (TM) performed by 
qualified and trained physio/occupational therapists to help 
patients with mental or neuromusculoskeletal (NMS) disorders 
as well as other dysfunctions [1]. This equine-assisted 
intervention is based on a yet to be formally proposed 
hypothesis that the horse provides a 3D movement similar to 
that experienced by neuromuscular system during walking gait. 
Formulation of such a hypothesis has so far been limited to 
evidence based studies. These highly successful studies 
however, have had limited contribution to a wide appearance of  
this TM in medical references. Here, mathematical description 
of neuro-kinesiological (NK) events could add to that 
contribution by providing both structural and functional image 
of the dynamic interactions between horse and rider. This article 
sets out to put forward a fundamental patient specific and 
dysfunction specific model.  This empirically verified model 
could provide a quantitative platform for examination of the 
efficiency of alternative exercise regimes through predictory 
capacities.   
 
METHODS  
 
A 3D full-body link-segment NMS model of interaction 
between horse and rider could commence with a 2D model on 
the sagittal plane. The model is encompassing crucial skeletal 
geometric parameters, followed by the addition of relevant core 
muscles (Phase 1: Rectus Abdominis, Erector Spinae and 
Psoas). This combination of skeletal and muscular systems, is 
further expanded to include the effect of neural control 
mechanism. Inclusion of the 𝒙∗ , 𝜽∗ parameters in the modified 
basic Hill muscle model opens the way for dysfunction 
specificity. The resulting expressions are hence simulated using 
MATLAB simulation software with 4th order Runge Kutta 
numerical method. The Upper Body  (UB) is represented by a 
single link equivalent model connected to pelvis where pelvis is 
in turn assumed connected to the horse through a rigid joint, as 
shown in Figure 1.  
 
RESULTS 
 
Dynamic expressions provide nonlinear second order 
differential equation for (𝜃) along with the kinematic response 
as well as expressions representing muscles activities: 

𝐴(𝜃)�̈� + 𝐵(𝜃)�̇� + 𝐶(𝜃)𝜃 + 𝐷(𝜃) = 0 (1) 
𝐹𝑅𝑒𝑐𝑡𝑢𝑠 = 𝑓1(𝑥1

∗, �̇�, 𝜃) (2) 
𝐹𝐸𝑟𝑒𝑐𝑡𝑜𝑟 = 𝑓2(𝑥2

∗, �̇�, 𝜃) (3) 
𝑀𝑃𝑠𝑜𝑎𝑠 = 𝑓3(𝜃∗, �̇�, 𝜃) (4) 

Patient specific inertial characteristics and musculoskeletal 
specific disorders can be associated with coefficients of eq. (1). 
Motor control and neuromuscular disorders can be associated 
with 𝒙𝟏

∗ , 𝒙𝟐
∗ , 𝜽∗ functions. For instance the function 𝑨(𝜽) is 

associated with the rotational inertial characteristics of UB. This 
coefficient changes as the UB mass alters in circumstances 
where an additional weight is carried by the patient (medicine 
ball), or when there are morphological changes such as opening 
arms during prescribed neuromechanical exercises. 

Figure 1: 2D dynamic model of the patient on sagittal plane. 
 
Model verification took place by comparing time series 
obtained from Xsens inertial sensor placed on a bony landmark 
of T2 on a healthy subject, as well as that obtained from the 
model as shown in Figure 2. 

 
Figure 2: Predicted Vs.  Empirical data of UB Kinematics. 
 
DISCUSSION / CONCLUSIONS 

Results show that this strategy for modelling HT can be used to 
predict both kinematics and core muscles activities 
simultaneously for a patient during a therapy session. It is also 
shown that this model is capable of catering for individual 
patients with different anthropometrics or NMS disorders. The 
model will need to be enhanced to cater for a number of NK 
aspects. 
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INTRODUCTION 
 
Hippotherapy (HT) as a treatment modality relies on medicinal 
properties of horse movement [1]. Exogenous stimulation 
results in muscle activation and the generated forces could 
adversely affect such pathological states as spasticity and 
contributes towards sensorimotor performance enhancement. 
Estimation of the generated forces in various muscular groups 
could hence assist physiotherapists in enhancing the treatment 
process through personalization of HT program. This is 
achieved through optimization of individual exercises during an 
HT session. This article is providing a preliminary event 
detection methodology for  the kinesiological/biomechanical 
description of the interaction between horse and rider during 
HT.  
 
METHODS  
 
Figure 1, represents a neuromusculoskeletal model to simulate 
the patient upper body (UB) movements during an HT session. 
The model has the following basic characteristics: 
I) Motion is considered only on the sagittal plane, II) The trunk 
is represented by a single link, III) Hip connection to horse is 
assumed rigid, IV) Three groups of muscles namely Psoas, 
Erector and Rectus are considered at this stage, and V) Hill 
muscle model is adopted. 
The model is providing a simultaneous prediction of both 
muscular dynamic response as well as UB kinematics response. 
The simulation is performed for a novice healthy subject 
(Height 174 cm, weight 68 kg). Horse movement input was 
quantified by an Xsens IMU sensor.  

 
Figure 1: 2D dynamic model of UB on sagittal plane 

 
RESULTS 
Predicted and normalized input acceleration profiles due to 
horse gait in two perpendicular directions, as well as UB 
kinematic muscular performance, are presented for a single 
horse gait cycle in Fig 2.  

 
Figure 2: Normalized input accelerations & core muscles activities 
and UB Kinematics Phase Plane on sagittal plane 
 
DISCUSSION / CONCLUSIONS 
 
There are four peaks associated with individual steps as 
encountered on acceleration profiles of Fig 2. The peaks 
indicate that variations in core muscle force generation are 
primarily following forward acceleration, although the vertical 
acceleration also exhibits limited contribution. UB relative 
angular velocity extremums (indicated by points a, b, c and d, 
on Fig 2) are concurrent with relative muscle force extremums. 
The results indicate that variations in muscle generated forces 
are primarily dictated by muscle viscose characteristic with 
elastic properties portraying limited contributions. Inclusion of 
control system characteristics as well as modeling the effect of 
exercises, could provide the basis for real time assessment of 
HT session. 
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INTRODUCTION 
 
Despite a possible evolutionary connection to locomotive 
climbing, modern humans have a limited capacity for 
overhead and weight-bearing postures [1]. Biomechanical 
analyses of the human propensity for fatigue and impingement 
injuries at the shoulder can benefit from comparative 
evolutionary perspectives on the relationship between 
musculoskeletal form and function.  
 
Computational modeling is a known means to simulate 
evolutionary and modern behaviours of human relatives and 
ancestors [2], but efforts have focused on the lower extremity. 
Comparing a primate model to the existing human Shoulder 
Loading Analysis Modules (SLAM) [3] could provide insights 
into potential de-evolution of human arborealism and its 
relation to modern human shoulder morphology.  
 
The study purpose was to develop a chimpanzee glenohumeral 
model in MATLAB (Mathworks Inc) paralleling SLAM to 
explore potential biomechanical adaptations that may have 
influenced shoulder function.  
 
METHODS  
 
The novel chimpanzee model consists of three modules. The 
first module is a moment module that uses motion capture and 
anthropometric data to derive external glenohumeral forces 
and torques using inverse dynamics. The second module is a 
geometry module. This module uses motion capture data, 
subject specific morphological data and a novel chimpanzee 
shoulder rhythm to determine orthopaedic positions and 
orientations, and muscle insertions and origins, lines of action 
and moment arms, and subacromial space.  The model has 19 
muscle elements, representing multiple muscle attachments of 
13 muscles. Muscles were modeled as strings using geodesic 
spherical and cylindrical wrapping techniques (Figure 1). The 
third and final module is the muscle force prediction module 
that employs outputs from the moment and geometry modules, 
and an optimization routine using muscular and mechanical 
constraints and an objective function weighing muscle force 
predictions by physiological cross sectional area (PCSA) to 
minimize the sum of cubed muscle stresses.  
 
Both the chimpanzee and human models were executed using 
six relevant static phases of a single bimanual arm-suspension 
climb cycle for the right arm, extrapolated from previously 
collected human motion capture (Vicon, UK). This human 
motion capture data was modified for the chimpanzee model 
to represent correct upper extremity morphology. Climbing 
was chosen to assess an evolutionarily relevant task.  
 

 
Figure 1: The chimpanzee glenohumeral model, showing muscle 
elements attached to boney segments.  
 
