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INTRODUCTION
Osteoarthritis (OA) is a common joint disease that manifests
itself in the earliest stages by the presence of micro-fractures
on the cartilage surface [1]. These micro-fractures are thought
to affect cartilage mechanical properties as they cut through
the extracellular matrix that contains collagen fibers [2]. Our
previous work has shown that crack morphologies differ
between cartilages with different collagen fiber architectures.
The aim of this study was to develop a prediction model for
crack morphology based on collagen fiber structure and for
cartilage subjected to mechanical compression,.
METHODS
Osteochondral explants from immature pigs were securely
mounted in dental cement. Using a custom made 0.75 mm
wide blade, a consistent full thickness crack was produced
perpendicular to the cartilage surface and oriented
perpendicular to the split line patterns in an attempt to induce
the highest structural damage to the cartilage [2]. Samples
were compressed by lowering an indenter (2 mm diameter)
towards the cartilage surface until reaching a pressure of 7.6
MPa where it was held at a constant compressive strain
Samples were then fixed in the loaded state and prepared for
histology. Collagen fiber azimuth (angles) and retardance
(alignment) was measured on both sides of the crack using
polarized light microscopy.
Knowing that collagen fibers are under tension in compressed
cartilage specimens [3], collagen fibers were assumed to exert
a pulling force on the crack edges. Collagen fibers that are
perpendicular to the crack edge, are more likely to produce a
gap than collagen fibers that run parallel to the crack edge. We
called this the Pulling factor (PF) and is calculated:
Pulling factor (PF) =
| (|Collagen fibers azimuth|-90) / 90 |

(1)

Where PF ranges from 1 to 0 (perpendicular to parallel,
respectively) to crack edge. The more the collagen fibers are
aligned (higher retardance) the more the PF is effective at
producing a gap. We called this relationship between PF and
retardance as the Crack width index (CWI), and is defined as:
Crack width index (CWI) =
Pulling factor * Retardance

with no distinguishable deep zone. Under compression, the
cartilage crack opened and its width varied across the cartilage
depth in accordance with the orientation and density of the
collagen fibre network as indicated in equation (2) above
(Figure 1)

Figure 1: Left: compressed pig immature cartilage with full
thickness crack, Right: Theoretically predicted CWI plot (in
yellow) superimposed onto the actual crack (in white).
DISCUSSION AND CONCLUSIONS
- Equation (2) appears to predict the actual crack morphology
in mechanically compressed cartilage well.
- Collagen fibers in the vicinity of a crack appear to remain
under tension during mechanical compression of cartilage.
- Our results indicate that an injury to immature cartilage,
associated with a crack, may result in opening a gap, which
may make successful healing difficult. However, this
mechanical limitation (which is not observed in mature
cartilage) might be balanced by the higher cellularity and
better healing ability of immature compared to mature tissues.
REFERENCES
[1] Bae et al. (2008). Osteoarthritis Cartilage Vol 6(7), p.
841–845.
[2] Waldman et al. (2003). J Orthop Res Vol 21(4), p. 590–
596.
[3] Maroudas A. (1976). Nature Vol 260, p. 808-809.
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RESULTS
Pig immature cartilage is composed of either three or two
zones. In cartilage with three zones, the collagen fibers align
parallel to the surface in the superficial and deep zones, while
running randomly in the transitional zone. In samples with two
zones, the transitional zone extends all the way to the bone
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INTRODUCTION
The ligamentum mucosum (LM) is a non-isometric structure
of the knee joint that runs from the intercondylar notch of the
femur to the infrapatellar fat pad (IFP) (Figure 1) [1]. The LM
is composed of dense regular connective tissue and four
different morphologies have been identified: separate, vertical
septum, split, and fenestrated [2]. Pathological LM appears
fibrotic and calcified which can lead to impingement, and may
be related to the pathogenesis of anterior knee pain [3].
However, the relationship between the morphological and
biomechanical characteristics of the LM and how this may
contribute to anterior knee pain has not be investigated.
Therefore, the purpose of this study was to define the
mechanical function of the LM and its potential role in
proprioception.

Figure 1: With the patella reflected, the LM is positioned
anteriorly to the ACL, traversing the distal femur to the IFP
METHODS
Fourteen cadaveric knee specimens (mean (SD) age of 73 (18)
years) were dissected to reveal the structures of the joint
capsule and to characterize the morphology of the LM.
Maintaining the proximal and distal attachments, two
specimens were harvested for histological analysis using
standard hematoxylin and eosin, Masson’s trichrome, and
mono-clonal mouse anti-human NFP to identify neurons and
peripheral nerve endings. The remaining five specimens were
used for biomechanical testing. The attachment of the LM to
the distal femur, infrapatellar fat pad, and patella were
maintained and the femur and patella were potted in sections
of PVC using dental cement. The specimens were placed in an
Instron materials testing machine and were loaded to failure at
1mm/s. The load at failure and the stiffness were determined
from the force-time curves.

RESULTS
64% of the knees had a LM present with 50% and 14%
characterized as separate and vertical septum type,
respectively. The histological analysis confirmed the LM to be
ligamentous, composed of dense regular connective tissue
while the immunohistochemistry analysis did not show
evidence of peripheral nerves or nerve endings. The mean
(SD) peak force of the failure was 31.9 (19.0) N, and the
average stiffness was 4.22 (3.59) N/mm. Finally, the mean
(SD) peak strain was 0.94 (0.14).
DISCUSSION AND CONCLUSIONS
While the role of the LM in anterior knee pain is not well
documented in the current literature, the results of this study
suggest that it is unlikely that it has a meaningful effect on the
kinematics of the patella and improbable to contribute to pain
in the anterior aspect of the knee. While the morphology
results are consistent with past research, the histological
findings (i.e., the absence of neurons or peripheral nerve
endings) are contradictory with past work. For example, while
Wachtler [4] reported the presence of nerve tissue, they did
provide their histological images to confirm their findings.
Therefore this is the first investigation to histologically
confirm the lack of nerve tissue in the LM. Biomechanically,
when compared to other ligaments of the knee (e.g., ACL and
the ALL), the tensile properties of the LM appear to be
negligible and therefore would not be capable of reacting to
the physiological loads applied to the knee. However, not
measured here was the potential relationship the LM has with
the fat pad and how this might affect anterior knee pain.
REFERENCES
[1] Boyd, C., et al. (2005). Infrapatellar Plica as a cause of
anterior knee pain. Clin J Sport Med Vol 15; 98-103.
[2] Kim, S., et al. (1996). Pathologic Infrapatellar Plica. The J
of Arthroscopy and Related Surg Vol 18(5); E25
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ACKNOWLEDGEMENTS
CIHR, and the body bequeathal program at Western
University.

STRESS RELAXATION RESPONSE IS DECREASED IN PORCINE THORACOLUMBAR FASCIA
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Control) and test conditions were explored with a 2x4
ANOVA with an alpha level of .05 (SPSS Inc., Chicago, IL).
RESULTS
While there was a significant main effect of loading condition,
only the main effect of group is reported here to address the
primary research question. There were significant main effects
of group for the 35% (F1,72=5.54, p=.02) and 45% (F1,72=12.1,
p=.01) stretch conditions with injured specimens having
greater SRR (Fig 1). There were no significant interactions
between group and loading condition.
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INTRODUCTION
Non-specific low back pain (ns-LBP) not attributable to overt
mechanical damage to spinal structures accounts for a high
percentage of LBP cases. People with ns-LBP have been
found to have a decreased flexion relaxation response (FRR)
in lumbar flexion, which has been hypothesized to be due to
compromised load sharing of the passive structures [1].
However, findings have not been conclusive in terms of
whether structural or mechanical changes to the passive
tissues, unrelated to trauma or other obvious pathologies,
occur in people with ns-LBP. Perimuscular connective tissues,
in particular the thoracolumbar fascia (TLF), have been
identified as potential candidates for disruption in people with
ns-LBP [2]. The TLF is a large structure overlaying the
extensor spinal muscles with additional attachments to the
abdominal musculature and provides passive mechanical
support to the trunk. Stress-relaxation is an important material
property in biological tissues as it allows for stress to be
distributed across the tissue when it is exposed to static
deformations. The purpose of this research was to investigate
the influence of a simulated muscle strain injury in fascia on
stress relaxation response (SRR) using a porcine model. It was
hypothesized that TLF from injured pigs would have larger
SRR than healthy control pigs.
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METHODS
Castrated domestic swine (n = 10) were randomized into either
Injury (n = 5) or Control (n = 5) groups for a duration of 8
weeks. Following randomization, pigs in the Injury group
underwent a unilateral surgical fascia injury (to simulate a
muscle strain injury) at the L3-4 vertebral level. Animals in
both groups were euthanized after 8 weeks and 1x5x3 cm
tissue samples were excised from an area contralateral to the
injury site. Samples were frozen and stored at -80 °C until
dissection, when they were thawed and the perimuscular fascia
was carefully excised from the underlying muscle. Depending
on the size of the excised fascia, between 7 and 9 test
specimens (each 5x5 mm) were harvested. Specimens were
mounted onto a displacement-controlled biaxial testing
apparatus (BioTester 5000, CellScale, Waterloo, ON). Each
sample was assigned into one of three loading conditions: (1)
uniaxial longitudinal (tensile force in direction of fibres), (2)
uniaxial transverse (perpendicular to fibres), or (3) biaxial
(longitudinal and transverse applied simultaneously). At the
start of each test, the specimen was pre-conditioned before
being held at progressive increments of 25%, 35% and 45%
stretch for 240s each with 60s rest periods in between. SRR
was calculated as the end stress (at 240s) divided by the peak
stress, with magnitude of the stress decrease expressed as a
percentage. Differences in SRR between groups (Injury vs

35% Stretch

45% Stretch

Figure 1: TLF samples from injured pigs had greater SRR than
those from healthy pigs at the higher stretch deformations.

DISCUSSION AND CONCLUSIONS
These findings indicate that local fascia injury can alter the
material properties of the TLF, even in areas away from the
injury site. Previous studies showed removal of structural
proteins (GAG) in tendons resulted in larger SRR during static
deformation and were associated with adverse effects on other
mechanical properties [3]. The decreased FRR observed
during full lumbar flexion in patients with ns-LBP [1] could be
due to increased SRR in the TLF. It is possible that patients
who have sustained a mild muscle strain type injury have
changes in the material properties of the TLF that adversely
impact the load sharing capability of this passive tissue.
REFERENCES
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γ-IRRADIATION STERILIZED CORTICAL BONE ALLOGRAFT WITH SUPERIOR FRACTURE
TOUGHNESS DUE TO RIBOSE PROTECTANT
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INTRODUCTION
Bone embrittlement due to γ-irradiation sterilization (2535kGy range) is a concern for tissue banks and for orthopaedic
surgeons. This is especially true in cases of structural cortical
bone allografts used to reconstruct large skeletal defects [1].
Graft fracture is a recognized failure mode [1] and irradiation
seems to double the rate [2]. Mainly because the collagen
becomes
fractured
[3,4], irradiation-sterilized
bone
demonstrates greatly reduced ductility and toughness [4,5],
fracture toughness [4,6,7], fatigue resistance [8] and altered
micro-damage formation [5,9]. We have recently shown the
utility of a protective exogenous crosslinking protocol applied
prior to irradiation sterilization [10]. In this study, we
hypothesized that human cortical bone pre-treated with our
protocol would demonstrate partially protected transverse
crack growth initiation fracture toughness (JIc) and rising JR
curve behaviour, approaching that of unsterilized controls.
METHODS
Diaphyses of three human femurs (males, aged 37 and 52
years of age) were sourced through Mount Sinai Allograft
Technologies after ethics review board approval. From each
diaphysis, 3 matched 4x4x50 mm beams (termed a set) were
cut and polished. One beam from each set was randomly
assigned to 1 of 3 groups: non-irradiated controls (N),
irradiated controls (I), and ribose pre-treated and irradiated
specimens (R). The I and R groups were incubated in PBS at
60°C for 24 hours. The R group buffer contained 1.2M Dribose. They were next packed on dry ice and irradiated at
35kGy (Co60). Next, they were thawed to room temperature
and razor notched at mid-length in the circumferential
direction on the transverse plane. Next, they were rehydrated
for 4 hours before fracture toughness testing according to
ASTM E1820 (SEN(B)) using an Electro-Puls E1000 (Instron,
Norwood, MA). Load and load-line displacement data were
synchronized with crack growth measured using highresolution digital photography, enabling generation of JR
curves (J vs. crack growth (Δa)). Crack growth initiation
fracture toughness (JIc) was determined from the JR curves.
Repeated measures ANOVA with Bonferroni corrected
multiple comparisons post-hoc was used to test for differences
between groups using a 95% confidence level (p<0.05).
RESULTS
Ribose pre-treatment prior to sterilization resulted in protected
fracture toughness. See Figure 1. While irradiation lead to a
large decrease in JIc (63%; p=0.003), ribose pre-treatment
provided 60% (p<0.001) protection. See Figure 2.

Figure 1: Representative JR-curves for our 3 groups (N, I, R)

Figure 2: JIc data for the three groups. * p<0.05 (n = 10)
DISCUSSION AND CONCLUSIONS
Ribose pre-treatment of human cortical bone prior to γirradiation sterilization resulted in superior fracture toughness.
The partial protection is attributed to the protection of the
collagen network. The utility of a simple exogenous
crosslinking method that protects the mechanical properties of
the sterilized bone is demonstrated.
REFERENCES
[1] Enneking, JBJS, 2001 [2] Lietman, Clin Orthp Rel Res,
2000 [3] Akkus, JOR, 2005 [4] Burton, BONE, 2014 [5]
Currey, JOR, 1997 [6] Akkus, JOR, 2001 [7] Barth,
Biomaterials, 2011 [8] Akkus, JOR, 2005 [9] Wheeler, Clin
Orthp Rel Res, 2005 [10] Willett, JMBBM, 2015
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INTRODUCTION
Orthopaedic studies involving ex vivo specimens often require
long hours of benchtop testing. This is performed to evaluate
differences in load transmission with varying implant design,
and has previously been reported to require repeated testing up
to 18 hours in duration [1], or more. As it dehydrates, bone
loses water content, and the stiffness may change due to
dehydration, thereby confounding the results. This effect would
be even greater in isolated bones, and therefore studies often
either wrap or irrigate specimens with saline solution. The
objective of this study was to determine the duration over which
bones can be exposed to air without affecting their mechanical
response, and whether saline wrapping mitigates this drying
effect.

test for differences in stiffness between groups (air dried vs.
saline-wrapped), and to determine whether properties changed
with time.
RESULTS
Stiffness increased during the thaw period, with no significant
changes noted beyond the 1.5 hour mark, and as such a 2 hour
thaw time was used for all subsequent tests. The fatigue tests
proved to be highly consistent, with no significant difference
between the first and last tests, or among any of the test points.
No difference in stiffness was noted between the dried
(unwrapped) and the hydrated (saline wrapped) specimens.
Furthermore, no statistical differences were noted over the
entire duration of testing (56 hours, Figure 1).

METHODS

To determine the amount of time required to thaw each
specimen, one pair of humeri was tested every 30 minutes,
starting when the bones were removed from the freezer, up to
four hours. Thaw was established to have occurred when the
stiffness showed a significant difference, as determined using
an ANOVA (α=0.05). A fatigue test was performed on an
additional single specimen to determine whether the bone was
affected by the number of cycles that would be applied to each
specimen over the course of testing. The one sample was loaded
for 12 repetitions of the eight-cycle loading protocol (for a total
of 96 cycles).
To assess the effect of test duration on mechanical response, one
specimen from each of the remaining four pairs (randomly
allocated) was wrapped in saline-soaked cloths, and the
contralateral was left open to air (room temperature, 21±1°C).
All bones were allowed to thaw for two hours (based on the
thaw tests described above). The loading protocol was then
repeated every six hours, for a total period of fifty-six hours
following freezer removal (10 time increments). Stiffness was
calculated for each time increment. An ANOVA was used to

Stiffness (N/mm)

500

Fresh-frozen New Zealand rabbit humeri (five pairs) were used
for this study. The standard method used a three-point bending
apparatus on an Instron materials testing machine, with the
ventral side up and a 5cm span between the two lower supports.
A 2-5N preload was applied, followed by a ramp load to 50N at
a rate of 1 mm/min, and then unloaded at the same rate. Each
loading protocol consisted of eight cycles, the first five to relax
the specimen, and the last three were used to determine
specimen stiffness (calculated as the linear slope of the loaddisplacement curve between 5N and 45N).
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Figure 1: Average stiffness for both the dried (unwrapped)
and saline-wrapped conditions over the 56 hour test period.
DISCUSSION AND CONCLUSIONS
This study indicated that bone specimens show no significant
changes in mechanical properties over a 56 hour long test period
at room temperature under quasi-static test conditions.
Hydrating the specimens showed no perceptible effect on bone
stiffness when loaded at 1 mm/min, and therefore may not be
necessary for ex vivo studies under similar loading conditions in
the future.
REFERENCES
[1] Austman RL et al. (2008). Development of a testing
methodology to quantify bone load transfer patterns for
multiple stemmed implants in a single bone with an application
in the distal ulna. J. Biomech. Eng., Vol 130(2); p. 024502.
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INTRODUCTION
A bilateral dynamic upper-limb musculoskeletal model,
capable of estimating muscle forces during loaded
movements, has been recently developed and verified
through successful predictions of experimental EMG
during three different push-up variations [1]. The
muscle parameters used in this OpenSim-based model
(Simtk.org) [2] are estimations based on a representative
sample of anatomical data [3]; however, uncertainty
exists with respect to the true value of key parameters in
the Hill muscle model including maximum isometric
force (Fmax), optimal fiber length (Lopt) and tendon slack
length (Lts). Predicted muscle forces are inherently
sensitive to the value of these input parameters. To date,
parameter sensitivity studies have been performed for
OpenSim lower limb models [4] but not for dynamic
upper-limb models. The purpose of this study was to
assess the sensitivity of muscle force predictions to
muscle parameters in a dynamic upper-limb model.
METHODS
A baseline simulation was conducted from data of a
single male participant performing a push-up with a
neutral hand position (Figure 1). Kinematics were
recorded using a 54-marker set with a three-dimensional
motion capture system (Vicon, Denver, CO). Ground
reaction forces were measured with three force
platforms, one under each hand (AMTI, Watertown,
MA) and the third under both feet (Bertec, Columbus,
OH). The OpenSim pipeline was used for model
Scaling, Inverse Kinematics and Static Optimization.
The muscle parameters from the scaled model were used
as baseline values for the sensitivity analysis.
The parameters of nine muscle bands representing the
deltoids, triceps and pectoralis major muscles were
investigated. Using a Monte Carlo approach, Fmax, Lopt
and Lts were randomly sampled from a Gaussian
distribution spanning +/-10% of the baseline means.
Convergence occurred after 2000 iterations and was
based on a root mean squared error change less than 5%
of the anterior deltoid force predictions compared to
baseline.
The muscle force outputs of the deltoids, pectoralis
major and triceps muscle groups for a time point
(t=0.70s) coinciding with the middle of the push-up
(Figure 1) were used for analysis. The Pearson productmoment correlation coefficient (r) was determined
between muscle force outputs and muscle input
parameters (Fmax, Lopt, Lts). Significant correlations were
used as a measure of sensitivity of the predicted muscle
forces to a given input parameter.

Figure 1: Upper-limb model during the push-up task
RESULTS
The correlation between muscle force and Fmax was
significant (p<0.01) for each muscle (r range: 0.089 to
0.204). For Lopt (r range: -0.206 to 0.251) and Lts (r
range: -0.404 to 0.269), the correlations were significant
(p<0.01) for all muscles except posterior deltoid and the
clavicular band of the pectoralis major.
Predicted muscles forces were also sensitive to the Fmax
of other muscles included in the analysis. The muscle
force predictions were all sensitive to the Fmax of bands
belonging to the same muscle group. The Fmax values of
the anterior and middle deltoids had the most effect on
predicted forces for the other muscle groups.
DISCUSSION AND CONCLUSIONS
The formulation and ultimate utility of musculoskeletal
models relies on a complete understanding of underlying
assumptions. This is the first study to evaluate the
sensitivity of muscle model parameters on muscle force
predictions from a dynamic upper-limb model.
Muscle force predictions for a push-up movement were
most sensitive to Lts and Lopt, followed by Fmax; similar
to lower limb studies [4]. However, the associations
between input muscle parameters and predicted muscle
forces were generally weaker than those found in lower
limb models during gait simulation [4]. The reduced
sensitivity to the Hill model parameters in the upper
limb may be related to increased muscle redundancy as
compared to lower limb models.
REFERENCES
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INTRODUCTION
Accounting for the physical dimensions and anthropometry of
the human allows for a safer, more productive environment.
Some designs require a single linear dimension such as stature,
arm length, hip girth while others are more complex.
Understanding where a human can effectively and accurately
reach within a workspace allows for more humo-centric
designs. However, collection and analysis of this data can be
challenging and time consuming. Human reach envelope is
defined by Konz [1] as the area (volume) in which a seated or
standing human can reach while performing a task. Human
reach and reach envelope have been examined by collecting
empirical data or by creating mathematical models.

loaded conditions, however there is no significant difference
between the 0.5 and 1.0kg conditions. The reduction in reach
with weight was approximately 30mm.
Spherical models created using optimization functions showed
similar trends between load conditions, however the resulting
reach length only reduced by approximately 20mm.
Normalization of both the spherical bins and models to arm
length did not impact the trends in the results.
To better visualize the changes in reach with load conditions,
colour maps were created. If a subject was able to reach a bin,
they were added to the count. Red indicates failure, while
green indicates success with a spectrum in between.

Beyond the issue of easily using the 3-D envelope for the
healthy, industrial population a greater challenge exists for
injured and physically challenged persons. This paper
represents the first phase of designing a systematic process to
create reach envelope models for healthy and impaired
shoulder subjects that can be used by clinicians.
METHODS
Pilot reach envelope data has been collected from 10 seated,
healthy subjects using the Computerised Potentiometric
System for Anthropometric Measures (CPSAM) [2]. The
system uses the linear measurement of 4 recording devices to
predict the position of a single point in a 3-D volume. Each
participant completed 3 side and front facing trials for each of
3 handheld load conditions; no load, 0.5kg and 1.0kg.
Current analysis focuses on spherical coordinates, with and
divided into 8 and 9 sections, to create a total of 81 reach
bins (Figure 1). The mean R (length) value was calculated for
each bin.

Figure 1: Spherical Bands
RESULTS
Tukey Pairwise comparisons show that there are significant
effects when comparing the 0 load condition to both of the

Figure 2: Colour map for 0kg Load Condition
DISCUSSION AND CONCLUSIONS
The impact of a 0.5kg load on the reach abilities of healthy
subjects is significant regardless of the methods used for
normalization and modelling. Although it has been shown that
the MRE is not strictly spherical, it provides a starting place
for creating models. Future work will compare this model with
other surface shapes.
Currently clinicians rely mainly on observation and
goniometer measures of range of motion to assess patient
progress. Creating meaningful feedback such as the colour
plots that can be used by the entire team is hoped to improve
rehabilitation outcomes for a patient in terms of their activities
of daily living.
REFERENCES
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computerized potentiometric system for structural and
functional anthropometric measurements. Ergonomics, 36(6),
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INTRODUCTION
Estimates of 25th percentile female manual arm strength
(MAS) are often required to evaluate acceptable hand loads in
industry. Digital human models (DHMs) are used to evaluate
strength demands, with respect to joint strength capacity, but
the current method used has many limitations. Alternatively,
we have demonstrated that MAS can be accurately predicted
with regression equations based only on hand location relative
to the shoulder [1]. More recently, data from multiple
combinations of hand location and force directions [2] were
used to demonstrate the superiority of artificial neural
networks (ANN), over regression equations, to predict MAS
[3]. The purpose of this study was to consolidate all our
previous efforts into a novel strength prediction method for
DHMs, using an ANN to predict MAS for any combination of
hand location, force direction and torso orientation.
METHODS
The Arm Force Field (AFF) method for MAS prediction
requires the inputs of: 1) hand location, relative to the
shoulder, 2) the direction cosines of the external force
vector(s) and 3) the orientation of the torso, as defined by
vectors between the left and right shoulders and L5/S1 to
C7/T1. The two primary modules of the AFF method consist
of an ANN to predict MAS in the absence of gravity, and a
novel gravitational force estimator, which predicts the strength
contribution from the weight of the arm, based on standard
anthropometrics and arm posture. The outputs from these two
modules are combined to produce a prediction of the MAS for
a given percentage of the population (Figure 1).
Inputs
Torso
Orientation

Arm Force Field
Method

Gravitational Force
Estimator

strength
attributable to arm
weight (+ or -)

Hand Location
(AP, SI, LM)
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Direction

Output

+
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Predicted MAS
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Figure 1: The structure and flow of the AFF method.
The estimated contribution of arm weight was first removed
from MAS data from 95 healthy, female participants [1,2].
These ‘0G’ MAS means, from 36 hand locations and up to 26
force directions (total n = 536 conditions), were consolidated
and divided into a set of development (n = 456) and test (n =
80) datasets [3]. We used an iterative process to determine
what combination of input variables and ANN architecture

(i.e., # of nodes in the hidden layer) minimized the average
RMSD between development data (i.e., model fit) and test
data (i.e., model generalization), across an average of 10 trials
per architecture. Once we determined the best set of inputs and
model architecture, we chose the ANN with the lowest RMSD
for use in the AFF method.
The contribution of gravity to MAS, in an intended direction,
was estimated as follows: a) a linked segment model was used
to estimate the resultant moment, caused by gravity, about the
shoulder, b) the direction and magnitude of the minimum force
at the hand, needed to counteract this shoulder moment, was
calculated and c) the component of this vector, acting parallel
to the intended MAS direction, was subtracted from the 0G
MAS.
RESULTS
Our iterative process revealed that an ANN architecture
requiring 18 input parameters (calculated from three
coordinates of the hand and the 3 components of the force unit
vector) and 13-nodes in the hidden layer, demonstrated the
best balance between performance with development and test
data. The final ANN modeled the development MAS data very
well (r2 = 0.97, RMSD = 5.2 N) and maintained good
generalizability with strength data not included in the model’s
development (r2 = 0.842, RMSD = 13.1 N). Across all 0G
data, the between-participant CV was 27.6%.
DISCUSSION AND CONCLUSIONS
The AFF Method provides a greatly improved, and more
robust means of determining acceptable forces for work tasks
requiring forces applied at the hands. Using only hand
location, torso orientation, task force direction and target
population, our method can be easily integrated within DHMs
for valid strength assessments, with the ultimate goal of
reducing workplace overexertion injuries. Future work needs
to examine application of the method to predicting male
strengths, and adding a module that determines the limiting
factor (i.e., joint strength, balance, etc.) in each MAS
estimation.
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INTRODUCTION
Prolonged computer use is increasingly associated with
adverse health effects [1], which can ultimately lead to workrelated musculoskeletal disorders (WMSDs). WMSDs are
especially common among female computer users [2].
Although working with multiple monitors has become
increasingly popular, few studies have provided objective
evidence on how this affects the neuromusculoskeletal
system in both genders. Thus, our objective was to measure
the effects of performing a 90 minute computer task with a
single monitor versus with a dual monitor setup in healthy
young male and female adults.
METHODS
Twenty-seven participants completed two sessions of a 90minute computer task with either a laptop (single monitor
condition) or two desktop computers (dual monitor
condition), assigned in random order. The standardized
computer task involved a combination of reading, typing,
and search-and-find tasks. Electromyography (EMG) from
eight upper body muscles were measured every 9 minutes
throughout the task. EMG amplitude (RMS), variability
(CoV), and normalized mutual information (NMI) were
computed.
RESULTS
Reductions in Right Cervical Erector Spinae RMS (p =.04)
(Figure 1) and cervical NMI were observed in the dual
monitor condition, especially in females. Right Middle
Trapezius CoV and Right Upper Trapezius RMS (p =.03)
increased significantly over time, regardless of workstation
condition. Overall, time effects on muscle activity were
more pronounced in males, as significant time effects for
both Right Upper Trapezius and Right Anterior Deltoid
RMS was observed. Also in males, there was a significant
interaction effect (p =.02) in the Right Middle-Right Lower
Trapezius muscle pair, suggesting the adaptation to time
differed significantly between the conditions.

Figure 1: Normalized Right Cervical Erector Spinae RMS in
the single and dual workstation.

DISCUSSION AND CONCLUSION
Results suggest that dual monitor work is effective in
reducing cervical muscle activity and dissociating cervical
connectivity. In addition, computer workstation layout and
time effects, and underlying pathways, seem to differ for
men and women. This evidence could be considered when
deciding on the use of dual monitor office workstations.
REFERENCES
[1] Szeto, G. (2014). The effects of using a single display
screen versus dual screens on neck-shoulder muscle activity
during computer tasks. International Journal of Industrial
Ergonomics, 44(3); p. 460-65.
[2] Côté, J.N. (2012). A critical review on the physical
factors and functional characteristics that may explain a
sex/gender difference in work-related neck/shoulder
disorders. Ergonomics, 55(2); p. 173-182.

EFFECT OF HAND-HELD LOAD ON THE TOTAL MAXIMUM REACH ENVELOPE
1

Heather Johnston1, Colleen Dewis2 and Dr. John Kozey1,2
Division of Kinesiology, Dalhousie University, Halifax, Canada, h.johnston@dal.ca
2
Department of Industrial Engineering, Dalhousie University, Halifax, Canada

INTRODUCTION
In occupational settings, reaching acitvities should be
performed within a comfortable space to prevent injury and
improve the productivity of a worker. The maximum reach
envelope (MRE) encompasses the volume generated by a fully
extended upper limb with a neutral trunk posture [1]. The
reach envelope has been investigated in settings such as
automotive, workstations or industry but rarely quantifies
factors affecting its volume[1,2,3].
The primary objectives of this investigation were to: (1)
develop a method to expand the total reach volume, (2)
directly measure the maximum reach envelope with and
without a load in hand, (3) develop analyses to determine
differences between MRE with and without a load.
METHODS
Measurements were conducted using a computerized
potentiometric system for anthropometric measures
(CPSAM)[4]. CPSAM is comprised of four pulleypotentiometer unit system connecting string sets into a
common stylus point that provides 3D kinematics of reach.
Ten participants performed six reach trials with three hand
held load conditions of 0.0, 0.5 and 1.0 Kg. The trials
consisted of two seated orientations, front and side facing.
Voltage values were converted into 3D Cartesian data and then
into cylindrical coordinates (R, θ, Z). The data was parsed into
panels of the reach envelope as height levels of Z, and angular
regions θ (Figure 1). Median values of reach for each panel
were calculated for subjects. These median values were
averaged across panels to perform a General Linear Model
Analysis of Variance. The same analysis was performed with
the reach values (R) normalized to subjects’ arm lengths.
RESULTS
The total MRE was created by merging data files of the front
and side orientation files. There was a significant decrease in
reach distances by just over 6 % of the envelope between the
no-load and loaded conditions (p < .001). With no load, the
average reach distance was 561 mm. The 0.5 and 1.0 Kg
conditions had an average median reach distance 528mm.
The normalized data presented significant differences based on
unloaded versus loaded conditions (p < .001). Similar
differences were found in the panel effects on reach. Reach
proportions were closest to 1 with respect to arm length in the
midrange of the reach envelope as described by Z and θ.

Figure 1: Reach envelope parsing into Z levels (left), and θ
angular regions (right).
DISCUSSION AND CONCLUSIONS
In many tasks, reaching and grasping of small objects (parts or
tools) are required within the entire reach volume. While
these objects may not be heavy, they do require minor
adjustments in seated posture and may reduce the extension of
the upper limb. This in turn reduces the total reach volume
compared to the unloaded reach.
The merging of side and front facing trials during reach,
enhanced the volume of the total reach envelope, providing a
reach region often overlooked. Absolute reach measures are
directly related to arm length, normalizing reach to arm length
provides a method of determining proportions of reach within
panels of the envelope. Subject reach can be compared across
panels as a distribution of the sample rather than a direct reach
distance.
The design of workstations in which hand tools or light loads
are handled, should account for the effect load has on reach,
rather than simply using the percentiles of reach for the
population. Understanding relationships between strength
requirements and reach can help to find preventative measures
when designing the workspace. This study presents a factor of
reach, and opens the reach envelope as clinically relevant
measurement tool for the upper extremity.
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INTRODUCTION
Instability can occur in balancing when the object being
balanced moves at a rate that is beyond the abilities of human
motor control. This illustrates that the responsiveness of motor
control is limited and can be studied by changing the dynamics
of a balancing task. With changes in the dynamics of a stick
balancing task (i.e. increasing the difficulty of the task),
increased muscle coactivation was found and was
hypothesized to improve responsiveness [1].
In this study the responsiveness of trunk motor control was
investigated by changing the seat stiffness of an unstable seat.
The effects of changing the dynamics of the seat on the
probability of successfully balancing, the speed of the seat and
the trunk, and trunk muscle activation were studied. These
outcome variables will, respectively, show if limits in control
were reached, determine the change in task dynamics, and
show if muscle coactivation can help to enhance
responsiveness. It was also hypothesized that the change in
trunk muscle coactivation would be linearly related to the
change in the dynamics of the task (seat speed).
METHODS
Twelve healthy subjects (6F and 6M) balanced at six different
levels of seat stiffness, which was accomplished by moving
two springs in the medial-lateral direction under a seat that
could only rotate 10° to each side in the frontal plane (Figure
1). To determine the probability of success, a trial was deemed
successful if the seat was maintained within the ±10 degree
range; otherwise it was deemed as unsuccessful. Subsequently,
the number of successful and failed trials were used to
calculate the probability of successful balancing, similar to [1].
Seat and trunk kinematics were recorded with a motion
capture system (VisualeyezTM Motion Capture system,
Phoenix Technology Inc., Burnaby, Canada). The cumulative
path of the seat and trunk-seat angles was divided by trial
duration (5 s) to determine the average seat and trunk-seat
speed.
Surface electromyography (EMG) signals were collected with
a DelsysTM Bagnoli-16 system (Boston, USA) with single
differential sensors of the following muscles (bilateral): rectus
abdominis (RA), external oblique (EO), internal oblique (IO),
thoracic erector spinae (TE) and lumbar erector spinae (LE).
EMG signals were demeaned, full wave rectified, low pass

filtered at 2 Hz using a second order dual-pass Butterworth
filter and converted to % maximal voluntary contractions
(MVC) using the peak EMG obtained during MVC trials. Left
and right-sided muscle activation were compared at each time
instant to determine the agonist (most active side) and
antagonist (least active side).

Figure 1: Schematic representation of the seat and the support
interface in a frontal plane view. The support interface consists
of two ball-and-socket joints, which are aligned in the midsagittal plane and two springs in the frontal plane. The
direction of rotation is indicated by the arrows. The maximal
tilt of 10° to one side is illustrated by the dashed seat surface.
RESULTS
As expected, with decreasing seat stiffness the probability of
success decreased (p<0.001), seat speed (p<0.001) and trunkseat speed (p<0.001) increased and both agonist (p=0.025) and
antagonist activation (p=0.03) increased (all main effects).
Furthermore, a positive linear relation was found between seat
speed and agonist trunk muscle activity (0.73 ≤ r ≤ 0.35) for
all muscles and for antagonist muscle activity (0.64 ≤ r ≤ 0.55)
of RA, EO and IO muscles.
DISCUSSION AND CONCLUSIONS
The results show that limits in responsiveness of trunk motor
control were reached during seated balancing. The observed
relationship between trunk muscle activation and seat speed
suggests that the central nervous system regulates trunk
stiffness via muscle coactivation in relation to the dynamics of
the task; possibly to maintain adequate responsiveness.
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METHODS
Thirty-two participants (18 male, 14 female) were recruited to
stand for a continuous duration of 2-hours. Standing exposure
was constrained within the areas of the two force plates, one
under each foot. Participants were free to move their feet
within the boundaries of the plates. Force plate data (AMTI,
Watertown, MA, USA) from separate 2-min standing trials,
performed with eyes open and eyes closed, were collected
(2048 Hz) before and after the 2-hour protocol. Time-series
data of the anterior-posterior (AP) and medial-lateral (ML)
COP locations were derived from the force plate data. The AP
and ML time-series data were down sampled to 128 Hz,
filtered with a 2nd order Butterworth filter (cutoff frequency 10
Hz), and the first and last 7.5 second of each trial were
removed. The means of the AP and ML time-series were then
subtracted and the resultant distance (RD) was calculated[5].
An incremental time-series, normalized to unit variance, was
derived by taking the difference between successive points in
the RD time-series[6]. Regularity of the incremental RD timeseries was quantified using sample entropy. Estimates of
sample entropy were determined using software implemented
in Matlab (The Mathworks Inc., Natick, MA, USA). Change
in sample entropy was then determined for each participant by
subtracting the values obtained post 2-hours of standing from
those obtained prior to the 2-hour standing protocol (Figure 1).
A two factor mixed model analysis of variance was used to
determine if there were main or interaction effects on sample
entropy change across Pain Status and Vision. Paired and
independent samples t-tests were used post hoc to compare
group means for significant main and interaction effects.
RESULTS
A significant main effect of pain group was observed for the
change in sample entropy (p=0.018). Sample entropy of the

COP time-series decreased after 2-hours of standing for both
PDs and NPDs (Figure 2), however, the decrease for NPDs
was only 21% of the decrease observed in PDs.
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Figure 1: Sample Entropy before and after 2 hours of standing, for PDs and
NPDs with eyes open (EO) and eyes closed (EC).
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INTRODUCTION
It has been well established that occupations requiring
prolonged periods of constrained standing are associated with
the development of low back pain (LBP)[1]. Certain individuals
are susceptible to LBP development during prolonged standing
(pain developers, PDs) while others are not (non-pain
developers, NPDs)[2]. Individuals identified as PDs have been
found to have three times the likelihood, compared to NPDs,
to seek clinical care for LBP [4]; therefore, it is possible that
this PD subgroup may also demonstrate differences during a
constrained balance task. The objective of this study was to
determine if standing dynamic balance control, quantified as
centre of pressure regularity (COP) using sample entropy, was
altered after 2-hours of standing. Our second objective was to
determine if PDs and NPDs were differentially influenced by
the 2-hours of standing.
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Figure 2: Change in sample entropy for upright standing trials. Before and
after 2 hours ofFigure
standing,
for PDs and NPDs with eyes open and eyes closed.
2
The asterisk denotes a significant difference between PDs and NPDs. Error
bars represent the standard error of the mean.

DISCUSSION AND CONCLUSIONS
This study demonstrated that changes in neuromuscular
control of upright standing pre and post 2 hours of standing do
occur. This is as a result of an increase in COP regularity post
2-hours of standing for both PDs and NPDs. PDs displayed a
greater change in COP regularity, supporting the theory that
increased COP regularity occurs with pain/pathology [4].
Using this proposed approach, sample entropy could be used
as a tool to characterize and differentiate the postural effects of
standing induced LBP.
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INTRODUCTION
Handholds (e.g. handrails, grab bars) are common assistive
technologies that are installed around bathrooms and beds and
along walkways to facilitate safer transfers and walking. They
can significantly enhance balance control and recovery [1], by
allowing users to grasp and then generate high forces and
torques to stabilize their centre of mass [2]. However, we have
not yet quantified the loads that users apply to handholds
during balance recovery. We need this information for
developing effective structural strength requirements for these
products, which must be strong enough to support balance
recovery reliably without being over-designed to the point that
they become unaffordable and too difficult to install. This
study investigated the forces that young adults apply to
horizontal handholds following simulated trips and slips. We
focused on the case where users faced the handhold and
grasped with both hands, which demonstrated the highest
antero-posterior (A-P) and vertical force magnitudes in pilot
testing.
METHODS
Data were collected in Toronto Rehab’s Challenging
Environments Assessment Laboratory (CEAL) – a 6m x 6m
robotic platform (Fig. 1). Data have been collected and
analyzed from 5 participants (22-33y; 4 females) to date.

Figure 1: Left: Outside CEAL. Right: Inside the lab. The
participant stands facing and with both hands touching a
handhold, which is braced to minimize signal confounding
from vibration and deflection.

Participants stood facing a horizontal handhold with tri-axial
load cells at either end (AMTI, Watertown, MA, USA). The
stance simulated using a grab bar or guard for stability. The
handhold height was 38in (86.5cm). Participants stood with
their heels at 58% of fingertip reach (~elbow-distance [3])
from the handhold, and rested both hands on the handhold.
Randomly-timed A-P platform translations simulated trips
(forward falls, FF) and slips (backward falls, BF), evoking
balance recovery responses. Foam blocks around participants’
feet discouraged compensatory stepping, encouraging
handhold use to avoid falling into their safety harness.
RESULTS
Peak user-applied handhold loads in the A-P and vertical
directions are presented in Table 1. Lateral handhold forces in
this scenario were negligible (<10N).
DISCUSSION AND CONCLUSIONS
The highest compensatory handhold forces observed so far
exceed those reported in the existing literature for A-P and
vertical loads during balance recovery. All participants applied
higher posterior and upward forces than in [1] (mean forces in
both directions: <10N or ~1% body weight). This suggests that
users may load handholds more aggressively during balance
recovery than the current literature suggests. Future analyses
will include further participants and explore other handhold
loading metrics (e.g. rate of force generation; duration of high
forces). Reach-to-grasp reactions and other handhold heights
will be considered, as well as the relationship between
participant weight, strength, and applied handhold forces.
Characterizing the loads that users apply to handholds during
balance recovery will help to inform evidence-based structural
strength standards for handhold design.
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Table 1: Peak handhold A-P and vertical forces during balance recovery, in Newtons and percent body weight (%BW).
Anterior
Anterior
Posterior
Posterior
Downward Downward Upward
force - FF
force - BF force - FF force - BF
force - FF
force- BF
force- FF
Peak force Mean (SD) 291.3 (66.2) 148.0
318.5
417.4
234.1 (64.5) 142.6
184.7
(N)
(135.8)
(153.0)
(160.3)
(100.0)
(111.7)
Min-Max 194.9-343.7 11.7-301.4 127.4-483.2 201.9-615.5 149.6-297.1 57.6-300.9 77.0-357.9
Peak force Mean (SD) 45.7 (11.0) 23.9 (19.9) 50.8 (23.5) 65.3 (23.6) 36.8 (10.3) 22.4 (14.2) 29.2 (15.9)
(%BW) Min-Max 31.3-58.1
1.6-50.9
17.2-81.6
32.5-95.0
24.0-47.2
9.3-46.5
10.4-55.3

Upward
force- BF
186.0
(57.3)
97.3-234.3
29.1 (8.8)
15.6-37.6

GRAB BAR USE TO SUPPORT BALANCE DURING BATHTUB ENTRY AND EXIT
1

Emily C. King1,2, Alison C. Novak1,3,4
iDAPT Centre for Rehabilitation Research, Toronto Rehabilitation Institute-UHN, Toronto, Canada; www.idapt.com
2
Mechanical and Industrial Engineering, University of Toronto, Toronto, Canada
3
Department of Occupational Science and Occupational Therapy, University of Toronto, Toronto, Canada,
4
Faculty of Kinesiology and Physical Education, University of Toronto, Toronto, Canada
emily.king@uhn.ca; alison.novak@uhn.ca

INTRODUCTION
Many injurious slips and falls experienced by older adults
occur while entering or exiting the bathtub [1]. Grab bars are
commonly recommended to counter the high fall risk [2].
However, current recommendations for installation are based
on percieved comfort and ease of use, rather than
biomechanical evidence of effectiveness in preventing falls.
The purpose of this study was to evaluate the effectiveness of
grab bars and common alternative assists on balance control
during bathtub entry and exit.
METHODS
Fourteen older adults (71.4± 6.5 years old; 4 M/10 F) and 12
young adults (25.7 ± 3.5 years old; 6 M/6 F) participated in the
study. All were in self-reported good health, free of
orthopaedic and neurological conditions that affect mobility.

age or assistive condition (p>.77). COP variability was
reduced when using the bathmat compared to no assistance
and horizontal grab bar use (p<.002), and both vertical grab
bar use and wall touch reduced COP variability compared to
no assistance (p<.05). No age-by-assistive condition
interactions were found.
During bathtub exit, older adults reduced peak COM velocity
and COP displacement in the axis of progression compared to
young adults, across all assistive conditions (p<.03). COP
variability was reduced when using either the wall or the
vertical grab bar, compared to the horizontal grab bar and
bathmat conditions (p<.04). In the M-L axis, similar findings
were detected for the older adults only, with vertical grab bar
and wall use leading to reduced COP displacement compared
to the bathmat, horizontal grab bar and no assistance
conditions (p<.03).