RESULTS 
 
The chimpanzee model predicted lower joint forces, moments, 
and generally lower muscle forces to perform the same task as 
the human model. Chimpanzees had activation dispersed 
across all four rotator cuff muscles, each less than 20% 
maximal force, while humans were predicted to rely mostly on 
infraspinatus and teres minor to near maximal capacity. 
Humans required high activation from all three heads of the 
deltoids, up to 50% of maximal force. Deltoid muscle forces 
for the chimpanzee model were much more moderate. 
Chimpanzees had a subacromial space that was approximately 
2mm wider.   
 
DISCUSSION / CONCLUSIONS 
 
The muscle forces predicted by the human model were 
indicative of the difficulty of climbing compared to 
chimpanzees. Chimpanzees have a more superiorly oriented 
glenoid fossa and acromion, opening the subacromial space, 
and reorienting the joint and muscle lines of action for 
overhead postures. Chimpanzees also have greater PCSA in all 
shoulder muscles, particularly supraspinatus and subscapularis 
muscles. The small size of these muscles in the non-weight-
bearing human shoulder has weakened the synergistic role of 
the deltoids and rotator cuff to maintain glenohumeral stability 
in overhead and fatiguing postures.  These evolutionary 
differences between species may explain why humans have a 
propensity for shoulder injuries in overhead postures [1].  
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INTRODUCTION 
 

Repetitive cyclic joint loading is a known factor in the 
progressive degradation of knee joint tissue, including 
articular cartilage [1]. High knee flexion postures (such as 
kneeling, squatting, bending, or lifting) with a knee flexion 
angle of >120o are uncommonly adopted for activities of daily 
living in Western cultures; however, occupations such as 
tiling, roofing, and childcare often require workers to perform 
repetitive high knee flexion motions for a significant portions 
of their working hours [2,3]. In order to obtain quantitative 
exposure data for occupational high knee flexion, non 
laboratory based measurement tools in combination with 
effective classification and analysis algorithms must be used. 
Automatic recognition of activities performed is essential in 
order for large data sets to be collected without a researcher 
present. Therefore, the objective of this study was to develop 
an electromyography (EMG) based classification algorithm for 
various activities of deep knee flexion. 
 

METHODS  
 

Twelve participants completed three walking trials (used for 

reference voluntary contraction (RVC) normalization) as well 

as three repetitions of eight high-flexion movements (Table 1) 

simulating typical floor level tasks observed in the childcare 

occupation. Muscle activation was recorded using surface 

EMG (Wave Plus, Cometa, Lombardy, Italy) at 2000 Hz from 

the vastus medialis (VM) and lateralis (VL), rectus femoris 

(RF), tibialis anterior (TA), medial and lateral gastrocnemius 

(MG and LG), semitendinosus (ST), and biceps femoris (BF). 

Processing was completed using Matlab 9.1 (The Mathworks, 

MA, USA. Muscle activations were full wave rectified and 

linear enveloped using a unidirectional 2nd order low-pass 

Butterworth filter with a cut-off frequency of 6 Hz prior to 

being normalized to a percentage of peak RVC values.  
 

In order to build the k-nearest neighbor cross-validated 

classifier a combination of frequency and time domain 

features were extracted from each EMG signal to create initial 

classification training data [4]. Feature extraction was 

conducted on 142 ms (285-sample) consecutive windows, with 

an overlap of 71 ms between each from 10 participant’s data. 

The decision to use a 142 ms window was motived by 

previous studies examining time and frequency feature 

extraction from EMG data [5]. The frequency-domain features 

for each window were derived using a fast Fourier Transform 

(FFT). For each muscle the magnitude of the first five FFT 

components were included. In addition maximum, minimum, 

mean, and standard deviation of each window were included 

as time-domain features. In total, these 72 features were 

combined with movement labels to create an (n x 73) training 

dataset containing n trial windows. A 5-fold cross validation 

was then used to develop a nearest neighbor classifier using 

the 80% of the training dataset. Subsequently, neighborhood 

component analysis was performed to reduce the feature set 

from 72 frequency and time domain features to 7, and the 

classifier was retrained with the reduced feature set and tested 

with the remaining 20% of the training dataset, as well as with 

features from the remaining 2 participants not included in the 

training dataset. The classifier’s accuracy was then calculated 
along with the sensitivity, and specificity for each movement.  
 

RESULTS 
 

Overall classification accuracy of the k-nearest neighbor 

classifier was found to be 94.6% for new participant data. 

Sensitivity and specificity per motion can be found in Table 1. 

Misclassification rates were highest for FS, where sensitivity 

was found to be 80%. 
 

DISCUSSION / CONCLUSIONS 
 

This work consists of a first attempt at classifying high flexion 

activities based on lower limb EMG. A combination of 7 time-

domain features (peak magnitude of the VM, VL, RF, TA, LG, 

ST and BF) was found to be most effective for the classification 

of occupational postures of high knee flexion. While the current 

classifier has been trained using simulated occupational data, 

future work should focus on testing its performance with muscle 

activation data measured directly in occupational settings.  
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Table 1: Sensitivity and specificity (in %, where perfect classification would receive 100%) for the classification of each 

movement: dorsiflexed kneel (DK), plantarflexed kneel (PK), heels-up squat (HS), flatfoot squat (FS), lifting an object from the 

ground (LO), stooping (SP), stool sitting (SS), and cross-legged sitting (CS) 
POSTURES DK PK HS FS LO SP SS CS 

Sensitivity 91.2 100 95.2 80 100 100 96.2 100 

Specificity 99.3 98 97.4 100 98.7 100 100 100 
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INTRODUCTION 
The elevated incidence of fall-related hip fractures in older adult 
populations has led to the development of interventions that 
target these injuries.  Mechanical/physical interventions (such 
hip protectors and safety flooring) have been developed to 
reduced applied loads during falls. Previous studies have 
demonstrated the ability of these interventions to reduce fall-
related impact loads in laboratory settings [1]. While clinical 
trials provide details related to hip fracture risk reduction, they 
are lengthy and are associated with methodological challenges. 
The objective of this study was to use a mechanistic, 
probabilistic model of impact dynamics to predict the change in 
hip fracture risk associated with use of safety flooring and hip 
protectors. 
 
METHODS  
Data from studies investigating the effects of a hip protector 
(HipSaver) and safety floor (SmartCells) on impact force during 
simulated lateral impacts (using human volunteers and a 
mechanical test system, respectively) was used to develop two 
impact force attenuation (FA) predictive regression equations 
based on the characteristics of the volunteers or the mechanical 
test system. These regression equations were used in 
conjunction with a previously developed probabilistic model to 
predict fracture risk. This model was first used to generate a 
sample (N=100000) of virtual individuals (VI) that were 
representative of the Canadian older adult population in terms 
of physical characteristics. The model then estimated each VI’s 
Factor of Risk (FOR) as the ratio of predicted impact force from 
a standing height fall (lumped-element model) and predicted 
femur strength (using regression approaches [2]). Next, the 
model used the intervention force FA regression equations to 
predict intervened impact force, and the associated intervened 
FOR was calculated for VI for both interventions (hip protector, 
safety flooring). Risk reduction provided by each intervention 
was characterized as the difference in FOR between the baseline 
and intervened conditions. 
 
RESULTS 
There were significant relationships between participant or test 
system characteristics (e.g. trochanteric soft tissue thickness) 
and the force attenuation provided the hip protector (R2=0.279, 
p=0.028) and  safety floor (R2=0.899, p<0.001). For females, 
mean (SD) FOR was 0.61 (0.28); FOR decreased to 0.59 (0.27) 
and 0.45 (0.19) for the hip protector and safety flooring, 

respectively. For males; mean (SD) baseline FOR was 0.93 
(0.28), compared of 0.83 (0.23) and 0.56 (0.31) for the hip 
protector and safety flooring, respectively. An analysis of FOR 
by trochanteric soft tissue thickness (TSTT) revealed that the 
effectiveness of the interventions decreased with increasing 
TSTT. The number of predicted hip fractures (using a threshold 
of FOR > 1) was substantially reduced in the hip protector 
(males: -42%; females: -21%) and safety floor (males: -76%; 
females: -85%) conditions. 
 

 
Figure 1: Probability distribution for female (red) and male (blue) 
FOR (line: baseline, squares: safety floor, circles: hip protector). 
 
DISCUSSION / CONCLUSIONS 
This study provides the estimates of hip fracture risk reduction 
with the introduction of either hip protectors or safety flooring 
on a population level. It provides a proof of concept for using a 
population level probabilistic model as a virtual test bed for 
proposed interventions, towards estimating the injury risk 
reduction capacity of interventions whose biomechanical 
effectiveness have been characterized in laboratory settings. 
While this study is limited by its assumptions, it provides 
theoretical evidence that hip protectors, and particularly safety 
flooring, can reduce the risk of hip fractures in the Canadian 
older adult population. 
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Table 1: Mean (SD) factor of risk (FOR) for each sex and condition (baseline [B], safety floor [SF], hip protector [HP]).  