Data were collected in a custom-made bathroom environment
at Toronto Rehabilitation Institute. The bathtub was cut to
separate its floor from its walls (Fig 1), allowing forces to be
collected independently from force plates mounted under the
tub floor and bathroom floor (AMTI, MA, USA). Forces were
collected at 250 Hz; whole-body kinematics were collected at
100 Hz (Motion Analysis Inc., CA, USA). Data were
synchronized and filtered (2nd order, low pass 6 Hz
Butterworth) using Visual 3D (C-Motion Inc., MD, USA).
Participants entered and exited a slippery tub (wetted with
dilute sodium lauryl sulfate) using: (A) a vertical grab bar on
the side wall, (B) a horizontal grab bar on the back wall, (C) a
bathmat on the tub floor, (D) the side wall (without a grab
bar), or (E) no assistance.
Outcome variables were: peak centre of mass (COM) velocity,
peak centre of pressure (COP) displacement and COP
variability. All were calculated in the axis of progression and
the medial-lateral (M-L) axis (Fig 1). Tub entry and exit were
analyzed separately. Mixed ANOVAs were conducted for
each dependent variable, with significance set at p<.05.
RESULTS
During bathtub entry, no age or grab bar effect was found for
COM velocity (p>.09). In the axis of progression, older adults
reduced COP displacement, but had greater COP variability
(p<.03) compared to young adults. COP variability was
greatest when using the horizontal grab bar; use of a vertical
grab bar reduced variability compared to all other conditions
(p<.05). In the M-L axis, COP displacement did not differ for

Figure 1: Testing environment (left) and assistive device
locations.
DISCUSSION AND CONCLUSIONS
This study provides insight into how grab bars, bath mats and
wall use facilitate bathtub entry and exit. The vertical grab bar
and wall use provided the greatest improvements in postural
control, likely due to the sensory feedback provided during
these conditions. These data are being used to inform clinical
recommendations and building standards.
REFERENCES
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INTRODUCTION
Falls are responsible for 90% of all hip fractures [1]. Soft
tissue over the proximal femur protects against hip fractures
by absorbing impact energy [2] but the effects of local muscle
activation on soft tissue and joint properties, and consequently
the magnitude and distribution of pressure at the skin-ground
interface, has yet to be studied. The objective of this study
was to investigate how local muscle activation, gender, and
body mass index (BMI) modulate pressure distribution over
the hip during lateral falls.
METHODS
22 young adult participants (11 male, 11 female) were divided
into low (<22 kg/m2, 7 participants), mid (22-24 kg/m2, 7
participants), and high (>24 kg/m2, 8 participants) BMI groups.
Participants underwent lateral pelvis release trials which
involved using a sling to lift and abruptly drop the pelvis from
defined drop heights (0, 1.5, and 5 cm). At each drop height
two relaxed trials and two contracted trials were performed.
During the contracted trials participants contracted their right
and left gluteus medius to 25% MVC and vastus lateralis to
15% MVC, as monitored with AMT-8 surface
electromyography (Bortec Biomedical, Alberta, Canada).
Participants were released onto a Hi-End Footscan® pressure
measurement plate (RSscan International, Olen, Belgium)
sampled at 500 Hz. Custom Matlab® (MathWorks Inc.,
Massachusetts, USA) routines were used to extract peak
pressure and contact area at peak pressure.
RESULTS
Peak pressure was 9% greater in contracted compared to
relaxed trials (p=0.002), 130% greater for males compared to
females (p<0.001), and 4% lower for the mid-BMI and 36%
lower for the high-BMI groups compared to the low-BMI
group (p=0.008). Contact area was 19% greater in contracted
trials (p<0.001), 23% greater for females (p=0.005), and 39%
and 67% greater for the mid and high-BMI groups compared
to the low BMI group, respectively (p=0.001). Drop height
influenced both variables with peak pressure 42% greater at
1.5 cm and 118% greater at 5 cm drop heights compared to 0
cm (p<0.001), and contact area 13% greater at 1.5 cm and
52% greater at 5 cm drop heights compared to 0 cm (p<0.001).

Figure 1: Example 3-D pressure distribution at peak pressure
DISCUSSION AND CONCLUSIONS
The current study suggests that muscle activation, gender, and
BMI, all modulate the pressure distribution over the hip during
a lateral fall. Females and those with higher BMI exhibit
greater contact area and reduced peak pressure. Interestingly,
both contact area and peak pressure were greater in the
contracted condition, which suggests that local muscle
activation may distribute the force over a greater area but also
generate a more localized peak pressure zone compared to the
relaxed condition. These data have implications for driving
and validating multi-body impact models (which consider
pressure distribution) that are robust to differences in
activation level, gender, and anthropometric factors. Future
research should include kinematic tracking to enable
anatomically relevant transformation of the pressure
distribution.
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COMPARISON OF PEAK FORCES DURING SIMULATED FALLS
Iris C. Levine, Steven P. Pretty, Tyler D. Chuang, Andrew C. Laing
Department of Kinesiology, University of Waterloo, Waterloo, Ontario, Canada, iris.levine@uwaterloo.ca
https://uwaterloo.ca/injury-biomechanics-aging-lab/
INTRODUCTION

RESULTS

Experimental simulated falls are used to predict impact
characteristics of falls from standing height. However,
simulation of impact conditions requires a balance between
experimental repeatability and external validity. The pelvis
release protocol (PR, Figure 1a) allows fine adjustment of initial
conditions such as height and hip flexion angles, but simulates
a directly lateral impact with minimal non-vertical kinematics;
few falls in older adults match these impact conditions [1]. It is
more challenging to control participant motion during a
kneeling release (KR, Figure 1b) or squat release (SR,Figure
1c), however, these paradigms may provide a more externally
valid representation of non-vertical motion of the pelvis during
impact. No studies in literature have reported how the impact
characteristics (vertical and shear forces, impact velocity) of the
three fall-simulation paradigms differ; nor have any studies
reported on the repeatability of these protocols.

Peak FV was greatest during KR (mean SD) 1851(480)N),
followed by SR (1616(486)N) and PR (1509(257)N) (F=7.55,
p<0.001). Resultant FS was greatest for SR (218(60)N),
followed by KR (137(38)N) and PR (141(57)N) (F=23.69,
p<0.001). No significant correlation was found for FV between
PR and KR or PR and SR; however, a moderate correlation was
found between FV for KR and SR (r=0.51, p<0.01).
FV, FS and VV were consistent for all trial types (ICC(1,k)
p=0.05). First training trials were, on average, within 18% (FV)
and 12% (FS) of the comparison trials for KR, and 13% and 3%
for SR, with most participants producing higher peak forces
during training trials than comparison trials.
VV was greatest for KR (1.29(0.26)m/s), followed by SR (0.90
(0.24)m/s) and SR (0.90(0.15)m/s) (F=50.4, p<0.001). VV was
only correlated with FV for PR and SR (p<0.05); VV was
correlated with FS for KR and SR (p<0.05).
DISCUSSION AND CONCLUSIONS

Figure 1: Initial positions and motion path of the pelvis release
(a), kneeling release (b), and squat release (c). A controlled,
vertical motion path is produced during PR, while KR has equal
vertical and lateral motion, and SR has more lateral than vertical
motion.
METHODS
Ten participants (4 male, 6 female) underwent a fall simulation
protocol, involving six blocks of fall simulations, each block
containing one trial each of the PR, KR and SR methods. During
PR, the pelvis of the participant was supported by a sling, and
released suddenly, allowing the pelvis to impact the ground.
During KR and PR, the participant was positioned on a starting
mat, and instructed to self-release and fall “like a pendulum”.
The participant held onto a pillow with both hands during the
trials to reduce reactive arm bracing. The first three blocks were
used for training, while the last three blocks were used for
repeatability and inter-paradigm comparisons. No training trials
were used for PR.
All paradigms involved the lateral aspect of the hip impacting a
force plate (AMTI, MA, USA), while motion of the pelvis was
tracked using 3D motion capture (Optotrak Certus, NDI,
Waterloo, ON, Canada). Peak vertical (FV) and resultant shear
(FS, parallel to the impact surface) forces were determined,
along with vertical velocity at contact (VV).

Correlations between fall simulation paradigms for FV, FS and
VV were limited, and impact characteristics differed
substantially, indicating that each results in a different loading
mechanism, and potentially represent differing types of realworld falls. While peak vertical load was highest for KR, shear
forces were greatest for SR. These differences represent an
important considerations for developing robust mathematical
modeling of lateral hip impacts.
All trial types were consistent in both peak force and impact
velocity. However, substantial differences between the peak
forces of the initial trials compared to the final three trials of
each paradigm may be representative of a significant learning
effect for KR and PR. Greater percent differences for KR than
SR may be due to differing opportunities for bracing or control
during impact. EMG may be employed to determine which
muscles are active during simulated falls, and how their activity
affects impact outcomes such as pelvic stiffness and damping.
Each of these factors represent important considerations for
designing studies that employ fall simulation paradigms.
REFERENCES
[1] Robinovitch S. et al. (2013). Video capture of the
circumstances of falls in elderly people residing in long-term
care: an observational study. The Lancet 381 (9860) 47-54.
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WOMEN WITH PROVOKED VESTIBULODYNIA DEMONSTRATE DIFFERENCES IN PELVIC FLOOR
MORPHOLOGY COMPARED TO ASYMPTOMATIC CONTROLS
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INTRODUCTION
Provoked vestibulodynia (PVD) is defined by reports of sharp
and/or burning pain in women upon the application of pressure
to the vulvar vestibule in the absence of obvious physical
abnormalities or illness. It affects approximately 12% of
women [1] yet the pathophysiology remains largely unknown.
Ultrasound imaging (USI) may be a useful technique to study
pelvic floor muscle structure and function in women with PVD
because it is non-invasive and unlikely to provoke pain. Pelvic
morphology visualized in the sagittal plane can be used to
infer aspects of PFM structure and function. One recent report
showed that women with PVD displayed signs on USI of
increased pelvic floor muscle (PFM) resting tone and lowered
PFM strength [2], yet the study had limitations in terms of its
experimental design and interpretations. The purpose of this
study was to investigate differences in pelvic morphology
between women with and without PVD both at rest and during
PFM contraction.
METHODS
Thirty-eight women with PVD and 39 asymptomatic controls
underwent 2D and 3D transperineal USI of their pelvic region
using a GE Voluson-i system (GE Healthcare, Canada).
Images of the pelvis were acquired at rest and during maximal
voluntary contraction (MVC) in supine. The images were
analyzed using 4D View Version 7.0 software to determine
levator plate length (LPL), levator plate angle (LPA), and
anorectal angle (ARA) at rest and upon MVC [3]. Analysis of
variance (ANOVA) and analysis of covariance (ANCOVA)
models were used to investigate group differences in LPL,
LPA, and ARA at rest and at MVC. The covariate for each
a)

b)

ANCOVA was the respective PFM resting position (α= .05).
RESULTS
LPL and LPA at rest were significantly smaller in women with
PVD compared to controls. There were no differences between
groups in the ARA at rest (See Figure 1). At MVC, there were
significant differences in LPL, LPA, and ARA between
women with PVD and controls; however, these group
differences were no longer significant when resting position
was included as a covariate.
DISCUSSION AND CONCLUSIONS
The results suggest that although women with PVD
demonstrate differences in resting pelvic morphology
compared to controls, they do not demonstrate differences in
the amount of change seen upon contraction once resting
position is accounted for as a covariate. These findings suggest
that women with PVD exhibit shorter PFMs at rest, but do not
support the current hypothesis that women with PVD
demonstrate heightened tonic activation or weakness of their
PFMs.
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Figure 1: Comparison of (a) levator plate length (LPL), (b) levator plate angle (LPA), and (c) anorectal angle
(ARA) between women with provoked vestibulodynia and controls at rest and at maximal voluntary contraction.

PAIN CATASTROPHIZING MODERATES CHANGES IN THE LOCAL DYNAMIC STABILITY OF THE
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INTRODUCTION
It is generally accepted that spine stability is relevant for the
prevention and rehabilitation of low back pain (LBP) [e.g 1-2].
However, there are conflicting results in the literature, in
regards to how stability is modified in the presence of LBP
[e.g. 3-4]. The aims of the present work were twofold: 1) to
use noxious stimulation to induce LBP in healthy individuals
to assess the direct effects of pain on stability (quantified by
the time-dependent behavior of kinematic variance), and 2) to
assess whether the relationship between pain and stability is
moderated by psychological features (i.e. kinesiophobia).
METHODS
Sixteen participants (8M, 8F), with no history of LBP were
recruited for this investigation. Participants completed two
valid questionnaires related to psychological aspects of pain
prior to study onset: 1) Tampa Scale for Kinesiophobia (TSK),
and 2) The Pain Catastrophizing Scale (PCS) [5].
Participants then completed three conditions (baseline, pain,
recovery) of a task involving 35 cycles of repetitive unloaded
spine flexion and extension [4]. Nociceptive stimulus (i.e.
pain) involved an anaesthesiologist injecting hypertonic saline
(5%, 0.2 mL) into the L4/L5 interspinous ligament using
ultrasound imaging (Vivid I, GE Healthcare, UK) (Figure 1).
Lumbar spine motion was tracked during each condition using
two 3-D electromagnetic sensors (trakSTAR, Acension, VT,
USA), and pain was recorded using the 100mm VAS [3].
Local dynamic spine stability was calculated using maximum
finite-time Lyapunov exponents (λmax) [4].

(i.e. age, height, weight, and sex) on the (de) stabilizing
responses to pain, these variables were added as covariates
into the R-M ANOVA. Last, binary logistic regression was
applied to assess the predictive effects of these same variables
on determining whether a participant would increase or
decrease their stability in response to the injection/pain.
RESULTS
Nociceptive stimulus elicited pain that was greater than
baseline or recovery (p<0.001). When the whole group was
included in the statistical analysis without co-variates, λmax
was not different between conditions (p=0.564). However,
after adding PCS as a covariate into the ANOVA, the main
effect of condition on stability became significant (p= 0.044),
and there was a significant condition x PCS interaction (p=
0.048). No other covariates significantly moderated the effect
of condition on stability (p>0.05). Because of this moderating
effect of pain catastrophizing, we further explored our data,
and discovered that there were two distinct responses to the
pain; individuals who increased stability during pain (lower
λmax - stabilizers) (n=6) and those who reduced stability during
pain (higher λmax - destabilizers) (n=10). In both groups, the
modified movement characteristics with pain returned to the
baseline strategy during the recovery condition. As a
complementary analysis, binary logistic regression was able to
successfully predict group membership in 87.5% of cases (5/6
stabilizers, and 9/10 destabilizers) using only PCS scores.
DISCUSSION AND CONCLUSIONS
This work might help explain why varying responses are
observed in studies looking at the effects of pain on stability.
Here we have provided evidence that individuals’ beliefs and
attitudes towards pain are related to individual-specific motor
behaviours (e.g. stabilize versus destabilize), even if they
subjectively report experiencing the same amount of pain. Pain
catastrophizing and kinesiophobia must be considered when
studying motor behaviours (e.g. stability and neuromuscular
control) in response to pain (induced or chronic).
REFERENCES

Figure 1: Injection of hypertonic saline into the L4/L5
interspinous ligament with ultrasound imaging.
Differences in VAS pain responses and stability between
experimental conditions were assessed using repeatedmeasures ANOVAs. To investigate any moderating effects of
pain psychology (i.e. PCS and TSK scores) and demographics
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INTRODUCTION
Those who suffer from prolonged standing induced low back
pain (LBP) have previously demonstrated decreased pain
reports when altering their posture through sitting [1] or the
use of standing aids that alter a typical standing posture [2].
While it is common to assess postural characteristics during
standing through both internal and external measurements
[3,4], we less commonly assess the instrinsic characteristics of
the lumbar spine. The purpose of this study was to asess the
relationship between the in vivo lumbar spine lumped passive
properties and the upright standing lumbar spine posture of
prolonged standing induced LBP devleopers (PDs) and nonPDs.

RESULTS
There was a significant interaction between pain group and
gender (p=0.047) for neutral zone length. An opposite trend
for gender was found within pain groups – female non-PDs
had a greater neutral zone than PDs and vice versa for males.
There was a significant main effect of pain group (p=0.018,
Figure 1) and gender (p=0.0002) for the corresponding
moment at the neutral zone extension boundary. Non-PDs had
higher moments (2.8±1.3 Nm) corresponding to the location of
their neutral zone boundaries compared to PDs (2.1±1.5 Nm).
For both flexion and extension, males had a corresponding
moment at their neutral zone boundaries that was two times
higher than females.

METHODS
Twenty-three participants between the ages of 18-35 were
recruited to participate in this study. All participants were
from a previous study [5], where they had been categorized as
a PD or non-PD based on their pain scores. There were 11
non-PDs (7 females, 4 males) and 12 PDs (5 females, 7
males).
A custom built frictionless jig was used to measure lumbar
spine passive stiffness. This jig allowed for the moment-angle
relationship of the lumbar spine to be isolated with the legs
and pelvis in a fixed position. The jig was comprised of nylon
ball bearings on a Plexiglass surface, and upper body wooden
cradle that floated on the nylon ball bearings and a force
transducer placed in series with a cable attached to the upper
cradle to pull the participants. Passive extension and flexion
were each collected independently three times.
Electromyography (AMT-8, Bertec, Calgary, AB) collected on
the bilateral thoracic erector spinae, lumbar erector spinae, and
internal obliques to track muscle activity during passive
extension ensured that these movements were indeed passive
and not influenced by muscular resistance. A trial was deemed
passive if the %MVC for each muscle was below 5%. An
Optotrack Certus motion capture system (Northern Digital
Inc., Waterloo, ON) was used to track the position of the
pelvis and upper lumbar spine (L1/L2 level) during both the
collection of upright standing and passive movements.
The first successful flexion and extension trials were used for
this analysis. A moment-angle relationship was created and the
curves were fit separately with a 4th order polynomial and
differentiated to provide a stiffness estimate. The boundaries
of the extension and flexion neutral zone were set when the
slope of the curve exceeded 0.1 Nm/degree. To compare the
neutral zone lengths and corresponding boundary moments, a
two-way between factors ANOVA was run with factors of
gender and pain group.

Figure 1: Corresponding moment at neutral zone (NZ) boundaries.

DISCUSSION AND CONCLUSIONS
The main difference between pain groups was in the
corresponding moment at the extension neutral zone. With the
increased neutral zone of non-PDs, it is possible that their
spine is able to withstand a larger moment before there is a
rapid increase in stiffness. This could mean that develop pain
during prolonged standing stand with a lumbar spine posture
that would cause increased strain on the passive tissues of the
lumbar spine. Future work will assess the passive stiffness of
the hips in these two pain groups.
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INTRODUCTION
It is currently thought that the development of low back pain
during standing is related to an extended lumbar spine posture
[1]. Existing differences have been limited to surface measures
of whole lumbar lordosis which cannot determine contributions
from individual vertebrae. The purpose of this study was to
compare the intervertebral contributions to lumbar lordosis in
persons who do and do not develop low back pain during
standing exposures.
METHODS
Eight pain developers (PDs; those developing temporary low
back pain during prolonged standing) and eight non-pain
developers (NPDs) free from prior radiation exposures for at
least one year were recruited from a previous study [2]. Each
participant was imaged in three postures: upright standing,
standing full extension, and standing full flexion.
Intervertebral angular measurements from L1/L2 to L5/S1
were performed digitally using ImageJ (v1.49, National
Institutes of Health, Bethesda, MD). Intervertebral angles were
defined as the angle between the lines representing the inferior
end plate of the superior vertebrae and the superior end plate of
the inferior vertebrae. The measurer performed two measures
on two separate dates while blinded to PD/NPD group; an
extended/lordotic angle was defined as positive.
Statistical modelling was performed using SAS (v9.4, The SAS
Institute, Cary NC). Dependent variables were grouped by
posture and entered into general linear mixed models using a
between factor of PD/NPD and a within factor of Level (L1/L2
to L5/S1).
RESULTS
NPDs had more intervertebral angular differences between
lumbar spine levels than PDs in full extension (Figure 1). For
the extension posture, NPDs had L5/S1 angles that were more
extended than L1/L2 (p = 0.0003), L2/L3 (p = 0.0119), and
L3/L4 angles (p = 0.0240). NPD’s L4/L5 angles were also
more extended than L1/L2 angles (p = 0.0243). Within
extension, the only differences in intervertebral angles for PDs
occurred between L1/L2 and L5/S1 (p = 0.0203). The patterns
of angle differences between levels in the other two postures
were similar between the two groups, but produced a main
effect of Level (Figure 1). In upright standing, L4/L5 and
L5/S1 angles were more extended than L1/L2 and L2/L3
angles (p < 0.0001). In flexion, L5/S1 angles were more
extended than L1/L2, L2/L3, and L3/L4 angles (p < 0.0001).
The total lordosis angles were similar between PDs and NPDs
in all postures (p > 0.4311).

Figure 1: Intervertebral angles in PDs and NPDs
(mean ± SD). Letters indicate significance (p < 0.05).
DISCUSSION AND CONCLUSIONS
NPDs had larger contributions from lower levels of the lumbar
spine than PDs in achieving similar amounts of lumbar lordosis
in standing spine extension. Differences in vertebral positions
can alter loading patterns, and may be partly responsible for 1)
the development of transient low back pain in PDs during
standing, and 2) the increased risk for PDs to transition from
asymptomatic adult to chronic pain patients [3]. Future work
should determine whether vertebral differences are a causal or
associative pathway in PDs low back pain development.
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VARIATIONS OF HANDHELD LOAD CARRIAGE IMPROVE THE RANGE OF MOTION OF THE LUMBAR SPINE
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INTRODUCTION
Experiencing different hand loads and interfaces while
walking are commonplace during regular daily activities (e.g.
grocery shopping), as well as in common therapeutic programs
for musculoskeletal disorders such as low back pain (LBP).
Walking is often recommended as a treatment for LBP,
stemming from the idea that it generates beneficial movements
of the spine [1]. Computation of kinematic local dynamic
stability (LDS) can provide insight into the control of motion,
and could help assess the effectiveness of walking as a mode
of therapy for LBP. Previous research has shown that
estimates of LDS are sensitive to a variety of different factors,
including but not limited to: fatigue [2], neuromuscular
disorders such as paresis of the lower extremities [3], LBP [4],
and arm swing magnitudes [5]. The current work was designed
to assess the effects of various hand loading conditions on the
LDS and movement of the lumbar spine, in order to determine
if a best practice can be recommended.
METHODS
Eight female and eight male participants were asked to walk
on a treadmill (1.25 m/s; 3 min) while completing four
separate hand loading trials and a single unloaded control trial.
Hand loading trials were designed to manipulate two
independent variables: load magnitude (unloaded, 1.14 kg or
2.27 kg), and load location (directly in the hands or in bags).
Kinematic data were collected from rigid bodies placed on the
upper and lower lumbar spine and both wrists. 3D lumbar
spine angles were computed between the lumbar rigid bodies
using a flexion-extension/lateral-bend/axial-twist Cardan
rotational matrix. LDS was computed using the methods
developed by Rosenstein et al. [6] with time-series data
consisting of the computed 3D lumbar spine angles. Lumbar
spine 3D range of motion (ROM) and sagittal arm swing
magnitudes (dominant (DOM) and non-dominant (NDOM))
were calculated for each step cycle and averaged across each
trial. Mixed model repeated measures ANOVAs were
conducted for each dependent variable, with post-hoc analyses
performed using Tukey’s adjustment factor
All
results are shown as mean ± standard error of the mean).
RESULTS
Lumbar LDS was not affected by any of the loading
conditions, but lumbar ROM was. Load magnitude: Low
loads resulted in greater flexion-extension (FE) ROM (7.9º ±
0.8) compared to no load (6.9º ± 0.5) or high load (7.2º ± 0.6).
Load location: Loads carried directly in the hands (7.6º ± 0.5)
resulted in greater FE ROM compared to loads held in bags
(5.9º ± 0.3). However, the opposite was found for LB ROM

with the low load; with bags resulting in greater LB ROM
(10.0º ± 0.7) compared to loads held directly in the hands (9.2º
± 0.6).
Loading conditions also affected sagittal arm swing
magnitudes. Load magnitude: With loads directly in the
hands, the swing magnitude was significantly different
between unloaded, low, and high (DOM: 25.0cm ± 2.0,
18.2cm ± 2.2, 10.8cm ± 1.7; NDOM: 22.1cm ± 1.6, 15.3cm ±
1.8, 9.8cm ± 1.4, respectively). There was no difference
between load magnitudes when the load was in a bag. Load
location: Arm swing was greater with hand loads (DOM: low:
18.2cm ±2.1, high: 10.8cm ± 1.7; NDOM: low: 15.3 ± 1.8,
high: 9.8 ± 1.4) than bag loads (DOM: low: 4.4cm ± 0.4, high:
3.7cm ± 0.3; NDOM: low: 4.2 ± 0.5, high: 3.6 ± 0.3).
DISCUSSION AND CONCLUSIONS
Holding low loads (1.14 kg) in the hands while walking at a
comfortable pace (1.25 m/s) causes a greater lumbar spine
flexion-extension ROM, compared to walking with no loads or
higher loads in the hands. This greater lumbar spine cyclic
motion, around the neutral posture, could beneficially promote
pain alleviation and stimulate nutrient transfer to the
intervertebral disc [7]. Further, the angular kinematics of the
lumbar spine appear to maintain local dynamic stability at a
consistent level regardless of hand loading condition or
subsequent changes in lumbar ROM. This suggests that any
beneficial increases in lumbar spine ROM do not introduce
challenges to the motor control system that cannot be easily
handled. However, future work should test these findings in an
LBP patient population to ensure their generalizability. In
summary, the results suggest that walking with low magnitude
(e.g. 1.14 kg) hand held weights promotes a likely beneficial
increase in lumbar FE ROM without any sacrifice in dynamic
stability.
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INTRODUCTION
Osteoarthritis (OA) is the most common form of arthritis and is
associated with chronic pain and reduced mobility. There is
controversial evidence regarding the relationship between
mechanical loading and OA. In some studies, exercise has been
found to increase the risk of OA, while others studies report that
exercise is beneficial in preventing OA. Walking is known to
put mechanical loads on the knee, and thus, brisk high mileage
walking has been thought to be a good model to test the
hypothesis that mechanical loading results in the development
and progression of knee OA in an otherwise healthy joint. The
purpose of this study was to assess the effect of increasing
amounts of exercise on the development of OA-like alterations
in healthy knees.
METHODS
Twenty-three, 3-month-old male Sprague-Dawley rats were
randomized into four groups: no exercise (control) group (n=5),
moderate duration walking (MD, n=6), high duration walking
(HD, n=6), and extra high duration walking (EHD, n=6). The
training consisted of an 11 week progressive treadmill walking
program (Table 1). Rats were euthanized and tissue harvested
immediately following the training program. Histologic serial
sections of the left knee articular cartilage were cut at 10 µm
thickness and stained with Safranin O, Hematoxylin, and Fast
Green stain. Two independent graders assessed all sections in a
blinded manner using the modified Mankin histology scoring
system [1]. The cartilage thickness was measured at a 4×
magnification on four sites in the femur and two sites on the
tibia. RT-qPCR analysis of RNA from fat pad (COX-2, IL-1B,
INOS, IP-10, Leptin, PPARgamma, TF, TFPI, and VEGF),
patellar tendon (Col-1, Col-3, COX-2, IGF-1, IL-1, IL-6, INOS,
MAFbx, MURF, and TGFB), and synovium Col-1, Col-3,
COX-2, IGF-1, IL-1B, IL-6, INOS, and TGFB) from the right
knee joint were performed. The Kruskal-Wallis test was used to
assess differences in knee joints between groups and across the
six knee joint locations. One-way Anova was used to test for
differences between groups for the qPCR analysis (for all tests,
α=0.05).
Table 1. Eleven weeks treadmill training protocol.
Week
1-8
9
10
11
Total travelled
distance

MD
30 min/day,
5 days/week
30 min/day,
5 days/week
30 min/day,
5 days/week
30 min/day,
5 days/week
41.3 km
25.7 miles

HD
60 min/day,
5 days/week
60 min/day,
5 days/week
60 min/day,
5 days/week
60 min/day,
5 days/week
82.5 km
51.3 miles

EHD
60 min/day,
7 days/week
2h/day,
7 days/week
3h/day,
7 days/week
4h/day,
7 days/week
178.5 km
110.9 miles

RESULTS
No changes in cartilage integrity and thicknesses were detected
between groups and across joint locations (Fig. 1-A and 1-B).
For fat pad and patellar tendon, no changes were detected from
the qPCR analysis. COX-2 exhibited lower expression levels in
the synovium for all groups that participated in the training
protocol (p=0.01) (Fig 1-C).

*
*

*

Figure 1: A) Total Modified Mankin Scores: No changes
between groups were found (scores ranging from 0 to 84). B)
Modified Mankin Scores, location-specific: No changes
between groups were found (scores ranging from 0 to 14). C)
COX-2 qPCR analysis for synovium: Data were normalized to
control group values (dashed grey line). MD: moderate duration
walking, HD: high duration walking, EHD extra high duration
walking, MTP: medial tibial plateau, MFC: medial femoral
condyle, LTP: lateral tibial plateau, LFC: lateral femoral
condyle, Pat: patella, Grv: femoral grove. * indicates significant
difference compared to control group.
DISCUSSION AND CONCLUSIONS
The results of this study lead to the conclusion that there is no
relationship between OA induction and high mileage walking
in rats, even after 11 weeks of brisk walking up to 4 hours per
day. We conclude that walking is not detrimental to rat knee
joints, and in fact, exercise was likely beneficial to the knee
based on the reduction in expression of an inflammatory
marker.
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INTRODUCTION
Previous studies have now linked features of the net external
knee adduction moment during gait with long-term (5+ years)
structural [1] and also clinical [2] progression of knee
osteoarthritis (OA). Some have linked features of the knee
adduction moment with shorter-term progression with MRI (e.g.
[3]), and a few have considered the flexion moment as well
[2,4], but there have not been any studies comprehensively
examining biomechanic or muscle activation features of gait
shorter term. The purpose of this study was to determine if
baseline knee kinematics, kinetics and muscle activation were
different between those who progressed radiographically within
a short term follow-up (3 years) versus those who did not.
METHODS
Thirty-two individuals with moderate knee OA and twenty-two
asymptomatic adults were recruited and completed the
longitudinal portion of this study. All 54 participants had
baseline three-dimensional self-selected speed walking gait
kinematics, kinetics, and electromyography (7 sites) assessment.
Three-dimensional knee joint angles and net external moments
were expressed in the joint coordinate system [2]. Principal
component analysis (PCA) was used to extract key features of
variability in waveforms individually [2]. All participants also
underwent baseline and follow-up (3 years) standardized Xrays
of their OA knee joint or randomly-selected knee joint
(asymptomatic). ‘Progression Group (PG)’ included the
individuals who had at least a one grade increase in the medial
joint space narrowing (MJSN) score [4]. ‘Non-progression
group (NG)’ were those who did not. Differences in magnitude
and patterns of 3D knee angles, moments and electromyography
waveforms (from PCA) were compared using t-tests (P < 0.05).
RESULTS
Nine individuals displayed radiographic progression at 3 years
(2 asymptomatic, 7 OA). PG displayed greater late stance knee
extension (PC4; P = 0.017), more range of net external rotation
moment from early to late stance phase (PC1; P = 0.022), and
higher early to late-stance activity of the lateral gastrocnemius
(PC3; P = 0.05) (Figure 1). There were no statistically
significant differences in the peak (P = 0.1) or impulse (P =
0.25) of the knee adduction moment during stance, or any other
features of kinematics, kinetics and EMG (P >0.05 all).

Figure 1: Mean of NG and PG gait biomechanics and EMG.

DISCUSSION AND CONCLUSIONS
Despite the low incidence of radiographic progression in this
sample (16.7%) at three years, we associated more late stance
extension (typically associated with speed, but no speed
differences between groups), greater range of rotational loading
of the knee, and more prolonged lateral gastrocnemius activity
throughout stance with OA radiographic progression at 3 years.
These findings support the existence of a high-risk gait pattern
that includes these features. Interestingly, unlike other structural
progression studies [1-3], no features of the adduction moment
during gait were different, which may be due to the shorter
length of follow-up, or the high variability in the adduction
moment, which may be linked to variability in clinical status at
baseline. This was the first study to link transverse plane loading
to short-term radiographic knee OA progression.
REFERENCES
[1] Miyazaki et al., 2002. Ann Rheum Dis: 61: 617-22.
[2] Hatfield et al., 2015. Arthritis Care Res: 67: 1004-14.
[3] Bennell et al., 2011. Ann Rheum Dis: 70: 1770-4.
[4] Chehab et al., 2014. OA & C: 10: 1016.
[5] Scott et al., Invest Radiol. 1993: 28(6):497-501.
ACKNOWLEDGEMENTS
The authors thank their research participants, and acknowledge
the Nova Scotia Health Research Foundation for funding.

Table 1: Radiographic score distribution and demographic mean (+/- standard deviation) for the NG and PG. (Bold: P < 0.05).
Follow-up

Age

BMI

Speed

WOMAC

WOMAC

(years)

(years)

(kg/m2)

(m/s)

Total (/96)

Pain (/20)

NG

2.94 (0.26)

53.7 (6.9)

28.7 (4.9)

1.3 (0.2)

12.4 (15.7)

PG

3.00 (0.43)

61.2 (6.6)

30.3 (5.2)

1.3 (0.2)

28.3 (23.0)

MSJN (0:1:2:3)

KL (0:1:2:3:4)

2.3 (3.3)

1:18:14:0

0:2:20:11:0

6.0 (4.7)

1:5:3:0

0:1:4:4:0

GAIT BIOMECHANICS PREDICT STRUCTURAL PROGRESSION OF KNEE OSTEOARTHRITIS
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INTRODUCTION
Previous research has identified gait biomechanics variables,
specifically features of the knee adduction and flexion
moments (KAM, KFM), that are linked to both radiographic
[1] and surgical (total knee athroplasty, TKA, as endpoint) [2]
progression of knee osteoarthritis (OA). The purpose of this
study was to compare baseline gait biomechanics and
electromyography (EMG) patterns between knee OA
participants who progress radiographically (structurally) but
not surgically (no TKA or high tibial osteotomy, HTO) versus
those who do not progress (structurally or surgically) at
approximately 7 years, to better understand structural
progression independent of surgical progression.
METHODS
A subset of data from a longitudinal study of 122 individuals
with medial compartment knee OA (high-functioning, not
TKA candidates at baseline) included 91 individuals with
known follow-up surgical status. Forty-one individuals did not
have surgery (TKA/HTO) at 7 ± 2 years and had baseline and
follow-up radiographs. Those with maximal baseline medial
joint space narrowing scores (mJSN) [3] were excluded, those
who increased at least one grade in mJSN were considered to
have progressed structurally (n=19, JSN), and the remaining
individuals were considered not progressed (n=17, NP).
At baseline, three-dimensional kinematics, kinetics, and EMG
(7 lower limb muscle sites) were collected during self-selected
speed over ground walking. Three-dimensional knee joint
angles (expressed in the joint coordinate system) and external
moments (normalized to body mass) were calculated from
inverse dynamics and EMG signals were full-wave rectified
and low pass filtered (6Hz) (normalized to maximal isometric
contractions). Waveforms were time-normalized to stance or
the gait cycle. Principal component analysis (PCA) was used
to extract key shape and magnitude features of each
waveform. PC scores were compared between groups using
independent samples t-tests (α=0.05). Stepwise discriminant
analysis, receiver operating characteristic (ROC) curve
analysis, and logistic regression were used to determine which
variables best classified individuals as JSN or NP and their
predictive ability.
RESULTS
Time to follow-up; baseline age; sex; mass; body mass index;
WOMAC pain and overall scores; knee extensor, flexor, and
plantarflexor strength; speed; mJSN and Kellgren-Lawrence
radiographic scores were not different between groups
(p>0.05). JSN had higher swing phase knee flexion angles
(KFA) relative to stance with a slightly later peak KFA (PC2,
p=0.039; PC3, p=0.032) as well as a higher internal rotation

moment (KRM) throughout mid/late stance phase (PC2,
p=0.017) versus NP (Figure 1). Gastrocnemius EMG was
higher overall in JSN (PC1, medial p=0.030, lateral p=0.056).
No KAM features were significant (p>0.05).

Figure 1: Mean JSN and NP group waveforms for knee
flexion angle and knee rotation moment during gait.
KRM PC2 and KFA PC2 were the most significant
biomechanical predictors of structural progression (equally
weighted). The cross-validated correct classification rate was
78.9% in JSN and 70.6% in NP. ROC curve analysis showed
groups could be discriminated with 78.9% sensitivity and
88.2% specificity. Logistic regression analysis showed a one
unit increase in discriminant model score increased the odds of
JSN progression by 5.5 times. EMG and demographic
variables did not alter the results.
DISCUSSION AND CONCLUSIONS
A combination of greater stance internal knee rotation moment
and greater knee flexion angle differential during swing
increased the odds of future JSN progression. These variables
differ from KAM and KFM features previously found to
predict future TKA [2] or structural progression [1]. Follow-up
surgical status was not included in previous structural
progression studies, suggesting that non-frontal plane
mechanics, including transverse plane moments, may play a
unique role in isolated structural progression.
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INTRODUCTION
Restoring the functional capacity of the knee joint is a primary
objective of total knee arthroplasty (TKA) for patients
suffering from end-stage knee osteoarthritis (OA). TKA has
been shown to improve some features of knee joint
biomechanics during walking gait, however there is significant
variability in functional improvements and post-operative
functional deficits are common [1]. The purpose of this study
was to identify the biomechanical features of walking gait that
optimally separate pre-TKA gait from post-TKA, as well as
pre- and post-TKA gait from asymptomatic individuals.
METHODS
Seventy-one participants scheduled for TKA surgery were
recruited, along with an age-matched asymptomatic cohort of
31 individuals. Three-dimensional (3D) gait analysis was
performed for each participant at their self-selected walking
speed one-week before (PreTKA) and one-year after
(PostTKA) surgery. Knee joint angles and net external joint
moments calculated using inverse dynamics were normalized
to 100% of stance phase of gait, with the knee flexion angle
normalized to a full gait cycle. PCA models captured key
features of variability from each kinematic and kinetic variable
separately [2]. Stepwise discriminant analyses (with input
variables all features showing statistically significant
differences between groups, α=0.05) were used to examine the
optimal multivariate combination of gait features to separate
PreTKA and PostTKA, PreTKA and asymptomatic, as well as
PostTKA and asymptomatic gait patterns [2].
RESULTS
The optimal discriminant function between the Pre- and
PostTKA groups included six features and was interpreted as a
frontal plane discrimination (classification rate of 76%). The
largest contributing feature described unloading of the knee
adduction moment mid-stance, with other frontal plane
contributions such as overall magnitude of the moment during
stance (Figure 1). Pre-operative discrimination from

asymptomatic included six features dominated by the flexion
angle and moment PCs (classification rate of 94%). Similarly,
post-operative discrimination from asymptomatic included six
features dominated by flexion angle and moment differences
(Figure 1) (classification rate of 90%).
DISCUSSION AND CONCLUSIONS
Despite the largest gait differences from asymptomatic preoperatively predominantly including features of sagittal plane
movement and loading, current standard of care TKA surgery
appears to predominantly biomechanically alter frontal plane
mechanics. It was therefore unsurprising that there remained a
relatively large distinction between post-TKA and
asymptomatic gait patterns (90% classification), as well as a
continued distinction based on sagittal plane mechanics. This
supports that current standard TKA surgery functionally
targets frontal plane biomechanics, which may have benefits in
terms of implant longevity [3] and function. However, this
study highlights that deficits in sagittal plane biomechanics are
not currently targeted well, and improved rehabilitation or
surgical strategies may be required to target the deficient
features that remain in the sagittal plane post-operatively.
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Figure 1: Standardized discriminant function coefficients that optimally separate each comparison group.
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INTRODUCTION
Knee osteoarthritis (OA) leads to chronic pain and disability
among older adults. While several factors can contribute to
disease initiation and progression, a large knee adduction
moment (KAM), reflecting the ratio of medial to total knee
loading, has been implicated in cartilage loss and subsequent
disease progression [1]. Concurrently, recent research has
identified a positive correlation between the KAM and leg
power, rather than strength, in OA samples [2,3]. It follows
that increased power may reduce medial knee cartilage volume
and thickness. Exercise designed to boost muscle function
demonstratedly benefits OA. A biomechanical exercise
program designed to miminize the KAM increased knee
extensor strength and improved symptoms and mobility in
older women with knee OA [4]. However, its effect on
cartilage morphology and leg power remains unclear.
This secondary analysis of pilot data from a randomized
controlled trial (RCT) examined leg power and knee cartilage
morphology following 12-weeks of biomechanical exercise
(BE), traditional exercise (TE) or no exercise (NE). It was
hypothesized that, compared to baseline, TE would result in
the largest increase in leg power, but decrease cartilage
thickness and volume, while BE would increase leg power and
have negligible effects on cartilage.
METHODS
This assessor-blinded RCT randomly allocated participants to
one of three interventions: (1) BE (yoga exercise designed to
minimize KAM), (2) TE (exercise typically prescribed for
knee OA), (3) NE (attention control, guided meditation
classes). Twenty-one women with symptomatic knee OA who
had both baseline and follow-up magnetic resonance imaging
(MRI) scans (67.9±8.5 y, 1.6±0.1 m, 74.9±13.3 kg) were
included in this analysis (n=7 BE; n=5 TE; n=9 NE). All
interventions were 12-weeks. Participants attended an average
of 3.3±0.4 (BE), 2.6±0.6 (TE), 2.8±0.8 (NE) classes per week.
Cartilage morphology and leg power were measured at
baseline and follow-up. Knee cartilage morphology was
assessed from a 3D sagittal, fat-saturated, T1-weighted fSPGR
scan (1mm3 isotropic resolution) acquired using a GE 3T
MR750 scanner. Regional (medial and lateral) femoral and
tibial cartilage volume and thickness were quantified using a
reliable, highly-automated atlas-based method (QMetrics Inc,
Rochester, NY). Leg power was measured using a
dynamometer (Biodex System 3, Shirley, MA). While seated,
participants completed 10 repetitions of isotonic knee
extension and flexion as quickly as possible with resistance set
to 25% of their peak isometric (60° knee angle) knee extension
and flexion strength. Data were sampled at 100Hz. Power was
the product of time-varying torque (Nm) and velocity (rad/s).