  Male B FOR Male SF FOR Male HP FOR Female B FOR Female SF FOR Female HP FOR 
Mean (SD) 0.93 (0.28) 0.83 (0.23) 0.56 (0.31) 0.61 (0.28) 0.59 (0.27 0.45 (0.19) 
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INTRODUCTION 
Knee stability during functional movements is provided by both 
passive and active structures.  Many studies have speculated 
that humans adjust their muscle activation to modulate joint 
stiffness when passive structures (e.g. cartilage, ligaments) are 
damaged (e.g. osteoarthritis, ACL injury).  However, dynamic 
measurements of joint stiffness are challenging, simplified 
models have only considered the flexion-extension degree of 
freedom, and complex finite element knee models are often 
limited to analysis of discrete instants during movement due to 
their high computational cost [1].  The objective of this study 
was to develop an efficent method to estimate six degree-of-
freedom (DOF) knee joint stiffness in OpenSim (NCSRR, 
Stanford, CA, USA) that can be integrated into a novel 
multibody modeling framework for co-simulation of soft tissue 
forces and joint kinematics [2] in the future. 
 
METHODS  
Joint stiffness was estimated using a finite-difference 
numerical approach, which is commonly applied to non-linear 
structures [3].  Briefly, an algorithm was implemented in 
MATLAB (The Mathworks, Natick, MA, USA) to apply 

infinitesimal positive and negative perturbations (±Δq) to each 
generalized coordinate (q) and to solve for the resultant change 

in generalized forces (±ΔF) using the InverseDynamicsSolver 
from the OpenSim API.  At each instant, stiffness was 
computed as the change in generalized force divided by the 
generalized displacement (Figure 1B).  Because perturbation 
of a single coordinate alters the generalized forces for other 
coordinates [4], this approach yielded an NxN stiffness matrix, 
K, relating generalized forces to displacements for an N-DOF 
joint.  
 
Performance of this algorithm was verified using a series of 
simplified test cases including 1-DOF linear springs, non-linear 
1-DOF ligament and muscle, and a 6-DOF “Bushing” spring.  
Subsequently, varus-valgus (V-V) and internal-external 
rotation (I-E) stiffness was estimated for a 6-DOF knee joint 
model during passive flexion-extension simulations.  The 
model included 11 non-linear ligament bundles and simplified 
geometry from a total knee arthroplasty (TKA) [5].  Results 
were compared with experimental data from a cadaveric study 
of an intact knee [6].  
 
RESULTS 
The algorithm correctly predicted the known stiffness values 
for each verification test case. In agreement with experimental 
measurements, predicted V-V and I-E stiffness for the TKA 
knee model decreased rapidly as knee flexion angle was 
increased from 0 to 20 degrees, then remained relatively 
constant (Figure 1C,D).  

 
 

Figure 1: A) Example tangent stiffness for a non-linear spring. B) 

stiffness (kq) was estimated as the change in generalized force (ΔF) per 

finite displacement (Δq). Knee stiffness was predicted for C) valgus-
varus (V-V) and D) internal-external (I-E) DOF during passive flexion. 

 
DISCUSSION / CONCLUSIONS 
We introduced an efficient tool to investigate the stiffness of 
complex, non-linear joint models within OpenSim.  Here, the 
knee joint was studied as a demonstration, but the algorithm is 
generalized and thus can be applied to any joint with arbitrary 
DOF. The reduction in stiffness with knee flexion can be 
attributed to the alterations in passive muscle and ligament 
tensions, and articular contact locations.  Over-estimation of 
stiffness, especially in the V-V direction, was expected due to 
the increased stiffness of the TKA polyethylene material versus 
native cartilage and the general trend with knee flexion was 
qualitatively similar. Future work should consider more 
complex geometries as found in the native knee, and begin to 
investigate coupled interactions between soft tissue injury, 
muscle function, and dynamic movement strategies. 
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INTRODUCTION 
Cortical bone employs toughening mechanisms to resist both 
crack growth initiation and propagation [1]. It has been found 
that a microdamage process zone forms ahead of the crack tip, 
during bone fracture [2]. This microdamage process zone 
precedes the visible growth of the crack and acts to slow down 
crack propagation . Therefore the mechanisms involved in 
developing the microdamage process zone are essential to the 
fracture resistance of bone. To gain a better understanding of 
this process, in an earlier study [3], the microdamage zone was 
generated in bovine bone and its geometry (shape and size) 
measured in 3D. The bovine cortical bone specimens with a 
transversely cut sharp notch were loaded in a single edged 
notch bending (SENB) test. The microdamage process zone 
was imaged using high resolution micro-computed 
tomography (microCT) after barium sulphate staining. To 
build upon this earlier work, a computational continuum 
damage mechanics model was sought to simulate this relevant 
fracture mechanism. 
 
METHODS  
A 2D model of a SENB specimen of bovine bone from [3] was 
generated using the commercial finite element software 
ABAQUS 2017 (Dassault Systems, France). The model was 
simulated by using a continuum damage mechanics (CDM) 
approach to generate the non-linear behaviour of the specimen 
caused by the formation of the microdamage process zone. 
The model was developed to exhibit linear, transversely 
isotropic behaviour up to apparent failure of the bone which is 
congruent with the onset of microdamage formation. Failure 
was determined using the Hashin failure strength criterion, 
which incorporated the anisotropic strength of the cortical 
bone. Post failure criterion behaviour was controlled by a 
damage law based on anisotropic fracture energies. 
 
RESULTS 
Our results show a continuum damage mechanics approach 
can be used to model this important microdamage process 
zone during bone fracture. The load versus load-line deflection 
curve generated from the CDM model highly matched that 
obtained experimentally with an error of approximately 4% 
after the onset of non-linearity. More so, the height and width 
of the microdamage process zone measured experimentally at 
P10, which is the point on the load load-line deflection curve 
where there is 10% decrease in secant modulus was consistent 
with that measured in the CDM model (Figure 1) .  
 

 

 
 
Figure 1: Matching of microdamage zone from CDM model (left) to 
experimental results (right) at P10. The grey region represents the 
microdamage zone for the CDM model and the orange zone presents 
the microdamage zone seen experimentally. 
 
DISCUSSION / CONCLUSIONS 
With further development of the model, a CDM approach of 
modelling bone fracture in finite element software may 
provide an accurate means of studying the microdamage 
process zone developed during bone fracture especially in the 
aged and diseased. 
 
This will provide the grounds to gain a better understanding of 
how the microdamage process zone changes with bone quality, 
how these changes potentially affect the overall fracture 
toughness of bone, and perhaps clinical fractures. 
 
REFERENCES 
[1] Ritchie, R. O. (2010). How does human bone resist 

fracture? Skeletal Biology and Medicine Vol. 1192; p72–80 
[2] Vashishth, D., Tanner, K. E., & Bonfield, W. (2000). 

Contribution, development and morphology of 
microcracking in cortical bone during crack propagation, 
Journal of Biomechanics Vol. 33; p1169–1174. 

[3] Willett, T., Josey, D., Xing, R., Lu, Z., Minhas, G., & 
Montesano, J. (2017). The micro-damage process zone 
during transverse cortical bone fracture: No ears at crack 
growth initiation. Journal of the Mechanical Behavior of 
Biomedical Materials, Vol. 74; p371–382.  

 
FUNDING 
CIHR Institute of Musculoskeletal Health and Arthritis; 
NSERC

 

Scott Landry
P133



A NEW WRAPPING APPROACH FOR THE DELTOID MUSCLE MODELLING 
 

Marta Strzelczak1, 2, Morten Lund3, Lauranne Sins1, Mickael Begon4, Nicola Hagemeister1, 2 
1 Département de génie de la production automatisée, École de technologie supérieure, Montréal, CA, 2 Centre de recherche 

du CHUM, Montréal, CA, 3 Anybody Technology A/S, Aalborg, DK, 4 Département de kinésiologie, Université de 
Montréal, Montréal, CA 

Email: marta.strzelczak.1@ens.etsmtl.ca 
 

INTRODUCTION 
 
Musculoskeletal models are frequently used to predict muscles 
forces and joints internal loads since in-vivo measurement is 
an invasive procedure. However, to obtain physiologically 
faithful estimation of muscle forces, accurate muscle geometry 
is required. In musculoskeletal models, muscles are typically 
modeled as a series of discrete massless fibers from origin to 
insertion points with via-points and/or a geometrical wrapping 
surface representing the underlying bony structure. This 
approach brings some drawbacks while modelling large 
muscles with multiple functional compartments such as the 
deltoid. It leads to non-physiological paths of the fibers in 
several joint orientations (Fig. 2 Left). The objective of this 
study was to develop a new wrapping approach for the deltoid 
in which each muscle fiber wraps around one unique ellipsoid. 
We hypothesize that this technique would lead to more 
realistic fibers trajectories which eventually should lead to 
more accurate estimation of joint internal loads. 
 