Peak power was extracted and normalized to body mass
(W/kg). Percent change in morphological outcomes and power
from baseline to follow-up were used for analysis.
RESULTS
TE showed the largest increase in peak power (44.8±54.5%),
followed by BE (16.7±28.7%), while NE showed no change in
power (-3.4±25.8%). NE yielded a reduction in volume and
thickness, notably in the tibia (~5-7%) (Figure 1). TE reduced
volume in all regions, with the largest decreases (~6-7%)
present in the medial and lateral femur (Figure 1). Small
reductions in femoral thickness also occurred in TE (<4%). BE
increased volume and thickness in the medial and lateral tibia
and lateral femur; while it concurrently reduced volume and
thickness in the medial femur (<3%).

Figure 1: Percent change (μ ± σ) in cartilage volume and
thickness in the medial tibia and femur for each intervention.
DISCUSSION AND CONCLUSIONS
Outcomes from this pilot research generally support the
hypotheses, while also establishing the benefits of exercise to
joint tissue morphology in older women with knee OA. NE
reduced knee power and knee cartilage volume and thickness,
suggesting disease progression over the 12-week period. As
expected based on training specificity, TE yielded the largest
increase in leg power following the intervention; however, this
group also demonstrated the largest reductions in femoral
cartilage volume, as well as minor reductions in tibial volume
and femoral thickness. BE demonstrated a modest increase in
leg power while not demonstrating any cartilage thinning in
the tibia and modest reductions in the femur. While
encouraging, results from this research should be interpreted
with caution due to the very limited sample size and associated
high variability. We anticipate that inclusion of a larger
sample will further amplify these trends, supporting the
biomechanical yoga program for older adults with OA.
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INTRODUCTION
According to the cross bridge theory, the active force
produced by a skeletal muscle depends on the amount of
overlap between the actin and myosin filaments. At long
sarcomere lengths beyond myofilament overlap, only passive
forces, produced by passive structural elements, are possible.
However, Leonard et al. [1] showed a dramatic increase in
force above the passive force when myofibrils were actively
stretched beyond the actin and myosin filament overlap.
It has been proposed that the increase in force after active
stretch beyond myofilament overlap might be associated with
an increase in the passive force produced by titin. Titin is a
large sarcomeric protein that connects the Z line to the M line
in each half-sarcomere, and is the structure responsible for
most of the passive force in muscle fibres and myofibrils. It
has been suggested that titin’s stiffness might increase, or
characteristic length decrease, with activation resulting in the
increase in force observed when muscles are actively stretched
compared to when they are passviely stretched [1].
If the increase in force after active stretch beyond myofilament
overlap is indeed caused by titin, and is independent of cross
bridge forces, then the following predictions should hold: 1)
fibre force should not decrease substantially once a fibre that
is actively stretched to a length beyond actin-myosin filament
overlap is deactivated, and 2) fibre force should not decrease
when a cross bridge inhibitor, such as 2,3 butanedione
monoxime (BDM), is added to a fibre preparation after it has
been stretched actively beyond myofilament overlap. The
purpose of this study was to test these two predictions and
elucidate the mechanism of force production, thereby gaining
novel insight into the role of titin in muscle force regulation.
METHODS
Skinned fibres from NZ white rabbit psoas were used for all
testing. Active and passive forces were measured in three
groups of fibres. Group 1: fibres (n=17) were passively
stretched to a nominal sarcomere length (SL) of 5.0
beyond
myofilament overlap and held at this SL until a steady state
force was reached. Group 2: fibres (n=16) were activated,
stretched to a nominal SL of 5.0 m, held at this SL until a
steady state force was reached, and then deactivated. Group 3:
fibres (n=3) were activated, then stretched to a nominal SL of
5.0 , held at this SL until a steady state force was reached,
and then exposed to 100mM of BDM. Forces were normalized
to the fibre cross sectional area and expressed as stresses.
RESULTS
The average stress at a SL of 5.0 m after active stretch and
before deactivation of Group 2 fibres was 55% greater than the
passive stress produced by Group 1 fibres (Figure 1).
Deactivation of Group 2 fibres decreased stress by 52±4%.

The stress decreased by 53±13% after exposing Group 3 fibres
to BDM.

Figure 1: Stress-time curves and SL-time curves for passively
stretched Group 1 fibres (dashed line) and actively stretched
then deactivated Group 2 fibres (solid line). The arrow shows
the time point of deactivation of Group 2 fibres.
DISCUSSION AND CONCLUSIONS
Based on the idea that actin-myosin interactions do not occur
beyond myofilament overlap, it was proposed that titin might
be responsible for the increase in force in fibres that were
actively compared to passively stretched beyond actin-myosin
overlap. Two predictions arising from this mechanism were
tested. The result that deactivation decreased force after active
stretch beyond overlap is not in accordance with this
mechanism which requires that force should not decrease after
deactivation of a fibre actively stretched beyond myofilament
overlap. However, this result may be explained assuming that
titin is an “activable/deactivable” spring whose stiffness is
modulated by activation.
However, it is hard to reconcile with a titin-based mechanism
alone the decrease in force following BDM exposure. BDM is
known to inhibit cross bridge-based force, and thus the
decrease in force after BDM exposure is likely associated with
cross bridge inhibition. Therefore, the decrease in force after
deactivation of actively stretched fibres beyond overlap might
be associated with cross bridge forces. Furthermore, the great
force observed after actively stretching fibres beyond overlap
may involve a cross bridge-based mechanism. Studies
investigating how cross bridges might play a role in force
production beyond actin and myosin overlap need to be
performed.
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Equation 1: Elastic component of muscle stiffness (EC)
Amplitude Tension
EC =
Amplitude Length

• cos (Phase angleTension– Phase angleLength)

Equation 2: Viscous component of muscle stiffness (VC)
Amplitude Tension
VC =

• sin (Phase angleTension – Phase angleLength)
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METHODS
Lumbrical muscles were excised from C57BL/6 mice and
mounted between a force transducer and servomotor (Aurora
Scientific Inc) at optimum length for twitch tension
production. Muscles were held at 37oC in a circulating
physiological salt solution perfused with 95% O2 / 5% CO2.
Muscle stiffness was measured 30 s before and at select time
points up to 30 s after either mechanical perturbations (Stretch:
2.5 s of sinusoidal oscillations of 33% muscle length
amplitude; n=6) or electrical perturbations (Stim: 2.5 s of 20
Hz stimulation applied via flanking platinum electrodes at
supramaximal voltage; n=7). Stiffness was assessed using
sinusoidal length oscillations with amplitude of 0.04% of
muscle length at 200 Hz. The amplitudes of the best-fit wave
functions of the measured muscle tension and the imposed
length changes were used to calculate total muscle stiffness.
The amplitude and phase angles of these wave functions were
also used to calculate the viscous and elastic components of
muscle stiffness according to Equations 1 and 2 [5].

RESULTS
To assess muscle viability, twitch and tetanic (100 Hz
stimulation) tension were assessed before and after Stretch and
Stim. Post-Stretch, twitch and tetanic tension were 100.7 ±
1.4% and 100.1 ± 1.0% of Pre-Stretch values respectively
(P>0.05). Post-Stim, twitch tension was 15.7 ± 3.7% higher
(P<0.05) than Pre-Stim, while tetanic tension was 7.6 ± 0.6%
lower (P<0.05) than Pre-Stim, consistent with the expected coexistence of potentiation and fatigue. Total muscle stiffness
was decreased (P<0.05) to 61.9 ± 3.4% of Pre-Stim values,
and 65.8 ± 3.4% of Pre-Stretch values 100 ms after the Stim
and Stretch protocols, respectively. EC was lower (P<0.05)
Post-Stretch than Pre-Stretch and Post-Stim than Pre-Stim,
while VC was higher (P<0.05) Post-Stretch than Pre-Stretch
and Post-Stim than Pre-Stim (Figure 1). The VC was no longer
different (P>0.05) from Pre values 2 s Post-Stretch and 2 s
Post-Stim. The EC was no longer different (P>0.05) from Pre
values 5 s Post-Stretch and 7.5 s Post-Stim. The mechanical
work associated with a single sinusoidal cycle increased
(P<0.05) from 8.8 ± 5.6 pJ Pre-Stim to 27.8 ± 5.8 pJ PostStim, as shown by the different areas confined by the work
loops in Figure 1.
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INTRODUCTION
Intact, relaxed skeletal muscle is disproportionally stiff over
the first 0.2% of its length during both stretch and shortening.
This stiffness has been attributed to the presence of an elastic
element termed the short range elastic component (SREC) [1].
The current literature favors an acto-myosin based explanation
for the SREC where a small but stable population of myosin
heads binds to the actin filaments in resting muscle [1-3].
However, competing explanations have been proposed based
on the viscoelastic properties of sliding filaments and titin
binding and unfolding [3,4]. The SREC exhibits history
dependent properties which might be useful in clarifying the
causative mechanism. For example, when stretch-shortening
cycles (>0.2% muscle length) are applied to relaxed muscle in
rapid succession, the influence of the SREC on muscle
stiffness is greatly attenuated in the later cycles [2]. In this
study, the viscous and elastic components of muscle stiffness
were examined in intact, relaxed mouse lumbrical muscles
when the SREC was present, and when the SREC was
disrupted using both mechanical and electrical perturbations.
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Figure 1: EC and VC of relaxed muscle stiffness 30 s prior to
(Pre) and 0.1 s following (Post) electrical (Stim) and
mechanical (Stretch) perturbations. Sample work loops are
shown at right. * - P<0.05 vs Pre-Stim and Pre-Stretch.
DISCUSSION AND CONCLUSIONS
The decreases in total muscle stiffness and elasticity following
perturbation are consistent with the known elastic properties of the
SREC [2]. This is the first study to demonstrate that viscosity and the
mechanical work associated with filament sliding are increased after
SREC disruption. These data best fit a scenario where the SREC is
caused by a mechanical linkage between the sliding filaments, and
disruption of these linkages increases drag forces associated with
filament sliding.
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SARCOMERE LENGTHS AND SARCOMERE ELONGATIONS ARE NOT UNIFORM IN AN INTACT IN VIVO
MUSCLE
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INTRODUCTION
Sarcomere lengths, a crucial outcome measure for
understanding many muscle properties, are typically measured
at a single spot and at a given muscle length [1]. It is then
assumed implicitly that this sarcomere length represents the
sarcomere lengths at other locations within the muscle, and
force-length, force-velocity and power-velocity properties of
muscles are often implied based on these single sarcomere
length measurements. Although intuitively appealing, this
assumption has not been supported by systematic experimental
evidence. Also, local non-uniformity in sacomere lengths has
been observed previously in single fibres [2] and in entire
muscles [3]. The objective of this study was to measure
sarcomere lengths at defined locations along an intact muscle,
at different muscle lengths.
METHODS
C57BL/6 mice (N=5) were used. The mice were anaesthetized
by an isoflurane/oxygen mixture throughout the experiment.
The left lower limb was skinned. The left knee was fixed by a
custom-made clamp while the left foot was pinned to a
movable base that allowed for adjustment of the ankle angle.
Using second harmonic generation (SHG) imaging techniques,
sarcomere patterns in the passive mouse tibialis anterior (TA)
were imaged in a non-contact manner at three selected
locations (‘proximal’, ‘middle’, and ‘distal’ TA sites), at three
different muscle lengths corresponding to full dorsiflexion
(angle between foot and tibia ~50°, shortest muscle length),
intermediate angle (~120°), and full plantarflexion (~180°,
longest muscle length).

Figure 1: (A) SHG image of muscle, with the light bands
being the A-bands, (B) Mean lengths of TA sarcomeres (C)
Elongation of sarcomeres relative to the sarcomere lengths at
full dorsiflexion.
DISCUSSION AND CONCLUSIONS

Individual sarcomere lengths were measured as the distance
between intensity peaks of adjacent light bands (Fig. 1A).
Sarcomere lengths were quantified for approximately 200
sarcomeres at a given location, for three different locations
within the muscle, and three different lengths encompassing
the anatomical range of motion of the mouse TA.
RESULTS
Sarcomere lengths varied along fibres at each TA site and also
varied between the three TA sites. At full dorsiflexion (shortest
muscle length), mean sarcomere lengths ranged from 2.1–2.3
µm (Fig. 1B, blue bars). When the TA was stretched by
moving the ankle from full dorsiflexion to full plantarflexion,
sarcomeres at the different TA sites were elongated between 5–
25% of their original length, with sarcomeres at the ‘distal’ site
being elongated the most (Fig. 1C).

We found that sarcomere lengths varied substantially within
small regions of the muscle and also for different sites across
the entire TA. Also, sarcomere elongations with muscle
lengthening were non-uniform across the muscle, with the
highest sarcomere stretches occurring near the myotendinous
junction (distal TA site). We conclude that muscle mechanics
derived from sarcomere lengths measured from a small region
of a muscle may not represent well the sarcomere length and
associated functional properties of the entire muscle.
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INTRODUCTION
It has been shown that longitudinal muscle growth can be
mechanically regulated by immobilization of limbs that keep
muscles in a chronically shortened or stretched position [1,2].
Over a period of multiple weeks, sarcomeres can be added or
removed. This process can be accelerated greatly by the
addition of continuous electrical stimulation [3,4].
We reproduced results of fast sarcomere loss with electrical
muscle stimulation in our own laboratory by estimating the
number of serially arranged sarcomeres. This was achieved by
measuring fascicle length using a tracing algorithm and
sarcomere length using laser diffraction [5]. However, during
the analysis of sarcomere length, it was observed that the first
order laser diffraction band appeared thicker in the stimulated
muscle versus the non-stimulated control muscle, indicating a
loss of structural integrity in the stimulated muscles We
hypothesized that this loss of structural integrity might be
associated with an increase in sarcomere length nonuniformity or focal damage to the stimulated muscle compared
to the control muscle fibres. Therefore, the aim of this study
was to quantify sarcomere length non-uniformity , and to
assess qualitatively the level of sarcomere disorganization.
METHODS
Triceps surae muscles of New Zealand White rabbits (n=3)
were stimulated with a nerve cuff at 20 Hz (3x alpha motor
neuron threshold) for 10 hours continually. The leg was
unrestrained. Muscles examined included the medial
gastrocnemius (MG), plantaris (PL), and the soleus (SOL).
The corresponding muscles of the contralateral limb served as
the non-stimulated control. Following the stimulation protocol,
muscles were harvested, fixed, and then digested. Individual
fascicles were mounted on glass slides for analysis. Using a
light microscope, images at 64x magnification were taken at 9
locations along fascicles. Ten measurements of average
sarcomere length were taken from each image. The coefficient
of variation using means and standard deviations were
calculated for the stimulated and non-stimulated muscles.
Disorganization was qualitatively observed by examining the
captured images.
RESULTS
In all three muscles, sarcomere lengths were consistently
shorter in the stimulated muscles compared to the
corresponding non-stimulated contralateral control muscles
(p<0.05). The coefficients of variation in the stimulated
muscles were consistently higher than those measured in the
non-stimulated control muscles.

Figure 1: An example of a non-stimulated contralateral
control muscle (top) and a 10 hour stimulated muscle
(bottom). Arrows indicate signs of muscle injury; white
indicates A-band disorganization, and red indicates complete
disorganization of sarcomere structure.
For example, the average coefficient of variation for the
stimulated MG muscle was 21.6%, while the corresponding
value for the non-stimulated control MG averaged 8.5%.
Qualitative observations of the images revealed areas of
sarcomere disorganization, as well as fibre folding along the
fascicle (Figure 1).
DISCUSSION AND CONCLUSIONS
Continuous electrical muscle stimulation causes an increase in
sarcomere
length
non-uniformity
and
structural
disorganization. The structural disorganization along the entire
length of fascicles suggests that sarcomeres are removed all
along the fascicle, and not just at the ends, as has been
suggested previously [6]. Further studies are required to
determine the functional effects and changes in muscle
properties as a result of this sarcomere loss, as well as the
biological processes underlying the removal of sarcomeres.
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VARIATION IN SLACK LENGTH AND ELASTIC MODULUS BETWEEN SPINAL MUSCLES OF THE
MOUSE, RAT, AND RABBIT
Derek P Zwambag, Kelsey Y Gsell, Stephen H M Brown
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INTRODUCTION
Passive components of human spinal muscles are known to
generate substantial forces [1]. Due to a lack of muscle
specific parameters, computational models of the spine
currently use generic passive muscle models [2] despite
research showing that such models do not adequately predict
forces measured experimentally [3]. While some studies have
measured human passive muscle parameters from low back
pain patients [4,5], these may not represent the properties in
healthy individuals, as muscle is known to remodel in
response to injury and disc degeneration [6]. In order to better
understand natural variations in passive properties between
muscles and species, the slack length and elastic modulus of
multifidus and erector spinae (ES) were compared between
three different laboratory animal models. This research will
provide insight into which muscle parameters need to be
uniquely accounted for to improve passive muscle modelling.
METHODS
Lumbar multifidus and lumbar ES muscle samples were
dissected from mice (n = 8), rats (n = 6), and rabbits (n = 4;
multifidus only). Single muscle fibres and bundles of fibres
were isolated and attached to a high-speed motor and a force
transducer; samples were suspended in a physiologic relaxing
solution to ensure a passive muscle state. Laser diffraction was
used to measure sarcomere length (SL). Samples were rapidly
stretched from slack length (L0; point where muscle begins to
bear load), in ~0.2 µm/SL increments; for each stretch muscle
stress (σ) and SL were recorded after 120 s to allow for stressrelaxation. Elastic modulus was computed as the tangent
(dσ/dSL) at a sarcomere length of 3.2 µm. As ES samples
from the rabbit were not available, multifidus L0 and elastic
modulus were compared via a 2-way ANOVA (factors:
Species (Rabbit, Rat, Mouse); Size (Fibre, Bundle)) and
muscles were compared via a 3-way ANOVA (factors:
Species (Rat, Mouse); Size (Fibre, Bundle); Muscle
(Multifidus, ES)).

Within species, there were no differences in relaxed modulus
between erector spinae and multifidus muscles (p = 0.9168).
While rats and mice had similar increases in relaxed modulus
from fibres to bundles of fibres, moduli of rabbit fibres and
fibre bundles were similar. Mouse fibre bundles also had
greater moduli compared to rat or rabbit (Figure 1B).
DISCUSSION AND CONCLUSIONS
There were clear differences in L0 and elastic modulus across
the three species, while only L0 was different between
multifidus and ES. In general, L0 was lower and elastic
modulus was greater in fibres compared to bundles, with the
exception of rabbit where fibre and fibre bundle moduli were
not different. Rabbits have shorter L0 than rats or mice and
mice have greater fibre bundle moduli than rats or rabbits.
These results demonstrate the large variations between
muscles and species and give insight into why generic passive
tissue models often fail to predict experimentally measured
muscle forces. Continued research into the biologic
mechanisms that cause these differences is warranted.
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RESULTS
For all species and muscles, fibre slack lengths were shorter
than fibre bundle slack lengths (p < 0.0001). Species and
muscle differences in slack length were also present (p =
0.0005), with rabbit multifidus having shorter slack lengths
than either mice or rats. While multifidus slack lengths were
consistent between rats and mice, erector spinae were shorter
in mice than in rats (Figure 1A).
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Figure 1: Slack length (A) and elastic modulus (B) of fibres and bundles of fibres. Solid lines are multifidus and dashed lines
are erector spinae. * Indicates rabbit slack lengths are less than mouse or rat. † Indicates mouse bundles of fibres have greater
moduli than rat or rabbit.