METHODS  
 
A large-scale musculoskeletal shoulder model was previously 
developed using the Anybody Modelling System (Anybody 
Technology, Aalborg, DK) [1]. The deltoid model contains 12 
lines of action: 4 of which correspond to the anterior, 4 to the 
lateral and 4 to the posterior compartment. To determine 
fibers’ trajectories and to prevent muscle penetration into bony 
structures the original via-points were replaced by the set of 
elliptical wrapping objects. Firstly, for each compartment (i.e., 
anterior, lateral and posterior) a control ellipsoid was 
determined based on the bones geometry and the underneath 
soft tissue offset. In the next step, tangents to the ellipse 
defined by the xz plane of the control surface were calculated 
in the intervals of 5° to 15°. The total number of tangent lines 
equal to the number of fibers used to model the deltoid 
muscle. The actual wrapping ellipsoids were fitted to each 
tangent line determined their position and orientation. Hence 
one unique ellipsoid was defined for each muscle fiber (Fig. 
1). Finally, a Mocap based model was constructed based on 
previously collected datasets for two healthy subjects. Several 
elevation movements in different planes as well as daily life 
activities were simulated to qualify the performance of the 
new wrapping approach in terms of physiological pathway of 
the fibers for high elevation angles. 
 
RESULTS 
 
The presented solution prevents fibers to slide out of the 
surface and provides a physiological fiber trajectory, 

especially at critical glenohumeral joint orientation e.g. after 
90° of arm elevation. That was not observed in the previous 
via-point approach as it is shown on the (Fig. 2). 
 

  
 

Figure 1. (Left) The top view of the general approach, not yet applied 
to the model. A gray ellipsoid represents the control ellipsoid, the 
dark blue ones illustrate wrapping ellipsoids. (Right) The new 
wrapping approach applied to the anterior deltoid (the wrapping 
ellipsoids are hidden to better see the muscle fibers). 
 

  
 
Figure 2. (Left) The previous via-point and (Right) new wrapping 
approach above 100° of arm elevation.  
 
DISCUSSION / CONCLUSIONS 
 
By removing the via-points and integrating series of 
systematically created wrapping ellipsoids to the existing 
shoulder model, we achieved a more physiological behavior of 
the muscle fibers paths. With this innovative approach for 
deltoid modeling, we expect an increased reliability of 
musculoskeletal shoulder models for many applications where 
accurate muscles force prediction plays a significant role. 
However, the model was not yet validated against 
experimental data. Future developments include model 
validation by comparing the predicted muscles activity to the 
one collected using electromyography and the comparison of 
muscle moment arms computed by model to the ones obtained 
from MRI. 
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INTRODUCTION 
 
Orthopedic implants are medical devices that are used to 
replace missing joint or to support the damaged bone. 
Recently, porous implants with lattice structures have been 
widely investigated, since their mechanical properties can be 
tailored to match the elastic modulus of human’s bone. 
However, most existing methods of the porous lattice implant 
only aims to match the effective properties of human’s bone[1], 
but fails to consider its anisotropic properties. In this abstract, 
an innovative design method of Voronoi based randomized 
lattice structures is proposed. By mimicking the 
microstructures of lamellar bone, the proposed method can be 
used to design the porous structures with controlled transverse 
isotropic mechanical properties, which is an ideal candidate 
for an orthopedic implant.   
 
METHODS  
 
The proposed design method for Voronoi based randomized 
lattice structures can be divided into three steps which are 
shown in Figure 1.  
 
In the beginning, the initial design space of lattice structures 
needs to be divided into several sub-domains. The connection 
surfaces of sub-domains will be parallel to the directions with 
high stiffness values. These surfaces can be considered as the 
lamellar surface of the lamellar bone.  
 
In the second step, the points will be randomly populated on 
the connection surface between different sub-domains. The 
number of populated points can be further controlled to realize 
functional graded Voronoi based randomized lattice structures. 
 
In the third step, the Voronoi cells will be constructed based 
on the randomized points generated in the last step. The edge 
of generated Voronoi cells will be extracted as the frame of 
lattice structures.  
 
In the end, the lattice frame will be thickened and converted to 
the struts of lattice structures. To achieve the desired 
anisotropic effective properties, the struts located on the 
connection surfaces between sub-domains can be thicker than 
other struts constructed in the lattice frame  
 
RESULTS 
 
An example of generated Voronoi based randomized lattice 
structures is provided in Figure 1. The Finite Element Analysis 
(FEA) has been done to investigate its mechanical properties 
in different directions. In the simulation, the 316L stainless 
steel (Elastic modulus: 210GPa) is considered as the base 

material. The result is summarized in Table 1. The result 
shows the designed Voronoi based randomized lattice 
structures shows transverse isotropic mechanical properties. 
The elastic modulus along Z directions are significantly 
smaller than the elastic modulus along the other two 
directions. This property can be further tailored by carefully 
selecting the cell size as well as strut’s thickness to mimic the 
mechanical properties of lamellar bone.  
 

Step1: Division of 
design domain Step2: Populate points

Step3: Generate 
lattice frame

Step3: Thicken lattice 
frame  

 
Figure 1: General workflow of the proposed design method 

Table 1: Elastic moduli of the designed lattice along different 
directions 

Directions X Y Z 
Elastic modulus 12.03GPa 12.13 GPa 3.63GPa 

 
CONCLUSIONS 
 
In this paper, the design method of Voronoi based randomized 
lattice structures with controlled anisotropic effective elastic 
modulus is proposed. By mimicking the microstructure of 
lamellar bone, the proposed design method can generate the 
randomized lattice structures with controlled transverse 
isotropic elastic moduli, which is an ideal structure for bone 
implants or scaffolds.  
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INTRODUCTION 
Observations of Intra-abdominal pressure (IAP) variations in 
different postures have constantly motivated researchers to 
investigate its biomechanical role in spinal stability. Previous 
studies have suggested that it may adopt a preparatory role [1] 
or assist in spinal unloading [2]. The purpose of this study was 
to employ a two-dimensional finite element model (FEM) to 
investigate effects of varying IAP on the transverse loadings at 
the spinal processes inclusive of Thoracolumbar Fascia (TLF). 
 
METHODS  
The model was extracted by transversely sectioning a 
previously assembled 3D patient-specific full body CAD 
model [3] at an angle of 19q positioned at the L2/L3 level. The 
two-layered TLF model was outlined with a 0.5mm thickness 
in connection with the abdominal wall and explored via a 
multi-purpose FE analysis software ANSYS (V18.1, 
Canonsburg, USA). Four-node quad elements of 0.5mm size 
were invested to generate a mesh. Material properties were 
assumed as isotropic linear elastic. TLF properties were 
chosen as E = 450 MPa, ʋ = 0.4999 [4] while the abdominal 
wall was defined as K = 2000MPa [5], ʋ = 0.45 [6].  

A fixed support at L3 and three input pressures were defined 
as the boundary conditions. The resulting section comprised of 
Paraspinal Compartmental Pressure (PR and PL) and IAP (PA). 
The reaction forces at posterior layer of the TLF (TPLF), 
anterior layer of the TLF (TALFL and TALFR) and TLF-
Abdomen contact (TCR and TCL) were measured. IAP was 
varied (3.4 < PA < 20.4 mmHg) for two cases: 
Case 1: PR = PL = 24.2 mmHg (Symmetric) 
Case 2:  PR = 24.2 mmHg, PL = 11.8 mmHg (Asymmetric) 
The force outputs were then validated with the in-vitro 
experimental study conducted by Vleeming et al. [7] who 
measured reaction forces using load cells. 
 
RESULTS 
For the Symmetric case, TALFL and TALFR were identical 
throughout the entire IAP variation. TCR and TCL maintained 
an increasing trend from 0.86N to 5.24N. TPLF constantly 
decreased from 3.8N to 1.43N. TCR and TCL were equal to TPLF 
at an IAP of 11.4 mmHg (Figure 1). Analysis of the 
Asymmetric case showed similar trends for all reaction forces 
except for TALFL. TCR and TCL remained identical to the 
symmetric case. However, TPLF shifted downwards by 1N and 
the equivalent point of TPLF and both, TCR and TCL, decreased 
to an IAP of 8.4mmHg. TALFL and TALFR intersected at an IAP 
of 11.4mmHg (Figure 2). The reaction force outputs were in 
close agreement with the selected indirect validation study [7]. 

 
Figure 1: Effect of IAP variation on reaction forces in symmetric 
Inter-Compartmental Pressure  
 

 
Figure 2: Effect of IAP variation on reaction forces in asymmetric 
Inter-Compartmental Pressure  
 
DISCUSSION & CONCLUSIONS 
An increase of IAP appears to relieve the transverse loading, 
in every case, on the spinous process of the L3 vertebrae. This 
is conceived by shifting the loading to the lateral connections 
between the abdominal muscles and TLF. Moreover, in the 
asymmetric case, elevation of IAP tended to balance the 
loadings. This may allude towards one potential role that 
standard belts or prescribed medical devices possess; a 
neutralizing effect in laterally asymmetric postures. 
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INTRODUCTION 
Remarkable research efforts have been expended to 
understand the role intramuscular pressure (IMP) plays in 
human locomotion. Previous studies have shown that IMP 
correlates linearly with muscles output force (F)  [1], with a 
correlation coefficient up to 98% [2]. Further, IMP has been 
proven to be easily measured using different tools in the 
operating room [3]. Thus, this provides potential of 
understanding muscles mechanics from their IMP. The 
purpose of this study was to build a 3-dimensional parametric 
finite element muscle model having an IMP and F baseline 
correlation which may then be serve for subsequent 
biomechanical studies.  
 
METHODS  
Human tibialis anterior muscle was downloaded from an 
anatomography website, a database of 3-dimensional CT-
scanned human body parts. It was imported into SpaceClaim 
(ANSYS V18.1, Canonsburg, Pennsylvania), smoothened, and 
shrinkwrapped, with 1 mm gap size, to create a hollow, 
faceted-shell, muscle. It was then scaled down to meet the 
dimensions of the rabbit tibialis anterior [4] for validation 
purposes. This was then imported into ANSYS ICEM CFD to 
create a mesh from the facets, where the minimum quality and 
aspect ratio of 0.46. The model was then imported into 
ANSYS Static Structural and assigned a thickness of 1 mm to 
account for the epimysium and the multi perimysium shells. 
Linear isotropic elastic material properties were chosen (E= 4 
MPa, ʋ=0.45) [5].  
A spring connecting the extremities was put to model the 
muscle fibers by which the force was introduced. Two other 
springs at the extremities were put and attached to a virtual 
ground to model the tendons (Fig. 1). Frictionless and remote 
displacement supports were put near the extremities to model 
neighboring organs. Springs stiffness was taken from a study 
done on feline tendons. HSFL242 elements, accounting for 
pressure, were used to model a blood-filled muscle.  
Pressure was extracted by placing a cylindrical coordinate 
system and measuring the radial stress at the middle. Tendon 
stiffness of 2, 3, and 4 N/mm were studied for sensitivity. 

 
Figure 1: Meshed rabbit tibialis anterior muscle model. 
 
RESULTS 
All three cases of tendon stiffness resulted in an increasing 
trend between F and IMP. An increase in IMP from 5 to 41 
mmHg resulted in an increase in F from 2.31 to 12.83, 2.5 to 

14.46, and 2.75 to 16.1 N for tendons stiffness of 2, 3, and 4 
N/mm respectively. 
A stiffer tendon caused an upward shift; however, it didn’t 
affect the overall correlation behavior. 

Figure 1: Variation of F (N) as a function of IMP (mmHg) for the 
three different described cases. 
 
DISCUSSION / CONCLUSIONS 
A direct positive, almost linear, correlation is shown to exist 
between F and IMP. The case of 2 N/mm tendons stiffness met 
literature values best, with a maximum error of 11.6% at an 
IMP of 30 mmHg [2,6]. The upward shift, as the tendons tend 
to be stiffer, is suggested by the fact that the muscle 
contraction goes from being concentric to isometric, in which 
the present model was not able to produce the amount of IMP 
in the latter case.  
Such a model would have an impact in the medical field as it 
can predict the amount of concentric muscle contractions from 
its IMP. This impact lies, potentially, within the ability of non-
invasively measuring IMP [7], from which muscle forces 
would be predicted. 
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INTRODUCTION 
Evaluation of several pathological conditions such as low-back 
pain and spinal cord injury requires estimation of inter-vertebral 
interactions. Linked-segment models of the human body have 
been used as a mathematical technique to investigate multi-
segment trunk kinematics and trunk stability. Previous studies 
investigated trunk kinetics at the lumbosacral joint using single-
segment trunk model along with an inverse dynamic approach. 
However, multi-segment trunk kinetics has rarely been 
investigated due to technical challenges such as high inter-
participant variability of body segment parameters (BSPs) for 
trunk segments including mass, the center of mass, moments of 
inertia, and joint centers of rotation. Previous studies [1] 
showed that uncertainties in the estimated joint moment using 
inverse dynamics could range from 6% to 232% of the peak 
moment and inaccuracy in the estimation of BSPs is the major 
contributor. Regression and scaling equations based on 
cadaveric data have used in the past; however, they may have 
error larger than 40% [1] implying there is currently no study to 
obtain a less erroneous estimation of BSPs. Recently, 
optimization methods have been employed to find optimized 
BSPs that minimized the effect of inaccuracies of BSPs in joint 
moment estimation of lower limb joint with single trunk 
segment. To best of our knowledge, there is currently no study 
that uses optimization methods to find optimized individual-
specific BSPs for the multi-segment trunk. This study proposes 
a nonlinear optimization-based, non-invasive method for 
estimating individual-specific BSPs in 3D kinetics assessment 
of the multi-segment trunk.  
 
METHODS  
Eleven non-disabled individuals (age: 28.5±3.3 years) with no 
history of spine-related musculoskeletal or neuromuscular 
impairments participated in this study. Participants provided 
written consent prior to performing the experiment. Participants 
sat on a force-plate in a natural upright posture. A target was 
placed in front of the participant with the height being adjusted 
representing trunk angular motion of 45º. Each participant was 
asked to lean toward the target, touch the target with his/her 
head, and return to the initial upright posture. The arms were 
crossed over the chest throughout the trunk-bending trial. 23 
reflective markers were placed over the participant’s spine to 
form a seven-segment model of the trunk. Six motion-capture 
cameras (Vicon, Oxford, UK) recorded the markers’ trajectory 
at the rate of at 120 Hz. A force plate (AMTI, Watertown, MA, 
USA) was used to record the GRF and the position of the center 
of pressure (COP) at a sampling frequency of 1,000 Hz. 3D 
inter-segmental moments were calculated via the bottom-up and 
top-down inverse dynamics. Initial estimates of BSPs for each 
trunk segment were obtained from cadaveric data [2] and scaled 

by body weight and trunk height of each participant. Since 
scaling imposes inaccuracies in estimating BSPs, the top-down 
and bottom-up inverse dynamics resulted in different values for 
the net joint moments. We employed a nonlinear, multi-step 
optimization algorithm (Genetic Algorithm) to find an 
optimized set of individual-specific BSPs that minimized the 
difference between joint moments at all inter-segmental levels 
calculated via bottom-up and top-down inverse dynamics. 

 
Figure 1: Trunk-bending trial and multi-segment trunk model 

RESULTS 
Our optimization method significantly reduced RMS difference 
between the joint moments calculated via both approaches after 
optimization by [75.4%, 79.3%, 87.7%] as [25%,50%,75%] 
percentile among all participants. Optimizing COP offsets and 
BSPs minimized the RMS difference by 28% and 68% 
(average), respectively. Optimized individual-specific BSPs 
significantly contribute to error minimization in joint moment 
estimation compared to COP offsets minimization. 
 