THE RAT SOLEUS MUSCLE MAINTAINS STRUCTURAL AND FUNCTIONAL INTEGRITY
WITH DIET-INDUCED OBESITY
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INTRODUCTION
Obesity is associated with chronic inflammation and tissue
degredation [1]. Previously, we observed increases in
intramuscular fat and fibrosis in the vastus lateralis (VL), a
predominantly glycolytic muscle, with high-fat high-sucrose
diet-induced obesity (DIO) in rats [1]. These morphological
changes are associated with functional compromise [2].
However, oxidative capacity may protect skeletal muscle from
the metabolic challenge that obesity presents [3]. As such,
understanding the protective mechanisms exhibited by the
oxidative soleus muscle with DIO may inform the
development of protective strategies for vulnerable glycolytic
muscle with DIO. Therefore, the purpose of this experiment
was to determine if soleus muscle structure and function is
conserved with DIO in rats. We hypothesize that DIO rats will
display similar soleus morphology and force producing
capacity when compared to control animals.
METHODS
Fourteen rats were allocated to either the DIO group (40% fat,
45% sucrose, n=8) or a standard chow control-diet (chow,
12% fat 0% sucrose, n=6) for 12-weeks. Prior to surgery, body
composition was evaluated using dual energy X-ray
absorptiometry. Custom-made nerve cuffs were surgically
attached to the right tibial nerve of each animal. The right
soleus was mechanically isolated and clamped to a force
transducer. The muscle was then stretched to a predetermined
length and electrically stimulated at 3 times the motor unit
threshold (50Hz) and the force output was measured [3]. Force
tracings were digitized using WINDAQ® software. Forces
produced by the soleus were normalized to the maximum in
vivo length, averaged within 2.5% length intervals, and
normalized to soleus mass within each animal. Prior to
sacrifice, tissue from the untested left soleus muscle was flash
frozen in liquid nitrogen. Muscles were cut into 10µm cross
sections and stained with Picrosirius Red (collagen) or Oil Red
O (fat). The percentage of each stain, contractile material, and
muscle circumference was quantified using a custom Matlab
program®. RT-qPCR was used to quantify tissue gene
expression levels for select fibrotic, atrophy, and inflammatory
markers. Students t-tests or a two-way ANOVA were
conducted between groups, and a Bonferroni correction was
used as needed, α=0.05.
RESULTS
After 12-weeks, DIO rats had increased body mass (DIO 816.4
± 30.1g, chow 645.0 ± 28.3g; p<0.05) and body fat (DIO 39.2
± 1.3%, chow 21.8 ± 2.1%; p<0.05) compared to chow-fed
rats. Soleus mass was similar between the two groups
(p=0.32). Histological analysis revealed similar Oil Red O,
Picrosirius red staining, and percent contractile material

between DIO and chow animals (p>0.05). However, muscle
circumference was increased in DIO animals (DIO: 1.8 ±
0.05cm, chow: 1.6 ± 0.05cm, p=0.033) compared to chow
animals. Further, mRNA levels for fibrosis (Collagen-1 and
Collagen-III), atrophy (MuRF-1, MAFbx/atrogin-1), and
inflammation (MCP-1) were down-regulated compared to
chow animals (p<0.05). Active isometric force normalized to
soleus mass was significantly higher in the DIO group than the
chow group at muscle lengths between 80% and 92.5% of
maximum in vivo muscle length (p<0.05; Figure 1).
*

Figure 1: Active isometric force is increased on the ascending
limb and plateau region in obese (DIO) soleus compared to
chow. Data are shown as mean ± SE. * indicates p<0.05
between DIO and chow animals.
DISCUSSION & CONCLUSIONS
DIO did not compromise the structure or function of the soleus
muscles. First, down-regulation of mRNA levels for fibrosis,
atrophy, and inflammatory markers in DIO soleus may protect
the muscle from the deleterious morphological changes and
force deficits noted in glycolytic muscle [1]. Secondly, DIO
rats produced more active force over part of the ascending
limb and plateau region of the force length curve, a finding
that refutes our original hypothesis. Increased soleus
circumference in DIO animals compared to chow controls
suggests an increase in the number of fascicles in parallel,
which may explain the increase in DIO soleus forces.
Increased muscle circumference, despite similar mass and
muscle morphology, indicates a compensation strategy for the
soleus muscle with DIO, preserving or increasing soleus force
output. Furthermore, increased slopes of the ascending and
descending limbs of the DIO force length relationship suggest
a decrease in the number of sarcomeres in series and decreased
fascicle length, implying a decrease in muscle excursion, but
these speculations remain to be tested. Therefore, increasing
oxidative capacity in vulnerable glycolytic muscles such as the
VL may be an approach to prevent previously observed
morphological changes and force deficits with obesity [3].
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TRUNK & SHOULDER MUSCLE ACTIVITY DURING
TWO-HANDED MAXIMAL HORIZONTAL PUSHING & PULLING TASKS
Nicholas La Delfa, Amy Chow & Clark Dickerson
Department of Kinesiology, University of Waterloo, Waterloo, Ontario, Canada Email: nicholas.ladelfa@uwaterloo.ca
INTRODUCTION
Pushing and pulling tasks are highly prevalent in several
occupational settings [1]. Studies have quantified pushing and
pulling force capabilities in an effort to set acceptable
occupational limits. Far fewer studies have evaluated the
specific risk to the trunk and shoulder musculature during these
exertions, and have rarely examined differences between
gender. The purpose of this study was to evaluate male and
female muscle loading, in a selection of bilateral trunk and
shoulder muscles, during maximum pushing and pulling tasks.
METHODS
Twenty-four (12M, 12F) healthy, right-hand dominant
volunteers from a university population participated. Fourteen
pairs of surface electromyography (sEMG) electrodes were
placed bilaterally over the biceps brachii (BI), triceps brachii
(TRI), pectoralis major (PM), middle deltoid (MD), middle
trapezius (MT), lumbar erector spinae (LES) and rectus
abdominus (RA). sEMG signals were normalized to maximum
voluntary exertions (MVEs).
The experimental protocol required participants to exert twohanded maximum voluntary isometric forces (MVIFs) against
cylindrical handles. Eight experimental conditions were
evaluated, consisting of combinations of the following
independent variables: direction (push & pull), exertion height
(100 cm & 150 cm) and handle orientation (vertical &
horizontal), with each condition being performed twice. Right
foot positions were fixed at a set reach distance, but participants
self-selected left foot placements for each task. Participants
built up to maximum force over 2 seconds, and maintained the
MVIF for the following 4 seconds.
Each muscular sEMG amplitude were evaluated using a fourfactor, mixed-model ANOVA with repeated measures. Gender
(2) was the between-variable, and direction (2), height (2) and
handle orientation (2) were the within-variables. Post hoc
analyses were conducted using a Tukey HSD comparison to
identify factor level differences (significance p<0.05).
RESULTS
There was a large influence of direction and height for the
individual muscle activations, as every muscle except for the
left and right middle deltoids revealed an interaction between
those variables. The sEMG amplitudes were higher for pushing
exertions, and most muscles were also influenced by handle
height (Figure 1). Gender interacted with direction for right PM,
left BI and left MT. Females generally produced higher
activations, despite both genders exerting maximally. Handle
orientation minimally influenced muscle activations.

Biceps

Biceps

Left Side: Pull 60

Right Side: Pull 60

50
40
30
20
10
0

50
40
30
20
10
0

Rec
Abd

Pec
Major
Triceps

Mid
Trap

Rec
Abd

Erec
Spin

Pec
Major

100 cm
150 cm

Biceps *

Rec
Abd

Mid *
Trap

Erec *
Spin

Pec *
Major
Triceps *

Erec
Spin
Triceps *

100 cm
150 cm

Right Side: Push 60Biceps *

Left Side: Push 60

50
40
30
20
10
0

Mid
Trap

100 cm
150 cm

Rec *
Abd

50
40
30
20
10
0

Mid*
Trap

Erec*
Spin

Pec*
Major
Triceps*

100 cm
150 cm

Figure 1: Effect of direction and height on individual muscle
sEMG amplitudes. Asterisks indicate significant differences
between heights (p<0.05).
DISCUSSION AND CONCLUSIONS
Pushing and pulling at different heights caused marked
differences in trunk and shoulder loading across sexes. For the
muscles evaluated, pushing resulted in a higher overall
exposure level, and these activations depended highly on
exertion height. The increased muscle loading during pushing
is consistent with previous strength [2] and psychophysical [3]
findings, which showed increased pushing forces at higher,
compared to lower, handle heights. Muscle-specific sex
differences further suggest that males may leverage their
increased stature and mass to lower muscle demands. These
insights can help ergonomists to improve task designs that
require pushing and pulling, by considering relative muscle
activations in concert with commonly evaluated strength
capabilities.
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THE INFLUENCE OF KINEMATIC PLANE JOB VARIATION
ON THE PROGRESSION OF ROTATOR CUFF MUSCLE FATIGUE RECOVERY
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Introduction: Two million Canadians currently suffer
from repetitive strain injuries, with half associated
with work related activities [1]. Rotator cuff muscle
fatigue may accelerate the development of shoulder
musculoskeletal disorders [2]. Many workplace tasks
consist of either long-lasting, low-level loads or
repetitive motions, causing muscle fatigue [3]. To
maintain productivity, task designs should consist of
short duration efforts followed by periods of rest to
facilitate fatigue recovery. Little research exists on the
effectiveness of transitioning between tasks requiring
movement in different kinematic planes on fatigue
recovery. The purpose of this study was to quantify
fatigue recovery during a light assembly task requiring
movements in the transverse plane after a repetitive
manual materials handling task in the sagittal plane.
Methods: Fourteen participants (7 M, 7 F) were
randomly assigned to control or experimental groups.
All participants completed a fatigue protocol (lifting
and lowering of a weight equal to 15% of shoulder
elevation strength) and a recovery condition. For the
recovery condition, the control group rested while the
experimental group completed a light assembly task
(Figure 1). Surface electromyography (EMG) for 11
muscles was sampled (Noraxon Telemyo 2400G T2,
Noraxon, Arizona, USA) at 1500 Hz. EMG signals
were normalized to muscle specific maxima. Recovery
was assessed through analyzing EMG mean power
frequency (MPF) relative to baseline. A three-way
mixed ANOVA was used to determine any
interactions between conditions, sex, and time. No sex
effects existed allowing its removal as a factor. Posthoc significance (p<0.05) was assessed via Tukey.

Figure 1: Progression of experimental steps including
the definition of the two condition groups.
Results: There was a main effect for recovery
condition on the MPF for the active and passive rest
groups for several muscles (Figure 2). This included
the infraspinatus (p<0.036) and supraspinatus

(p<0.015) muscles. A similar trend occurred for the
anterior (p<0.058) and posterior deltoid (p<0.086)
muscles, but did not reach significance. There was no
interaction between task and time for MPF values.

*

*

Figure 2: Mean EMG MPF across conditions (n = 14).
Post-hoc differences (p<0.05) are shown by asterisks.
Values near one indicate no additional fatigue, while
values under one suggests further fatigue.
Discussion: Recovery of rotator cuff muscle fatigue
induced by a repetitive elevation task occurred with
passive but not active rest. Thus, rotator cuff muscle
fatigue continued when the three-dimensional
glenohumeral joint was germane to the task, regardless
of primary plane of motion, in concord with earlier
reports [4, 5]. This work emphasizes the relevance of
these fatigue responses to occupational tasks,
suggesting that concepts such as job rotation require
scrutiny prior to wide adoption.
Conclusion: Task rotation performed in another
kinematic plane did not facilitate fatigue recovery in
rotator cuff muscles, suggesting complete rest is more
effective in alleviating muscle fatigue caused by
repetitive work. This has important implications for
the design of multi-faceted occupational exposures
while influencing recognition that a ‘working rest’
may be difficult to achieve for the shoulder.
References:
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VARIABILITY IN UPPER BODY KINEMATIC AND MUSCULAR COMPENSATIONS TO TARGETED
ROTATOR CUFF FATIGUE
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The rotator cuff muscles are dynamic stabilizers of the
shoulder that are particularly vulnerable to muscle fatigue. In
response to fatigue in these muscles, the humeral head is
consistently observed to translate superiorly, which can reduce
the subacromial space (SAS) and may induce subacromial
impingement (SAI) [1]. In constrast, scapular orientation
changes following fatigue have been inconsistent across
previous studies, but may prevent the development of SAI [2].
The aim of this investigation was to quantify kinematic and
muscular changes during planar glenohumeral motions
following a targeted rotator cuff fatigue protocol.
METHODS
Ten healthy male participants performed four planar
glenohumeral motions (cross-flexion, elevation in frontal,
scapular, and sagittal planes) prior to and immediately
following a targeted rotator cuff fatigue protocol. The adapted
fatigue protocol [3] involved a series of submaximal static and
dynamic internal/external rotation tasks performed cyclically
within an isokinetic dynamometer (Biodex System 4, Biodex
Medical Systems, NY, USA) until failure due to fatigue.
Activity of fourteen upper body muscles was recorded using
surface electromyography (EMG) (TrignoTM Wireless
Systems, Delsys, MA, USA). Three-dimensional kinematic
data were recorded for the thorax, humerus, and scapula using
an electromagnetic tracking device (Fastrak, Polhemus
3Space, Colchester, VT, USA). Each participant performed
the experimental protocol twice on two separate days. Threeway repeated measures ANOVAs (fatigue, arm angle, visit)
were performed on mean joint angles and EMG amplitude.
Joint angle and EMG amplitude change variability due to
fatigue were assessed between subject (standard deviations)
and within-subject (relative change difference between visits).
RESULTS
Eight of the ten participants experienced myoelectric fatigue in
the targeted infraspinatus muscle in both visits, with one
additional participant during visit 2 only. Following the
fatigue protocol, there was a significant decrease in scapular
internal rotation among the participants during the frontal (-4.0
± 6.1°), sagittal (-2.6 ± 5.8°), and scapular (-8.3 ± 6.8°) plane
elevations (Figure 1). Scapular upward rotation significantly
decreased with fatigue during the cross-flexion plane (-5.9 ±
5.0 °) (Figure 1). Despite performing planar motions,
participants displayed a wide range of joint angle changes, as
evident by relatively large standard deviations (4.8° - 10.7°)
among all scapular orientations changes in response to fatigue
(Figure 1). Numerous participants displayed inconsistent

kinematic responses to fatigue, as certain individuals exhibited
scapular joint angle changes upwards of 10° in the opposite
direction upon their second visit.
Mean Joint Angle Change (degrees)
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Figure 1: Mean scapular orientation changes as a result of
fatigue for each glenohumeral motion. Significant effects (*).
DISCUSSION AND CONCLUSION
These results suggest that scapular orientation changes in
response to rotator cuff fatigue can behave as either SAS
“impingement-sparing” or “impingement-promoting.” The
varying scapular kinematic changes may be a result of unique
muscle recruitment strategies used by each individual during
the glenohumeral motions. Although the protocol effectively
targeted the infraspinatus, participants employed different
muscle synergies during the fatigue protocol, and individual
recruitment strategies differed across visits. As a result,
individuals exhibited varying levels of fatigue across muscles,
which further complicated the wide range of muscular and
kinematic compensatory strategies observed post-fatigue. The
numerous degrees of freedom available at the shoulder and
thorax enables individuals the ability to coordinate several
scapular and thoracic orientations to compensate for fatigue.
In the current investigation, participants displayed tendencies
to alter thoracic posture following fatigue, which may allow
individuals to minimize scapular and humeral contributions
during planar motions. As scapular orientation and thoracic
postural changes may not be independent of each other,
compensations to fatigue could represent a trade-off in injury
risk across these two segments.
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Shoulder Muscle Adaptations During Fatiguing Simulated Assembly Work
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INTRODUCTION
Submaximal, repetitive work tasks are commonly found in the
workplace and have been associated with upper extremity
musculoskeletal injuries. Previous work has examined how
participants performed simulated repetitive work following a
fatigue protocol targeting the anterior deltoid muscle.
Following fatigue, participants adapted their muscle activity
and kinematics to maintain their task performance for 60minutes [1,2]. Since fatigue protocols are not representative of
the workplace, the purpose of this study was to expand this
work by evaluating the muscular, kinematic and task
performance changes during fatiguing repetitive work.
METHODS
Participants (n=19) completed a series of cyclic work tasks
designed to simulate repetitive work and induce upper
extremity muscle fatigue. The 60-second work cycles (WC)
included a weighted pulling task (60% MVC), a weighted
pushing task (60% MVC), an anterior drill press task (50%
MVC) and a target-matching task (15, 35%). The apparatus
was instrumented with 2 6-dof-force transducers (MC3-500,
MC3-100 AMTI, Watertown, MA) and 2 linear
potentiometers and participants stood on a 6-dof force plate
(ORF-6, AMTI, Watertown, MA). Participants were given
visual feedback (Labview, National Instruments, Texas, USA)
to maintain task performance. Participants performed the work
tasks until they verbally declared that they were unable to
continue or unable to maintain task performance.
Muscle activity was measured for 14 muscles of the upper
extremity and trunk (Delsys Inc., Boston, MA). Data were
measured for every third minute of the work. After every 12
minutes of simulated work, participants completed 4
submaximal, static exertions (30% MVC) and one maximal
exertion to quantify changes in fatigue.
Work cycles were broken down into the four work tasks.
EMG data were linear enveloped (dual pass, 2nd order BW
filter, fc=4Hz) and normalized to maximal voluntary effort.
Repeated measures ANOVAs were conducted on the first,
middle and last work cycles to assess mean EMG changes
with fatigue. Fatigue was defined as an 8% or greater decrease
in median power frequency (MPF) during the static
submaximal reference exertions.
RESULTS
Although the work tasks were normalized to individual
strength and anthropometrics, there were large between
participant differences in the time they were able to continue
working (57-240 minutes). There was considerable variability
between participants, and over time, in which muscles
displayed signs of myoelectric fatigue (Fig. 1).

Figure 1: Example of variability in myoelectric fatigue (*) in
the posterior deltoid, 3 subjects were selected to depict this.
Mean changes in EMG were dependent on muscle, time and
task. In the drilling task, infraspinatus (Infra) muscle activity
increased from the first work cycle to the middle cycle and
then remained elevated in the last work cycle. Anterior (ADel)
and posterior (PDel) deltoid activity increased from the first
work cycle to the middle of the protocol and by the end of the
work protocol, anterior deltoid activity returned to baseline
and posterior deltoid activity continued to increase (Fig. 2).

Figure 2: Mean muscle activity during the drilling task.
Significant differences are depicted with different symbols.
DISCUSSION AND CONCLUSIONS
Participants differed in response to the work protocol, as
shown by total work time and which muscles displayed signs
of myoelectric fatigue. Combinations of fatigued muscles
varied throughout the protocol for each participant. This
suggests that participants altered kinematic and/or muscle
recruitment strategies, despite fairly constrained work tasks.
Muscle fatigue can be problematic when interpreting EMG
amplitude changes, creating the need for new analysis
techniques to account for fatigue artefacts. Summary variables
make it challenging to understand subtle differences over the
course of complex work tasks. Future time series analyses
will give greater insights into changing movement strategies
and injury mechanisms during repetitive work.
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INTRODUCTION
The rotator cuff (RC) muscles are involved in several shoulder
disorders. Estimation of muscle forces through musculoskeletal modelling provides information about muscle actions
and may help to improve diagnosis and treatment. The RC
lines of action and the corresponding moment arm change with
humeral position. Therefore, a faithful representation of
muscle’s lines of action in musculoskeletal models is crucial.
In current models, RC muscles are represented as series of
independent lines of actions [1]. However the lines of action
may split over the humeral head, leading to muscle length
underestimation up to 20% and false estimation of moment
arm. We hypothesize that constraints between the lines of
action, like in a massless springs mesh would result in more
realistic shoulder muscles geometry and moment arms. The
aim of the study is to assess the benefice of a mesh
representation of RC over traditional lines of action in moment
arm estimation using medical imaging data as reference.
METHODS
CT images of a left shoulder (♂, 34 years, 172 cm, 80 kg)
were acquired. Bone geometry (scapula and humerus) was
created after manual segmentation. For three rotator cuff
muscles (supraspinatus SS; infraspinatus IS; subscapularis SB)
six lines of action with six interior nodes were modeled. The
first model (mesh) contains longitudinal and transverse
massless traction springs between nodes. Springs were also
added between the distal nodes of SS & IF and SS & SB to
form a cuff around the humeral head. Only longitudinal
springs were implemented in the second model (line). Usual
wrapping objects were modeled to prevent penetration of lines
of action in the scapula and in the humerus [1]. Both model
configurations were optimized to minimize the total elastic
potential energy. MRI images of the same shoulder were
acquired in seven configurations (anatomic, and combination
of internal-external rotation with various abduction). Muscle
lengths and moment arms were calculated after manual
segmentation of muscles and bones. IS and teres minor (TM)
were considered as one muscle as it was impossible to separate
them on MRI images. Lines of action in MRI were computed
assuming they pass through the middle of muscle volume.
Moment arms from both models were qualitatively compared
to those obtained with MRI and during movements.
RESULTS
Results are presented for the SS in 0° abducted position with
internal rotation and for a movement of external to internal
rotation (Fig. 1). Overall both models showed errors when

compared with MRI in the 7 postures. In both models IS is the
muscle with more errors. Errors are typically associated to
overestimation or underestimation of the first and last line of
action.
Differences between models occured when simulating a
movement of rotation. For the mesh model moment arms vary
from 2.41 to 0.51 cm at -60° of rotation whereas it vary from
2.36 to -1.75 cm for the line model.