DISCUSSION / CONCLUSIONS 
This study employed optimization method to estimate 
individual-specific BSPs using a multi-segment trunk model. 
Our nonlinear optimization method significantly reduced the 
differences between the net joint moments calculated via the 
bottom-up and top-down inverse dynamics at all inter-
segmental levels segments. Our method can be used for 
biomechanical studies that require kinetics assessment of multi-
segment trunk models. 
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INTRODUCTION 
Knee osteoarthritis (OA) is a progressive joint disease, 
associated with joint space narrowing (JSN), pain and 
impaired mobility. While disease progression is often 
theorized to be the result of knee mechanical loading, it 
remains unclear why knee OA progresses more quickly 
for some individuals. 
High knee adduction moments (KAM) during walking 
gait have been correlated with the joint medial contact 
force [1] and reported to be associated with knee OA 
structural and clinical progression. However, net 
resultant moments do not account for contributions 
from muscles, and can underestimate contact forces 
when significant muscle co-contraction exists, which is 
often the case with knee osteoarthritis [2]. 
Musculoskeletal models may provide more accurate 
estimates of contact forces within the joint and may 
allow further insight into the role of gait mechanics in 
the early progression of OA. 
We found that radiographic progression of knee OA in 
a 3-year period was associated with high KAM and 
abnormal muscle activities (unpublished research). The 
objective of this study was to analyze a subset of the 
same cohort using an EMG-driven model to obtain 
knee joint contact and muscle forces and their relation 
to radiographic progression at 3 years. 
 
METHODS  
27 individuals with moderate, medial compartment 
knee OA at baseline participated. All subjects 
underwent lab-based gait testing; 3D motion capture, 
ground reaction forces, and EMG of seven major knee 
muscles on the affected limb were measured. Knee x-
rays were taken at baseline and at a three-year follow-
up. At follow-up, participants were divided into 
progressors and non-progressors, where progressors 
had at least one grade increase in medial JSN from 
baseline to follow-up. Seven subjects progressed, six of 
whom were analyzed. Five non-progressors were 
selected randomly for analysis.  
An EMG-driven model was used to estimate muscle 
and contact forces [4]. The analysis proceeded as 
follows: (i) EMGs were processed to obtain muscle 
activations; (ii) Marker positions were used with an 
anatomical model of each subject to find muscle-
tendon lengths and moment arms; (iii) Activations and 
lengths were used with a Hill-type model for knee 
muscles, with parameters calibrated to minimize the 
difference between knee flexion moment and muscles 

moment; (iv) Medial and lateral knee joint contact 
forces were obtained using a frontal plane knee model 
[5]; (v) t-tests were used to compare baseline group 
differences: 1st and 2nd peak of medial contact force, 1st 
peak of the lateral contact force, and peak muscle 
forces (absolute and body mass normalized data).  
 
RESULTS 
There was no difference between peak medial and 
lateral contact forces of the two groups. There was high 
variability in the magnitudes of contact forces among 
participants in both groups (Figure 1). Peak absolute 
and normalized vastus lateralis (p = 0.02, pN = 0.00) 
and vastus intermedius (p = 0.12, pN = 0.045) forces 
were significantly lower for progressors (p and pN show 
the probability for absolute and normalized variables.) 

 
Figure 1: Body weight normalized (A) medial and (B) 
lateral contact forces of all subjects during stance phase. 
Solid lines show PG and dashed lines show NPG members. 
 
CONCLUSIONS 
Peak knee contact forces were highly variable between 
subjects and did not relate to short-term radiographic 
progression of knee OA in this small cohort. This result 
suggests that peak contact forces may not play an 
independent, causal role in radiographic progression. 
Lower vastii forces in progressors suggest these 
muscles may not be able to balance the high adduction 
moment during its first peak and lateral joint unloading 
may happen. 
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INTRODUCTION 
Research has shown increases in a muscle’s electromyographical 
(EMG) signal amplitude and its variability with fatigue during 
sub-maximal contractions [1]. Studies have also found that the 
human body can increase the activation of non-fatigued muscles 
to adjust the motor pattern and help release the increasing burden 
on the fatigued muscles [2]. Several studies have found that 
muscular fatigue may change kinematic patterns of 
intersegmental coordination. However, few studies investigated 
whether localized muscle fatigue can affect muscular activation 
across other joints involved in a multijoint task. The aim of this 
study was to examine if localized fatigue at different arm and 
trunk joints would affect EMG characteristics across different 
joints involved in a multijoint, standing repetitive arm task. 
 
METHODS  
Fourteen healthy young adults without any history of upper body 
injuries (7 males, age: 22.7 � 2.4 years) were recruited to 
participate in this study. Bipolar surface electrodes were placed 
on: Anterior Deltoid (AD), Middle Deltoid (MD), Triceps 
Brachii (TRI), and Left and Right Erector Spinae (LES and RES). 
Subjects held a 2.2 kg weight and performed an upper limb 
repetitive pointing task (RPT) at a constant 2Hz frequency for 30 
seconds (non-fatigued RPT). Then, they completed one shoulder, 
one elbow and one lower back fatiguing protocol, consisting in 
holding fixed weights and/or postures until exhaustion, in 
randomized order, separated by at least 30 minutes. Right after 
each fatiguing protocol, they performed the RPT again. EMG 
data of the RPTs and MVCs were recorded using a Telemyo 900 
(Noraxon, USA) system (sampling frequency: 1080 Hz). 
 
The RPTs were partitioned into forward and backward 
movements using the index finger coordinate. EMG data were 
filtered using a dual-pass 4th-order Butterworth bandpass filter 
(20–500 Hz). Root-mean-squared (RMS) amplitude values were 
averaged across 15 RPT forward and backward movements per 
condition to obtain one RMS value per trial per muscle, and the 
corresponding coefficients of variation (CV) were calculated. 
Fatigue state (fatigue, non-fatigue) * fatigue Location (shoulder, 
elbow, lower back) repeated measures ANOVAs with post hoc 
Tuckey tests (significance: p < 0.05) were performed on EMG 
RMS and CV for forward and backward movements separately.  
 
RESULTS 
In the forward movement direction, significant Fatigue main 
effects were found in EMG RMS values of the AD [F(1,2) = 5.75, 
p = 0.03] and MD [F(1,2) = 14.69, p = 0.002], showing increases 
with fatigue. A significant Location main effect was found in 
EMG RMS CV values of the AD [F(1,2) = 3.62, p = 0.04], also 
showing significant increase with fatigue. No other main or 

interaction effects were found for forward movements. In 
backward movements, significant Fatigue * Location interaction 
effects were found for AD and MD RMS [F(1,2) = 7.71 p = 
0.003], post hoc analysis (p = 0.026, 0.038 respectively), 
showing larger fatigue-related increases on AD and MD during 
the RPT when fatigue was induced at the shoulder and elbow, 
compared to the low back (Fig. 1). Significant Location main 
effects were also found in EMG RMS value of the AD [F(1,2) = 
3.97, p = 0.03] and MD [F(1,2) = 3.40, p = 0.049], showing 
higher values during the RPT associated to the shoulder fatiguing 
protocol, compared to the other two. A significant Fatigue main 
effect was also found in AD RMS value [F(1,2) = 4.73, p = 0.049].  

 
Figure 1: Fatigue*Location effect on the EMG RMS values of AD in 
the forward movement phase of the RPT. 
 
DISCUSSION / CONCLUSIONS 
Results showed that fatigue at either shoulder, elbow or lower 
back can all affect shoulder muscle activation in forward 
movements. However, only upper limb muscle fatigue can affect 
shoulder muscle activation during backward movements. This 
may be due to the lower system’s inertia in bringing back the arm 
to a posture that is easier to maintain at the end of the backward 
phase, and shows the ability of the system to modify its whole-
body intermuscular coordination to compensate for localized 
muscle fatigue during whole-body tasks. 
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INTRODUCTION 
 
The increase and decrease in steady-state isometric force 
following active muscle lengthening and shortening, 
compared to a purely isometric contraction (without a 
preceding contraction), is referred to as residual force 
enhancement (RFE) and force depression (FD), respectively 
[1]. RFE is thought to involve stretch-dependent force 
contributions from non-contractile elements (i.e. titin) 
following lengthening, while FD has been attributed to 
stress-induced actin deformations that impair cross-bridge 
attachments following shortening [1]. 
 
Similarly, less motor unit activity (as assessed via 
electromyography/EMG) is required to achieve an equivalent 
force output in the RFE state (activation reduction; AR), 
owing to the increased proportion of passive forces to total 
force production [1]. Whereas in the FD state, motor unit 
activation is increased (activation increase; AI) in order to 
offset the stress-induced deficits to force [1]. 
 
Although the mechanisms have been discussed over the last 
60 years, no studies have systematically investigated the 
modifiability of RFE and FD with training [2]. Therefore, 
the purpose of the present study was to investigate whether 
RFE and FD could be modulated through eccentric and 
concentric biased resistance training, on the basis of 
contraction type dependent fascicle length adaptations that 
modulate the amplitude of sarcomeric length changes [3,4].  
 