Figure 1: Moment arm (a) for a movement of rotation for the
IS and (b) for the SS in internal rotation.
DISCUSSION AND CONCLUSIONS
This is the first study to compare muscle trajectories in
shoulder musculoskeletal models with several MRI postures
with large range of motion in elevation and rotation. Indeed
previous studies focused only on one position [2]. Differences
in moment arms between models and MRI are explained by
the objective function (minimal elastic energy). As models do
not consider muscle volume, muscles trajectories are biased.
This could partially be solved using traction/compression
springs.
Springs between muscles in the mesh model prevent the lines
of action to overlap and result in a larger range of moment
arms. However transversal springs do not ensure more
accurate moments arm in this first version of the model.
To conclude, comparison of moment arm between both
models and MRI did not demonstrate the benefice of mesh
model but when simulating of movement, mesh model is more
reliable.
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THE INFLUENCE OF SIMULATED MARITIME MOVING ENVIRONMENTS ON LOWER LIMB JOINT
KINEMATICS
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system (Motion Analysis Raptor) and joint kinematics were
calculated using Visual 3D (C-Motion, Kingston, ON). Joint
angle standard deviations were calculated bilaterally for the
ankles, knees and hips. These values were compared from the
pre-training wave form sequence to the post-training wave
form sequence.

INTRODUCTION
Maritime work environments lead to detriments in human
performance and increases in resultant injuries (Wertheim,
1998). From a biomechanical perspective, many of these
injuries may be related to wave-induced changes in joint
kinematics in order to maintain control of static and dynamic
balance. Slips and falls are the third most common injury that
result in lost time claims for offshore occupational work
(IADC, 2014). Coupled with nearly 37% of recorded incidents
occuring in individuals who have less than 1 year of
experience (IADC, 2014), it is apparent there is a learning
effect that affects the injuries occuring in these occupational
environments. However, to the authors’ knowledge few
studies have examined the biomechanical strategies used to
maintain postural stability when exposed to ship motion.

RESULTS
Examination of standard deviations between pre-training and
post-training shows a statistically significant decrease in 11 of
18 planes between the six joints. No statistically significant
increases were found between pre-training and post-training
collections and bilateral changes were very similar between
lower extremities. Figure 1 depicts the average standard
deviation values with statistically significant differences
identified with an asterisks above the graphs for the left ankle,
knee and hip joints.

METHODS
Nine participants between the ages of 20-40 years with no
experience working in offshore environments or performing
recreational balance activities completed two data collection
sessions during which they performed a quiet standing task
while being exposed to simulated wave motions. All data
collection took place in Toronto Rehabilitation Institute’s
Challenging Environment Assessment Laboratory’s (CEAL)
six degree of freedom lab. A pre-session, intervention, postsession strategy was employed. Specifically, participants stood
on a motion platform and were exposed to a complex wave
form sequence (5 minutes in duration; pre-session), followed
by balance and stability training. Finally, the participants were
exposed to the same complex wave form sequence a second
time ((5 minutes in duration; post-session) to observe the
effects of the training. Participants’ movements during all
trials were captured using a passive marker 3D motion capture

DISCUSSION AND CONCLUSIONS
These results outline the potential benefit of training as
reduced joint kinematic variability was observed. By reducing
joint variability the participants demonstrate tighter and more
tuned postural control strategies and may potentially be able to
perform work with a lower risk of musculoskeletal injury from
a slip or fall. Overall these findings provide novel insights into
the effects of simulated Maritime work environments, and
associated balance and stability training, on postural control.
REFERENCES
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IDENTIFICATION OF MUSCLE SYNERGIES DURING HIGH KNEE FLEXION SQUATTING
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INTRODUCTION
Currently, there is no activation waveform data available for the
lower limb muscles during high knee flexion activities. Without
foundational electromyographic (EMG) data our understanding
of muscular control strategies is limited for these postures.
Synergistic analysis has emerged as a tool which can be used to
reduce data dimensionality in muscle activation waveforms and
outputs are theorized to represent central command patterns [1].
This study aimed to determine if muscle activity during high
flexion squatting can be reduced to a small number of synergies
and to determine the robustness of the identified synergies to a
change in external load during high flexion squatting.
METHODS
Sixteen participants (8M/8F) participated in this study. Surface
EMG was recorded (Wireless Wave Plus™, Cometa srl, MI,
Italy) from 8 lower limb muscles while synchronous kinematics
and kinetics were recorded (Optotrak Certus/3020™, NDI, ON,
Canada; OR6-7™ force plates (AMTI Inc, MA, USA).
Forty symmetric squats (4 sets of 10) were performed in each
of two load conditions: unloaded (holding a 1.5kg crate) and
loaded (20% of participant’s body weight) in a randomized
order. Squats were divided into descending and ascending
phases for analysis. EMG data were normalized to flexion
angle—as opposed to time-series—from 0-135º in 1º
increments. Non-negative matrix factorization (NMF) was used
to extract a selected number of synergies [2].

Figure 1 Synergy activation waveforms (left) and respective
weightings (right) for each muscle during unloaded descent.
Rectus femoris (RF), vastus lateralis (VL), vastus medialis
(VM), tibialis anterior (TA), medial gastrocnemius (MG),
lateral gastrocnemius (LG), semitendinosus (ST), and
biceps femoris (BF). Synergy activations are normalized to
the maximum waveform value across all muscles.
DISCUSSION AND CONCLUSIONS

RESULTS

For this high knee flexion movement a small set of muscle
synergies was able to reconstruct the original signal within 1%
MVC. For each synergy, the most heavily weighted muscles
tended to be grouped by inferred anatomical functions,
providing support for the theory that synergies represent a
common neural drive [1]. Adding a hand-held mass did not
change the number of synergies needed. This approach provides
an objective means of grouping muscles based on co-activation
and allows signal reconstruction with half of the original data
dimensionality. These synergistic profiles may be used to
improve muscle force estimates in optimization routines [3].

Four synergies were required to satisfy both the VAF and
RMSD criteria across all phases of movement and conditions.
During descent in unloaded squatting, knee extensor
musculature weighted heavily on synergy 3 (67.3% VAF)
which had a large magnitude from 70-120º of knee flexion.
Similarly during ascent extensor musculature weighted heavily
on synergy 3 (56.3% VAF) from 100-135º, but flexors were best
represented by synergy 1 (15% VAF). Loaded trials had similar
outcomes, but the shapes and respective VAF score trends
between synergies 1 and 2 were reversed.
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Two criteria were used to determine adequate signal
reconstruction from the extracted synergies. Variability
accounted for (VAF) in all muscles combined [3] and RMSD
for all individual muscles were ≥ 90% and ≤ 1% MVC
respectively. The NMF algorithm was iteratively run with the
a-priori number of synergies increasing by one until both
criteria were satisfied.

Gait Retraining Alters Elongation of the Medial Patellofemoral Ligament: A Pilot Study
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INTRODUCTION
The medial patellofemoral ligament (MPFL) provides passive
restraint to lateral translation and tilt throughout early stance
[1] and is thought to slacken with increasing knee flexion.
Attenuation of the MPFL has been implicated in conditions
such as patellofemoral instability. We questioned whether
faulty joint mechanics affect elongation of the MPFL and
whether correcting those mechanics could reduce strain in the
MPFL.
Therefore, the purpose of this study was to
demonstrate the feasibility of using a gait retraining paradigm
to investigate how altered hip and knee kinematics affect
elongation of the MPFL during running.
METHODS
The pilot subject was a 20 year old female with a history of
patellofemoral pain who ran with increased internal hip
rotation and increased hip adduction. The subject participated
in 4 sessions of gait retraining aimed at activating her gluteals
to reduce hip adduction and 4 without feedback. Following
IRB
approval
and
informed
consent,
biplanar
videoradiography (BVR) of the left knee and optical motion
capture of the lower extremity were simultaneously acquired
at 250 Hz during treadmill running. The two x-ray camera
views were corrected for distortion, and calibrated. A CT scan
of the subject,’s knee was acquired and segmented to create
3D models of each of the bones (0.387x0.387x0.625 mm
voxels). Kinematics of the femur, patella and tibia were
computed using a markerless bone registration technique.
Briefly, digitally reconstructed radiographs of the CT volumes
of the tibia, femur, and patella were overlaid onto each x-ray
image frame collected with BVR. This process results in sixdegree-of-freedom matrices describing that transformation
from the pose of the bone in CT-space to its pose in each
frame during the motion.
The MPFL was modeled as three fibers that originated on the
medial femoral condyle and inserted onto the medial patellar
surface [1]. Each fibre was modeled as a path of points (n=20)
that traversed the shortest possible distance between insertion
and attachment sites with the constraint that the points could
not penetrate the surface of the 3D bone model [2]. The length
of the fibre was defined as the distance along its path for each
frame of data collected with BVR.
Anatomical coordinate systems were defined and joint
kinematics of the subject were calculated following initial
contact.
Unpaired t-tests were performed between the
kinematics prior to retraining to the kinematics following
retraining. We analyzed hip adduction, hip internal rotation,
knee flexion, knee abduction, knee internal rotation, medial tilt
and medial translation. Linear regression was performed on
pooled data after initial contact to investigate whether hip and

knee kinematics correlated with patellofemoral kinematics and
MPFL elongation.
RESULTS
Following gait retraining and during the first 20 ± 6 degrees of
flexion following initial contact, the subject ran with
approximately 4 degrees less hip adduction (p < 0.0001), 5
degrees less hip internal rotation (p < 0.0001), no change in
knee flexion (P = 0.431), 2.5 degrees less tibial external
rotation (p < 0.0001), 1.4 degrees more medial tilt (p < 0.05)
and 2.7 mm more medial translation (p < 0.05). The MPFL
shortened 1.5 mm (approximately 3%) (p < 0.0001) (Table 1).
We also observed a linear correlation between MPFL
elongation and medial translation (r2 = 0.6), medial tilt (r2 =
0.8), and knee abduction (r2 = 0.6) each with a slope
significantly different than 0 (p<0.0001) (Figure 1).
Figure 1.
Changes in
MPFL length and knee
abduction following initial
contact.
Note that the
MPFL length increases with
increasing knee abduction

DISCUSSION AND CONCLUSIONS
These results are promising as they suggest that gait retraining
can alter the elongation profile of the MPFL as well as
patellofemoral joint kinematics. However, they must be
interpreted with caution as we report results for a single
subject. A larger sample size for normative and unhealthy gait
for patellofemoral motion during running is needed to put
these results into perspective.
While we cannot determine cause and effect with these
methods, the results suggest that reducing hip adduction and
internal rotation reduces knee abduction, which in turn reduces
medial tilt, translation and elongation of the MPFL.
Interestingly, femoral internal rotation and flexion did not
affect PFJ tilt, translation, or MPFL elongation during initial
stance; therefore, guidance of the patella into the trochlear
groove during early stance may depend only on knee
ab/adduction posture, the MPFL, and other soft tissue
stabilizers such as the vastus medialis oblique. These results
may have implications for patients with faulty mechanics who
are developing patellofemoral instability.
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Table 1. Kinematic outcome variables observed in the first 20±6 degrees of flexion following initial contact (*p<0.00001 **p<0.05).
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INTRODUCTION
Prosthetic knee joint controller performance has an important
influence on the walking patterns of transfemoral amputees. In
particular, the goal is to achieve normal movements and
loading patterns at the major joints, including the prosthetic
side hip joint [1,2]. However, existing models describing the
relationships between swing-phase characteristics and gait
performance are limited, and unable to inform the design and
development of more effective prosthetic controllers. As part
of this work, a computational model was developed and used
to assess the influence of various knee joint controllers,
including a new type of variable-friction swing-controller,
shown to provide similar control to those from hydraulic
systems [3] on gait performance. The objective of this work is
to determine how swing-side knee and hip dynamics are
affected by hip control strategies using variable swing-phase
controllers for a prosthetic knee.

natural knee angles resulted in more natural knee angle
profiles with only slightly increased deviations in hip angles,
relative to the target hip-angle control strategy.

METHODS
The
computational
model
was
developed
using
SimMechanics™ (The Mathworks, MA, USA), and modified
from a previously published gait model [4]. It is comprised of
seven segments connected by revolute joints to represent the
torso, thighs, shanks, and feet. Target joint angle and angular
velocity trajectories were prescribed from the literature, a
forward dynamics approach was used to calculate the torques
required to achieve the target trajectories. Swing-side hip
torques were calculated using three approaches to simulate
different hip control strategies: (1) Torque required to achieve
target hip kinematics, and (2) hip torque required to achieve
target prosthetic knee kinematics. Prosthetic knee torques
were calculated as the sum of contributions from an extensionassist spring and variable-friction swing controller [3]. The
torque contributions from the variable-friction controller were
selected to reflect a potential friction profiles from range of
possible controller designs.
The prosthetic knee joint angles and swing-side hip moments
output by the model were compared against the corresponding
profiles for normal gait for both variable and constant-friction
swing-controllers
RESULTS
Preliminary results are shown in Figure 1, illustrating the
swing-side hip and prosthetic knee angles generated for
constant-friction swing controllers. As seen in the figure, hip
control strategy drastically affects resulting prosthetic knee
angles. Adjusting swing-side hip torques to achieve more

Figure 1: Model-generated swing-side hip and prosthetic knee
angles using a constant-friction prosthesis for two hip-control
strategies.
DISCUSSION AND CONCLUSIONS
A two-dimensional computational gait model was developed
to examine the effects of three swing-side hip control
strategies on the kinematics and kinetics of a prosthetic limb
during swing phase. Preliminary findings show that both hipcontrol strategy and controller design significantly affect both
hip and knee swing kinematics. The computational model
developed in this work provides means to directly evaluate the
performance of swing-controller designs on gait performance.
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INTRODUCTION
Successful total knee arthroplasty (TKA) is dependent on
balancing the soft tissues around the knee. Although multiple
techniques have been described to balance the gaps
symmetrically in flexion and extension, there is no consensus
on the ideal ligament balancing technique. It has previously
been reported that ACL and PCL resection can produce
varying gap changes that result in instability and TKA failure
[1]. In order to determine the magnitiude of tension that is
required at the medial and lateral compartment, an
understanding of the physiologic tension in a native knee is
required. Therefore the purpose of this work was to determine
the gap width achieved following the application of
standardized loads to the medial and lateral compartments
independently.
METHODS
Six paired, intact (pelvis to toes), lower extremity cadaveric
specimens (mean (SD) age 76.5 (11.6) years) were tested with
a custom designed knee tensioner (Fig. 1).

determine if tissue release had a significant effect on the knee
joint gap.
RESULTS
There was a significant effect of soft tissue release on the
magnitude of the gap at the 100N load application (p=0.01),
where there was a significant increase in the gap when the
mid-coronal release was compared to the intact (2.2mm;
p=0.007) and arthrotomy (1.75mm; p<0.001) conditions.
Sectioning of the ACL or PCL did not result in significant gap
increases. There was no significant main effect of
compartment (lateral vs. medial; p=0.527) or knee angle
(p=0.078).
With respect to the 200N load application there was a
statistically significant tissue release effect increase on the
change in gap width (p=0.004). The differences were detected
between the mid-coronal MCL release and intact conditions
(3.04mm; p=0.045) and mid-coronal MCL release and
arthrotomy conditions (2.31mm; p=0.020). Furthermore,
although there was a significant two-way tissue release by
compartment interaction (p=0.03), the post-hoc testing was
unable to detect where the differences occurred; however, the
largest differences were found between the mid-coronal
release and the remaining tissue release conditions on the
medial aspect of the knee.
DISCUSSION AND CONCLUSIONS

Figure 1: A schematic of the joint tensioner.
With the device rigidly applied to the tibia and femur, the
tension was adjusted to zero load and the distance between the
bottom of the load cell and the top of the compression rod
alignment component was measured. Loads of 100N and
200N were applied to each compartment separately and the
resulting displacement was measured for the following
conditions: i) Intact; ii) Parapatellar arthrotomy; iii) ACL
sectioned; iv) PCL sectioned; v) release of the mid-coronal
tissues. All conditions and loads were applied at knee flexion
angles from 0°-90° in 30° increments.
A three-way (5 tissue releases x 4 knee angles x 2
compartments) repeated measures ANOVA was used to

Soft-tissue release, as part of the preparation for a TKA, is
paramount to a well-balanced (i.e., stable) total knee
arthroplasty. The general pattern shown here suggest that
serially releasing the soft tissues increases the displacement
between the tibia and femur, when compared to the intact
condition, with the greatest change in gap width occurring
only once the mid-coronal MCL tissues are released. Only
after performing the medial parapatellar arthrotomy, and
releasing the ACL, PCL, and the deep MCL does the gap
increase to a significant magnitude.
REFERENCES
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INTRODUCTION
The contact mechanics plays an important role in the
mechanical function of human knee joints. Finite element
analysis (FEA) has been performed to determine the contact
mechanics of human knee joints using anatomically accurate
geometries obtained from MRI and CT. Validation of these
finite element models, however, is challenging because fresh
healthy human joint specimens are hardly available. Therefore,
porcine joints were utilized to investigate the mechanics and
mechanobiology of the joints. The objective of this ongoing
study is to build a porcine joint model for FEA.
METHODS
A fresh porcine knee (stifle) joint with intact joint capsule was
kept hydrated in a sealed plastic bag and scanned using a high
resolution of 60.7 µm CT scanner in Dr. Steve Boyd’s lab at
University of Calgary. To identify the boundaries of the bones,
CT slices were segmented using an automated thresholding
algorithm in MATLAB (Figure 1). The isosurface function in
MATLAB was then used to build up the coarse surface with
the triangle meshes (Figure 2a) and the Poisson algorithm in
MeshLab to reduce the amount of the triangle meshes (Figure
2b).

An automated indentation mapping tester, the Mach-1™
V500css (Biomomentum, Montreal, Canada), was used to gain
the surface data of articular cartilages [1]. The griddata
function in MATLAB was then utilized to interpolate the
scattered surface coordinates. All the surfaces obtained were
processed in SolidWorks to form the solid models.
The thickness for menisci was manually identified using a
needle vertically penetrated through gridding positions on
menisci. The inferior surface of menisci was obtained from the
top of tibia and the superior was then interpolated from the
measured thickness.
The insertion sites of ligaments were manually located on the
3D solid model of the knee joint [2, 3, 4] and their geometries
were then reconstructed in Rhinoceros and SolidWorks.
RESULTS
All the tissue components of the joint were assembled in
Rhinoceros with correct orientations, and meshed in ABAQUS
software packages for FEA (Figure 3).

a)

Figure 3: Finite element model of the porcine knee joint with
femur, tibia, femoral and tibial cartilage, menisci, ACL, PCL,
MCL and LCL. The geometry was reconstructed in
Rhinoceros (left) and meshed in ABAQUS (right)
b)
Figure 1: Automatic thresholding algorithm: a) segmentation
procedures; b) segmentation example

a)

b)

Figure 2: Software interfaces: a) the triangular surface in
Rhinoceros 3D; b) the smoothed surface in MeshLab

DISCUSSION AND CONCLUSIONS
Structured mesh can then be generated on the reconstructed
model for FEA, which would be validated with mechanical
tests. The computer model will be used to aid another study
where the links between mechanical factors and cartilage
metabolism are investigated. The validated finite element
methods may then be used to predict the mechanics of human
knee joints with confidence.
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INTRODUCTION
Computational studies of the biomechanical response of the
head and neck (HN) complex are important to predict patterns
of injury to the cervical spine resulting from loads applied to
the head. Muscle strength is the only modifiable factor to
enhance / increase the capacity of the neck to resist externally
applied forces. Characterizing the isometric muscle strength
capacity at each level of the cervical spine is important for
understanding the amount of the contribution of the upper and
lower cervical spine (CS) muscles to resist externally applied
loads. In this study, we used our validated finite element (FE)
model to quantify the contribution of the upper CS muscles to
resisting to external antero-posterior (A-P) loading applied to
the head.

To counterbalance the A-P loadings, the neck muscles produce
a maximum resistive moment at CMH, followed by C2 and
then at C1. This resistive moment corresponds to the reaction
moment predicted at the constrained reference node of each
bony structure. The muscles strength ratio of the HN complex
then reaches the maximum for the muscles acting on the head,
on C2 and then on C1 vertebra (Figure 1). This ratio is not
constant and varies with the applied loading magnitude.

METHODS
Predictions were based on simulations of our validated head
and neck 3D nonlinear complex FE model [1]. For the
simulation, neck efforts were assumed to be produced under
static conditions to maintain neutral HN posture under A-P
force application. An anterior force up to 100N was applied to
the occipital bone of the head, while the posterior force up to
360N was applied to the frontal bone under the presence of a
constant 40N head weight applied to the center of mass of the
head (CMH). The first thoracic vertebra was fixed while the
head and cervical vertebrae were free to translate but not to
rotate. These boundary conditions reflect the rotation
restriction applied by the muscles to each bony structure of the
HN to keep the complex in its neutral posture. The computed
reaction moments at the center of mass of the head and
reference nodes at each cervical vertebra represent the net
muscles moments required to counterbalance the applied force
and to maintain static stability of the segment. Additionally,
the product of the applied force and the force’s moment arm
was calculated to estimate the total moment (Mtotal) generated
by the applied force according to T1 vertebra. This moment
constitutes the contribution of all the active and soft tissues of
the complex to resist to the applied loading. The quantification
of the ratio of muscles strength was estimated by dividing the
reaction moment predicted at the CMH, C1 and C2 by the
calculated total moment Mtotal.
RESULTS
The total moment generated by the applied force according to
T1 represents the total strength of the HN complex in resisting
the applied forces reaching 20.3N.m and 37.8N.m under the
anterior 100N and posterior 360N applied forces, respectively.