METHODS  
 
Fifteen healthy young adult males (age: 24 ± 2 years, weight: 
77 ± 8 kg, height: 178 ± 5 cm) underwent 4 weeks of 
isokinetic ankle dorsiflexion training with a HUMAC 
NORM dynamometer (CSMi Medical Solutions, Stoughton, 
MA), in which one leg was trained eccentrically (-25°/s) and 
the other concentrically (+25°/s). 
 
Maximal and submaximal (40% MVC) steady-state 
isometric torque and EMG values following active 
lengthening and shortening were compared to purely 
isometric values at the same joint angles and torque levels. 
Additionally, torque-angle relationships were constructed 
from MVCs performed at 10° increments between 0° and 
50° of plantarflexion. Resulting shifts in the optimal angle 
were used to infer training-induced fascicle length changes. 
 
All torque and EMG values were compared before and after 
training using a two-way repeated measures ANOVA with a 
Bonferroni correction for all pairwise comparisons. 
Significance was set at p<0.05. 

RESULTS 
 
Residual torque enhancement (RTE) decreased by ~36% 
following eccentric training (p<0.05) and increased by ~90% 
following concentric training (p<0.05) (Fig. 1). Whereas, 
torque depression (TD), AR, and AI, and optimal angles of 
torque production were not significantly altered by resistance 
training (p³0.05). 

 
Figure 1: RTE and TD values before and after eccentric (ECC) 
and concentric (CON) biased resistance training. Values are 
presented as means ± SEM. * Indicates a significant difference 
(p<0.05). 
 
DISCUSSION / CONCLUSIONS 
 
The results of this study demonstrate that RTE in the human 
ankle dorsiflexors is differentially modifiable through 
contraction type dependent resistance training. This finding 
is in contrast to that of Siebert et al. (2016), which reported 
that RFE in the knee extensors of weightlifters and non-
weightlifting athletes were not significantly different [2]. 
 
However, these changes to RTE are also in discrepancy to a 
lack of apparent shifts in the optimal angles following 
training, which suggests that the modifications to RTE were 
either independent of fascicle length changes or that there 
was insufficient sensitivity in the torque-angle relationships 
to detect the proposed architectural adaptations. As such, 
further research is needed to elucidate the mechanisms 
responsible. 
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INTRODUCTION 
 

Human movement analyses techniques have progressed over 

the past half century due to improvements in technology. 
Technology changes rapidly, and new technologies can 

transform practice. The cost of wearable sensors has decreased 

making these technologies more accessible for wider use. As 

an example, EMG use is currently restricted to clinical and 

research settings. However, a quick internet search will result 

in several examples of low-cost EMG sensors being used by 
hobbyist and tinkerers in a myriad of projects. While suitable 

for hobby projects, prior to being used in a research or clinical 

setting, these tools need to be validated. The objective of this 

study was to experimentally validate a low-cost 

microcontroller-based EMG system by comparing it to a 
commercial EMG system for a standardized motor task.  

 
METHODS  
 

Thirty participants (age = 22.7 ± 3.0 years, 21 males and 9 

females; height = 173.2 ± 9.4 cm; weight = 66.4 ± 8.6 kg) 

were recruited for this project. The study was approved by the 

Université de Moncton’s Research Ethics Committee. These 

participants all provided informed consent (project no. 1617-

067) prior to participating in the project. Data collection was 

performed in one session that lasted approximately 45 minutes 

in the human movement analysis laboratory at the Université 

de Moncton. The participants were equipped with two separate 

EMG sensors, a commercial medical and research grade 

system (WP-S01D Trigno™, Delsys™, USA) and a low-cost 

alternative (Myoware™, Advancer Technologies™, USA.) 

Skin preparation and sensor placement were completed by 

following the SENIAM (Surface ElectroMyoGraphy for the 

Non-Invasive Assessment of Muscles) standards [1]. Both 

sensors were simultaneously placed on the rectus femoris 

muscle of the non-dominant leg. All subjects reported right leg 

dominance. Following sensor placement, the participants were 

guided to a chair that was fixed to the floor and facing a 

computer screen. A load cell (CZL301C, Phidgets Inc. 

Canada) was securely attached to the wall facing the 

participants and was placed in series with a cable and a pulley. 

The other extremity of the cable was attached to an ankle 

strap. The position of the chair was adjusted so that the cable 

was slightly taut when the knee was bent at 90ᵒ. Visual 

feedback of force output was provided throughout all tests. 

The participants were instructed to perform twelve 

contractions (leg extensions) in total with three trials per 

percentage of MVC (100%; 25%; 50%; 75%). An auditory 

beep indicated the beginning and end of each contraction (4 s 

duration). All data were synchronized and acquired at 2000 Hz  

 

 

(USB-1616FS, Measurement Computing, MA, USA) with a 

custom Matlab™ script. All statistical analyses were 

performed with R [2].   

 

RESULTS 
 
A repeated measures correlation analysis [3,4] revealed a 

statistically significant correlation between the Myoware™ 

and the Trigno™ EMG sensor for % muscle activation: (r(59) = 

0.82, 95% C.I. [0.71, 0.89], p<0.001.  

 
 
Figure 1: Results of the repeated measures correlation analysis 

comparing % muscle activation between the Trigno™ and 

Myoware™ EMG sensors. 

 
DISCUSSION / CONCLUSIONS 
 

There is a strong correlation between muscle activation 

measures provided by the low-cost EMG and the commercial 

systems. It appears that these low-cost EMG systems have 

potential for use in clinical and research settings.   
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INTRODUCTION 
 
Skeletal muscle performance can be measured in various 
ways, one of which being rate of torque development (RTD). 
RTD is a time dependent measure assessing how quickly 
torque is produced during a contraction, and depends on neural 
conduction velocity, action potential propagation along the 
sarcolemma, calcium release and re-uptake within the muscle, 
and cross bridge cycling within the muscle fibres. Cross bridge 
mechanics are one piece of the puzzle that are rarely explored 
in human skeletal muscle tissue, and to date, the influence of 
cellular mechanisms on voluntary torque production have not 
been investigated. The purposes of this study were to 
investigate cross bridge mechanics, specifically the rate of 
attaching cross-bridges via rate of force redevelopment (ktr), 
in human single muscle fibres, and to examine the relationship 
between cross bridge mechanics and whole muscle voluntary 
RTD. We hypothesized that rate of cross bridge attachment 
would be faster in Type 2 (TII) fibres compared to Type 1 
(TI), and that there would be a positive correlation between 
cross bridge attachment rate and RTD, regardless of fibre type.  
 
METHODS  
 
8 young healthy adult males (27 ± 4 y) volunteered to 
participate in the study. Torque was recorded during maximal 
isometric explosive contractions using a HUMAC NORM 
dynamometer (CSMi Medical Solutions, Stoughton, MA) [1]. 
Voluntary whole muscle RTD was measured as the slope over 
4 time epochs: 0-30 ms, 0-50 ms, 0-100 ms, and 0-200 ms. 
The zero time point was the point at which torque first 
exceeded 3 standard deviations above baseline. 
 
A muscle biopsy was taken from the vastus lateralis of the 
same leg that was tested on the dynamometer. The muscle 
sample was placed in a skinning solution for up to 3 weeks. 
Single fibres were dissected from the sample and tied between 
a force transducer and length controller, and then activated 
using high-Ca2+, high-ATP solutions. The slacken-restretch 
method [2], in which a fibre is activated, rapidly shortened to 
break cross bridges, and then restretched to the initial length to 
allow force to redevelop, was used to investigate the transition 
from non-force bearing to force-bearing cross-bridge states 
represented by ktr value. Fibres were typed via SDS-PAGE. 
 
A linear regression was used to determine the relationship 
between RTD of whole muscle and ktr of single muscle fibres. 
Unpaired t-tests were used to compare ktr values between TI 
and TII fibres.  
 
 

RESULTS 
 
Type 2 fibres had a 51% greater ktr than Type 1 (p < 0.05; 
Table 1). There were no significant relationships between 
RTD and ktr for TI, TII or combined types (Table 2). 
 

Table 1: Mean values for rate of torque development (RTD) at each 
time window (0-30, 0-50, 0-100, 0-200 ms) in Nm/s and ktr values 
for type 1 (TI), type 2 (TII), and type 1 and 2 combined (both).  
 

*different from 0-200ms, p < 0.05. udifferent from TI, p < 0.05. 
 
Table 2: R2 values for each linear regression between rate of torque 
development (RTD) at each time window (0-30ms, 0-50ms, 0-100ms, 
0-200ms) and ktr values for type 1 (TI), type 2 (TII), and type 1 and 2 
combined (both). 

 
DISCUSSION / CONCLUSIONS 
 
At this point, ktr does not have a strong relationship with 
RTD. While these results are not inline with our hypothesis, 
this is not entirely unexpected, as there are many factors that 
contribute to torque rate that could have stronger influences 
than cellular rate of force redevelopment. RTD is influenced 
by a variety of factors, including moment arm, muscle 
architecture, tendon compliance, and neural drive. Because of 
these large scale factors, there may not be a heavy influence of 
cross bridge attachment on voluntary RTD or a much higher 
sample size may be needed to parse out this relationship. 
 
Future studies are needed to investigate the relationships 
between the whole neuromuscular system and the active 
cellular mechanics of the muscle.   
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Mean RTD (Nm/s) and ktr (s-1) 
RTD 0-30 766.2 ktr TI (n=24) 0.88 
RTD 0-50 935.3* ktr TII (n=36) 1.80u 
RTD 0-100 989.5* ktr both 1.44 
RTD 0-200 675.7 - - 

R2 values between RTD and ktr 
 RTD 0-30 RTD 0-50 RTD 0-100 RTD 0-200 
ktr T1 0.07 0.08 0.05 0.03 
ktr T2 0.02 0.02 0.01 0.00 
ktr both 0.06 0.07 0.02 0.00 
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INTRODUCTION 
 
The forearm extensor muscles are primarily responsible for 
providing stability to the wrist-joint complex. The wrist 
extensors often demonstrate greater muscle activity than 
the wrist flexors across most forearm and wrist postures [1], 
resulting in an increased risk of overuse injuries [2]. Muscle 
co-contraction leads to increased joint stiffness and this 
strategy may improve task performance or accuracy, but at 
the expense of muscle laoding. The purpose of this work 
was to evaluate wrist flexor-extensor co-contraction during 
a dynamic wrist tracking task using a haptic wrist robot. 
 
METHODS  
 
Surface electromyography (EMG) was recorded from eight 
muscles on the dominant upper extremity of 12 participants: 
flexor carpi radialis (FCR), flexor carpi ulnaris (FCU), flexor 
digitorum superficialis (FDS), extensor carpi radialis (ECR), 
extensor carpi ulnaris (ECU), extensor digitorum (ED), 
biceps brachii (BB) and triceps brachii (TB). Participants 
were seated with their dominant arm supported by a 3 DoFs 
wrist manipulandum (WristBot, Genoa, Italy). The robotic 
device applied force to the handle, in either a flexion or 
extension direction. Movement of the handle (±40° of wrist 
rotation) was performed in three forearm positions; 1) 30° of 
supination, 2) neutral, and 3) 30° of pronation. Force was 
applied in two directions (flexion or extension), resulting in 
six randomized conditions. For all conditions, a force of 
15% of maximum wrist extension was produced by the 
robot. Six repetitions, consisting of both a concentric and 
eccentric component were performed for each condition. To 
control for angular velocity, the device was interfaced with 
a virtual reality environment and participants were required 
to match a moving target. The robot compensated for 
weight and inertia. Muscle activity was linear enveloped 
(3Hz Butterworth cut-off), normalized to muscle-specific 
maximal voluntary contractions (MVCs) and angular 
position was used to determine concentric and eccentric 
movements. Co-contraction ratios were calculated for each 
forearm muscle and its respective, direct functional 
antagonist (FCR/ECR, FDS/ED, FCU/ECU, and BB/TB). 

RESULTS 
 
With the exception of FDS/ED, co-contraction remained 
below 1 in nearly every experimental condition, indicating 
greater extensor than flexor activity. FCR activity was 
minimal during all extension conditions, with the largest 
ratio occurring in the eccentric phase of supination (0.34 ± 
0.20) (Figure 1). However, even during flexion conditions, 
ratios remained close to 1 (only for the concentric phase), 
suggesting that high extensor activity is needed to stabilize 
the wrist during flexion movement (supination: 1.33 ± 0.66, 
neutral: 1.18 ± 0.87, pronation: 1.47 ± 1.33). BB/TB was the 
only ratio to demonstrate a main effect of posture, with 
ratios largest in supination and smallest in pronation. 

 
Figure 1: Co-contraction ratio (± SE) for FCR/ECR. 

 
DISCUSSION / CONCLUSIONS 
 
These results suggest that muscle roles for the wrist 
extensors and flexors during dynamic contractions are 
similar to previous work in isometric settings. However, 
grip force, in addition to wrist flexion/extension is an 
important next step to better understanding forearm muscle 
contributions to dynamic wrist actions. 
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INTRODUCTION 
Figure skating is a demanding sport that requires artistry, 
coordination, agility, flexibility and power. Falls are common 
in figure skating, particularly when skaters are learning new 
jumps, and can lead to stress fractures, ankle sprains, and 
ligament and tendon strains [1]. Figure skaters typically 
practice many jump elements per day, and rarely wear fall 
protective gear. While a previous study [2] examined falls in 
children (most of whom were estimated to be under 6 years of 
age) during public sessions at ice skating rinks, improved 
understanding of the mechanics of falls in competitive figure 
skaters in both practice and competition settings is required. 
To address this need, we examined the biomechanical 
characteristics of falls from jump elements in singles figure 
skaters in practice and competition settings across Juvenile to 
Senior levels. 
 
METHODS  
We collected a sample of 50 publicly available videos of falls 
from competitors, 10 in each of the Juvenile to Senior levels of 
the British Columbia/ Yukon Territory and Alberta/ Nunavut/ 
Northwest Territories Sectionals Championships. We also 
visited practice sessions of skating clubs in the Vancouver, BC 
region, and recorded videos of two falls from each of 15 
competitive skaters (total of 30 videos), along with 
information on age, weight, and competitive level. 
 
We analyzed each video with a questionnaire, based on Yang 
et al. [3], that focused on the direction of the fall at initiation 
and landing, the sequence of body segment impacts, and the 
perceived sites of greatest energy absorption and injury risk. 
Two raters analyzed each video with the questionnaire and 
then met to resolve discrepancies in their answers. The inter-
rater reliability of the questionnaire was high (mean total 
percent agreement = 91%, mean Kappa value = 0.87).  
 
We used Chi-Square and Fisher Exact tests to examine 
whether competitive level associated with fall directions, 
impact sites, and perceived sites of greatest energy absorption 
and injury risk. 
 

RESULTS 
Neither competitive experience or setting (competition versus 
practice) associated with the frequency of impact to a given 
body site, or the perceived site of greatest impact severity 
(p>0.05). 
 
Most falls involved an initial fall direction of backwards 
(63%) and a backward landing configuration (55%). The most 
common impact sites were hands (85%), pelvis (61%) and 
knees (60%). The pelvis was most commonly selected as the 
site of greatest impact severity. There was a significant 
association between aerial rotation direction and the side of the 
pelvis (right versus left) of greatest impact severity (p<0.05).  
 
The most common sequence of impacts was hand followed by 
pelvis, which occurred in 38% of competition falls and 53% of 
practice falls (Table 1). None of the falls resulted in impact to 
the head or elbows, and few falls resulted in impact to the 
torso (3%) or shoulders (1%). 
 
DISCUSSION / CONCLUSIONS 
In our study of competitive figure skaters, impact sites during 
falls were largely restricted to the pelvis, upper extremity, and 
lower extremity, regardless of competitive level. Our findings 
are different that those reported by Knox and Comstock [2] for 
children during public session at an indoor ice skating rink, 
where most falls were directed forward and 13% of falls 
involved impact between the head and the ice. The high 
incidence of severe impacts to the pelvis in competitive figure 
skating can guide improvements in protective gear and 
training/coaching strategies. 
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Table 1. Sequence of body segment impacts in competition and practice skaters 
Sequence of Impacts   Competition (n=50) Practice (n=30) Total 

Hand followed by Pelvis N (%) 19 (38.0) 16 (53.3) 35 (44.0) 
Pelvis followed by Hand N (%) 7 (14.0) 5 (16.7) 12 (15.0) 
Pelvis and Hand impacted simultaneously N (%) 8 (16.0) 3 (10.0) 11 (13.8) 
Pelvis followed by Knee N (%) 2 (4.0) 3 (10.0) 5 (6.2) 
Pelvis and Knee impacted simultaneously N (%) 3 (6.0) 0 (0) 3 (3.8) 
Knee followed by Pelvis  N (%) 0 (0.0) 2 (6.7) 2 (2.5) 
Other N (%) 11 (22.0) 1 (3.3) 12 (15.0) 
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