Figure 1: Muscles strength ratio calculated as the predicted
reaction moment at CMH, C1 and C2 divided by the total
moment generated by the applied force according to T1.
DISCUSSION AND CONCLUSIONS
The contribution of the neck muscles acting on the head and
C2 vertebra presents ~50% of the total contribution of the HN
active and passive tissues to resist A-P external loading. The
muscles strength ratio is dependent on the external force
direction and on its magnitude. Up to 100N A-P external
force, the strength ratios associated to the head and C2
muscles are higher when resisting an anterior force than a
posterior force. This behavior may be explained by a
difference in the biomechanical response under an anterior,
compared to posterior, force application. With an anterior
force application, the muscles apply a counterbalancing
extension moment which is responsible to develop contact
forces between the adjacent facets joints of the lower cervical
spine, as well as between the dens (C1) and the axis (C2).
These contact forces reduce the need of the contribution of the
head and C2 vertebra muscles.
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INTRODUCTION
Mechanical loads on the spine play a crucial role in the
etiology of low back disorders. Since in vivo evaluation of
these loads is invasive and costly, biomechanical models are
commonly used. An essential input in these models is the
posture (thorax, lumbar, and pelvis orientations) for the task
under consideration. These are usually measured using videocamera systems with inherent errors due to the relative skinbone movements and presumed orientations for individual
lumbar vertebrae. To circumvent associated shortcomings, we
aim here to: 1- construct a subject-specific musculoskeletal
spine model in supine position using MR and CT images and
2- estimate lumbar loads in the upright posture (constructed
using fluoroscopy) under gravity and hand-held loads.
METHODS
In supine posture, CT images of the pelvis to L1 were obtained
from a healthy male volunteer (170 cm, 64 kg, and 28 years)
(after ethic committee's approval and informed consent). To
avoid excessive radiation to the subject, his thoracic geometry
was constructed using a 3.0-T MR scanner (Siemens® Trio
Tim, Germany). 2D upright fluoroscopic images were also
obtained using a mobile C-arm with a motorized flat-panel
detector (AXIOM Artis BA, Siemens®) in 1- relaxed standing
posture while folding arms high across the chest and 2standing with arms fully stretched holding 5 kg. Individual
vertebrae and pelvis were segmented by a combination of
thresholding and manual segmentation to create 3D vertebral
models. Registration was performed manually by changing
orientation (three rotations and three translations) of the 3D
vertebral model in order to match the digitally reconstructed
radiograph (DRR) with fluoroscopy images using an in-house
program (Figure 2) [1]. A previously-validated finite element
model [2] with T12-S1 discs represented by six deformable
beams and T1-T12 as a rigid body was initially re-constructed
in the supine position (Figure 1). Trunk muscle architecture
was considered [2] and modified based on the subject’s MR
images. Subsequently, to simulate each task in the upright
posture, gravity, hand loads, and kinematics of the
vertebrae/pelvis extracted from the 2D/3D registration were
prescribed to the model. Muscle and spine forces were
estimated based on satisfaction of equilibrium at all spine
levels using our kinematics-driven method [2] along with an
optimization (∑σ3) to resolve joint redundancy.
RESULTS
Axial compression and posterior-anterior (PA) shear forces in
local directions at the lower discs (L4-S1) are listed in Table 1.
DISCUSSION AND CONCLUSIONS

The predicted L4-L5 intradiscal pressure at the relaxed upright
posture (0.39 MPa) was close to that measured in vivo in a 73
kg subject (0.43-0.50 MPa) [3]. Instead of prescribing
computed optimal kinematics [2] or kinematics recorded by
video-camera systems, subject’s kinematics were accurately
measured by imaging in both supine and upright postures. L4S1 disc inclinations were also obtained from these images thus
allowing the evaluation of spine loads in the local directions.
Table 1: Compression and PA shear loads.
Task
Upright posture
(no hand load)
Upright posture
(5 kg hand load)

Local disc loads
Compression (N)
Shear (N)
Compression (N)
Shear (N)

L4-L5
619
67
1666
480

L5-S1
559
307
1436
945

Figure 1: Spine model in supine posture

Figure 2: DRR of the spine in the supine (left) as well as
upright standing without (middle) and with (right) hand load.
REFERENCES
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INTRODUCTION
Mechanical factors play important role in causation of knee
joint disorders. Musculoskeletal modeling of the lower
extremity is promising to improve the understanding of the
human knee functional biomechanics and hence its existing
prevention and treatment programs. Due to the complexity,
numerous assumptions are often made when estimating muscle
forces and joint contact loads. The knee joint is commonly
idealized as planar 2D in the sagittal plane overlooking
motions and equilibrium equations in other planes [1-3]. With
muscle forces predicted, the static equilibrium in the frontal
plane is then used to estimate compartmental loads while
assuming centers of contact and neglecting passive properties
[1-3]. We present here a hybrid musculoskeletal model of the
lower extremity incorporating a detailed validated 3D knee
finite element (FE) model [4]. Our aim is to compute muscle
forces and joint response in gait and to determine the effect of
some currently-made common assumptions on predictions.
METHODS
This work employs an existing validated FE model of the knee
joint that consists of bony structures (tibia, femur and patella)
and their articular cartilage layers, menisci, major tibiofemoral
(ACL, PCL, LCL, MCL) and patellofemoral (MPFL, LPFL)
ligaments/patellar tendon [4] (Figure 1). Cartilage layers and
menisci are non-homogeneous nonlinear depth-dependent
composites of collagen fibrils and incompressible matrices.
Cartilage layers are reinforced by fibril networks parallel to
the articular surface in the superficial zone, randomly oriented
in the middle zone and vertical in the deep zone. Ligaments
are each modeled by nonlinear axial elements. This model is
introduced in a musculoskeletal model of the lower extremity
including hip and ankle joints as well as uni- and bi-articular
muscles to analyze the gait stance phase under mean reported
in vivo kinematics/kinetics [5]. Effects of 1) various
algorithms to estimate center of contact, 2) planar 2D knee as
a hinge joint driven only by sagittal rotations/moments, and 3)
consideration of all gait kinematics but no out-of-sagittal plane
moments (identified hereafter as 2.5D model) on predictions
are investigated. Our 3D model is driven by gait kinematicskinetics in which muscle forces are iteratively evaluated by
minimization of cubed muscle stresses and constraints on all
moment equations. Abaqus Python and Matlab are used.

Figure 1: Musculoskeletal and detailed knee models.
Table 1: Compartmental contact forces (N) in various models
Stance
Ref – 3D
2D (hinge)
2.5D
Period
(current)
0% Lateral
495
325
Medial
210
202
5% Lateral
1598
813
1022
Medial
444
460
287
25% Lateral
628
272
Medial
1936
1602
50% Lateral
116
465
Medial
1021
393
75% Lateral
488
854
355
Medial
1828
1199
1927
100% Lateral
0
131
Medial
792
62
DISCUSSION AND CONCLUSIONS
Contact forces and location of centers of contact and changes
therein have crucial biomechanical and pathological
consequences. They substantially alter depending on the
algorithm used to estimate contact location and forces. During
gait, there are large movements in the center of contact on the
medial plateau that carries a larger portion of joint contact
forces after the hill strike. Consideration of the knee as a
planar joint in the sagittal plane substantially alters all
predictions. The remedy is a synergistic hybrid model.

RESULTS
Contact forces and centers of contact substantially changed
during stance and varied with the algorithm used as compared
with our reference model. Large changes in muscle forces,
compartmental loads (Table 1) and center of contact on each
tibial plateau were found depending on the model used; 2D
and 2.5D versus our 3D. Forces in ACL and patellar tendon
also markedly reduced in the 2D model.
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INTRODUCTION
Metatarsal stress fractures are common injuries in athletic and
military populations [1], and are believed to be associated with
excessive bone strain [2]. As in vivo techniques for directly
measuring bone strain are difficult and invasive [1,3], finite
element models have become important tools for strain
estimation. The purpose of this study was to validate subjectspecific finite element (FE) models of the human second
metatarsal bone with experimental strain measurements.

Pearson's r correlation, linear regression, root mean squared
error (RMSE), and maximum error (Max err).

METHODS
Computed tomography (CT) images were acquired for three
cadaveric human feet (age 78-85 years) using a Discovery 610
CT scanner (General Electric Healthcare; WI, USA) with
acquisition parameters of 220 mA, 120 kVp, pitch=1, in-plane
resolution 0.39 mm, and between-plane resolution 0.625 mm. A
calibration phantom was used to convert CT Hounsfield units to
bone apparent density. Metatarsals were first segmented, then
meshed with quadratic tetrahedral elements, using the Mimics
Innovation Suite (Materialise, Leuven, Belgium). A nominal
element size of 3 mm was chosen in accordance with a
preliminary mesh convergence analysis. Elements were
assigned inhomogeneous linear-elastic material properties
based on bone apparent density (E=6.57ρapp1.37 GPa) [4].

FE predicted strains strongly correlated with experimental
measures (Figure 1). The slope of the regression line was not
significantly different from 1, but the intercept was significantly
different from 0 (p=0.013) (Table 1).

Following image acquisition, the second metatarsals were
excised and the proximal-most 2 cm were potted in bone
cement. Strain gauge rosettes were adhered to the dorsal and
plantar surfaces of the metatarsal diaphyses. The locations of
potting, strain gauge attachment sites, and load application
points were digitized using a FARO Arm measuring device
(FARO Technologies Inc, FL, USA). Vertical ramped
displacements of 2 mm were applied over 2 seconds to the
underside of the metatarsal heads using an MTS (MiniBionix
858, MTS Systems, MN, USA). Displacements were applied at
five different angles, with the metatarsal long axis between 20º
to 40º from horizontal. Three replicate trials for each specimen
were performed at each angle.
Fixed and loaded regions, as well as strain gauge attachment
sites, on the FE models were identified from the FARO arm
data. The FE boundary conditions replicated the experimental
tests, and models were solved using ABAQUS Standard v6.1
(ABAQUS Inc., RI, USA). FE-predicted principal strains at
each strain gauge location were directly compared to
experimental measurements at a common load of 50 N using.

Experimental (με)

RESULTS
Experimental strain measurements demonstrated high inter-trial
repeatability, with differences of the largest measured principal
strains less than 5%. Residual strains were low, at less than 5%
of the peak value immediately after load removal, thus
confirming linear-elastic mechanical behaviour.

y = 1.0138x + 29.788
R = 0.9713
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Figure 1: Scatter plot of experimentally measured vs. modeled
principal strains at the plantar and dorsal strain gauge locations
of the three human second metatarsals.
DISCUSSION AND CONCLUSIONS
Experimental measurements of principal strains showed a
strong correlation with predictions made by the FE models (R2
=0.97), with an X=Y type of relationship. However, the
intercept of the regression line was significantly different from
0, indicating that the FE model underestimated principal strains
by approximately 30 με. This difference suggests that FE
material properties are too stiff, likely because elastic moduli
were based on bone from a different anatomical location. Our
future work will expand upon the current sample size and
investigate the development of a density-elasticity relationship
specific to the metatarsals using optimization procedures.
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Table 1: Validation parameters for FE models of the second metatarsal
R2
Slope
Intercept (με)
RMSE (με)
RMSE (%)
Max Err (με)
0.97
1.01a
29.79b
93.32
10.21
227.71
a
The slope was not significantly different from unit. bThe intercept was significantly different from zero.

Max Err (%)
24.91
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INTRODUCTION
Truck driving is an occupation that has been associated with
high rates of musculoskeletal problems and more
predominantly, low back pain (LBP) due to prolonged sitting
in a constricted cab. The purpose of this research project was
to evaluate an standard industry truck seat and a truck seat
prototype (Force-3 Innovations) in a live/ecological valid
environment to determine the differences in terms of
discomfort and sitting posture.
METHODS
Twenty experienced male truck drivers (height:176.7 ± 5.8
cm; mass: 106.0 ± 23.4 kg; age: 50.4 ±13.4 years) were
recruited to drive a long haul truck (without a trailer) for 90min round trip along a portion of the TransCanada Highway.
Two truck seats were evaluated: 1) the Force-3 seat and 2) the
current market most popular product (Figure 1).
Accelerometers. Spinal posture was measured by placing
three tri-axial accelerometers (ADXL320, Analog Devices,
Norwood, Massachusetts) on the skin over the T1, L1 and S1
spinous processes. The data was collected every 15-min for
the entire testing session at a sampling rate of 2048 Hz.
Pressure Mapping. Seat-participant interface was monitored
using a pressure mapping system (X3, XSensor, Calgary, AB)
consisting of a 45.7 cm × 45.7 cm seat and backrest pad that
was 0.81mm thick when compressed. The pressure pads were
mounted on the seat pans and backrests of each seat. Pressure
distribution was recorded in 15-min increments for the entire
testing session at 5Hz. Questionnaires. To monitor the
participants perceived discomfort, the ratings of perceived
discomfort (RPD) and the automotive seating discomfort
questionnaire (ASDQ) were administered at the start of the
session, after 45-min and 90-min of driving, respectively
(baseline, T45 and T90).

Figure 1. The evaluation of two truck seats: A) The Force-3
Seat and B) Industry standard seat

RESULTS
Acceleromers: Lumbar extension was significantly greater in
the Force-3 seat [-8.98±4.6°] in comparison to the Industry
standard seat [-5.22±3.48°] at T80 (p=0.046). The trunk was in
an a more extended posture for the first 45 minutes of driving
and at T65 [-9.92+/-12.43°] in the Force-3 seat in comparison
to the Industry standard seat, T65, [-2.65±8.30°] (p=0.0010.038). Pressure Pads: Average sitting pressure on both the
seat pan 0.58±0.005 mmHg (T90) and backrest 0.188±0.01
mmHg was significantly lower in the Force-3 seat. RPD:
Participants experienced more discomfort in the low back on
the right side in the Industry standard seat (p=0.003) with
12±15 mm in comparison to the Force-3 seat of 5.1±14 mm.
ASDQ: Participants reported significantly higher discomfort
scores (predominantly lumbar support) in the ASDQ
questionnaire when sitting in the Industry standard seat.
DISCUSSION AND CONCLUSIONS
The Force-3 ergonomic truck seat provided postural benefits
as well as reduce levels of perceived discomfort on
commercial licensed truck drivers.
Although a few
mechanical tweaks are needed to better suit a larger
population, the core mechanisms of the seat showed great
promise. Participants reported significantly higher discomfort
scores in the ASDQ questionnaire when sitting in the Industry
standard seat (at T45 min and T90), especially regarding the
lumbar support. Lumbar lordosis was more predominant in
the Force-3 seat in comparison to the Industry standard seat,
which has been shown to reduce pressure on the intervertebral
disc spinal and paraspinal tissues [1]. Participants also
experienced clinically significant low back pain (on the right
side) in the Industry standard seat in comparison to the Force3 seat. It was also found that participants were in more of an
extended posture (thoracic and lumbar) in the Force-3 seat in
comparison to the Industry standard seat. An extended spine
posture has been found to reduce intervertebral disc pressure
[2]. It was also found that pairing the gluteal backrest panel
with the adjustable seat pan helped reduce the average sitting
pressure on both the seat pan and backrest. In conclusion, the
Force-3 seat provided several postural benefits for
commercially certified truck drivers. This new innovative seat,
could not only benefit future truck drivers but essentially any
profession that’s exposed to prolonged driving.
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INTRODUCTION
The in-vehicle space has become the primary work
environment across many industrial sectors for both driving
and computing tasks. Among mobile police officers, 33% of
in-vehicle time is spent interfacing with a dashboard mounted
laptop, or mobile data terminal (MDT) [1]. The standard
MDT system has been reported as a source of high discomfort
among surveyed officers in a Canadian police force [2].
Previous work has investigated modifications to the placement
of a standard MDT, showing similar discomfort responses and
postures across all in-vehicle locations [3]. The purpose of
this study was to evaluate the effect of MDT display and
keyboard design on forearm muscle activity, discomfort and
seat interface pressure over time across long (LD, 10 minute)
and short (SD, 1 minute) duration typing tasks. A secondary
purpose was to assess gender specific responses.
METHODS
Seven males (21.3 ± 2.1 years, 1.71 ± 0.06 m, 75.3 ± 10.1 kg)
and 7 females (23.3 ± 4.8 years, 1.69 ± 0.06 m, 68.0 ± 8.5 kg)
participated in two 120 minute sessions of simulated driving
and typing tasks. One session implemented a standard
Toughbook laptop and mounting system while the other
session utilized a tablet display in conjunction with a detached
keyboard. In both configurations, the MDT was located to the
right of the occupant in the vehicle simulator. Baseline
corrected discomfort was recorded at 15 minute intervals in
each session in 13 body locations. Surface electromyography
(EMG) was measured on the dominant arm for the extensor
carpi radialis (ECR), extensor carpi ulnaris (ECU), extensor
digitorium (ED), flexor carpi radialis (FCR), flexor carpi
ulnaris (FCU), and flexor digitorium superficialis (FDS),
normalized to maximum voluntary exertions (%MVE) and
averaged across typing tasks. Seat interface pressure was
measured on the right and left sides of the seatback.
RESULTS
Right (p=0.0077) and left (p=0.0086) low back discomfort
increased over time, reaching an average (standard deviation)
of 7.0 (11.1) mm and 9.1 (12.8) mm respectively, of a possible
100 mm, after 120 minutes. There were no main effects of
MDT, time or typing duration for average forearm muscle
activity. There was a main effect of gender on average ED
activity (p=0.0111) where female participants had an average
14.0 (7.5) %MVE compared to 7.8 (3.6) %MVE among males.
There was a three way interaction (p=0.0482) of sex, MDT
design and typing duration on the right seatback pressure area
(Figure 1). Specifically, area was reduced across gender
during LD tasks in the tablet configuration; whereas during the
SD tasks, area was reduced in males in the tablet configuration
but did not differ across MDT in female participants.

A

B
Figure 1: Right seatback pressure area in female (A) and male
(B) participants across MDT configuration and typing duration
DISCUSSION AND CONCLUSIONS
The MDT tablet design did not reduce low back discomfort
compared to the laptop configuration and there was no effect
of MDT or typing duration on forearm muscle activity. The
utility belt has previously been reported by surveyed officers
as one of the equipment items causing the highest discomfort
[2]. The decrease in pressure area on the right side of the seat
back may have the potential to reduce this discomfort during
continuous typing tasks (longer than 10 minutes) and over
more chronic exposures. Ongoing analysis continues for
upper extremity kinematics during computing tasks across
MDT configuration. The results of this study will contribute
to an understanding of keyboard adjustability and display
modifications as a possible intervention for mobile police
officers.
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In recent years there has been a shift in office furniture from
non-height adjustable workstations to those that fully
accommodate sitting and standing whole body postures.
Currently, there is no standardized training program provided
to users on how they should integrate their new workstations
into their day to ensure optimal use of the workstation. The
implementation of sit-stand workstations in the absence of
guidelines or training has been shown to lead to negative
outcomes such as pain development in the upper limb [1]. In
the past, an education session has demonstrated a positive
influence when sit-stand workstations were accompanied by a
training program such as increased usage throughout the day
[2] and a reduction in musculoskeletal pain [3]. This study
aims to explore the difference between sit-stand workstation
usage by those who were educated about their workstation
usage with a program based on current best practice research
(RE) compared to those who were trained via an industry
example from an industry representative (IE).
METHODS
Thirty-four participants (27 females and 7 males) between the
ages of 23 and 64 were recruited from a University of
Waterloo research centre. This study included three different
phases each consisting of four weeks with one week of
washout separating each phase. The first four weeks consisted
of participants completing their daily tasks at existing nonheight adjustable workstations (baseline). All participants
were then trained using an example from industry. Half of the
participants received an additional best practices RE session.
Both training sessions were completed prior to the
implementation of the sit-stand workstations. Behaviour
change techniques, hands-on demonstration of configuring
their workstation in standing, and tips of integrating their
workstation into their day were included in this additional
session. During the next four weeks of the intervention phase,
the RE group received weekly meetings from the
experimenter, which focused on proper use of the
workstations (intervention). Data were collected for an
additional period of four weeks during which there was no
interaction with the experimenter for either group (follow-up).
After the completion of each phase participants were asked to
self-report the duration of time spent sitting via the
Occupational Sitting and Physical Activity Questionnaire
(OSPAQ) [4]. The number of transitions between sitting and
standing were extracted using desk mounted tri-axial data
logging accelerometers (Gulf Coast Data Concepts,
Mississippi, USA) collected at 12Hz. Data were analyzed

using a repeated measures ANOVA with a between factor of
group
and
a
within
factor
of
time.
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Figure 1: Number of whole body transitions from sitting to
standing postures made each day.
RESULTS
Those in the RE group transitioned from sitting to standing
more frequently at an average of six and five times a day in
the intervention and follow-up sessions respectively
compared to those in the IE group who moved on average
three times in each phase (p=0.001) (Figure 1). There was a
main effect of phase (p=0.016). During baseline phase there
was no difference between self-reported time spent sitting as
assessed by the OSPAQ. Both groups reported sitting ~80%
percent of their day, (p=0.679) whereas post-intervention and
follow-up reports were lower for the RE group by 11% and
16% respectively (p=0.013).
DISCUSSION AND CONCLUSIONS
Behaviour change techniques, weekly meetings, and a handson demonstration session were incorporated into the RE
training session. These techniques improved both objective
measurements of sit-stand transitions as well as self-reported
duration spent sitting when compared to the IE group.
Findings are similar to those reported, where an average of
seven transitions per day were achieved with reminders but
the current study had higher retention of usage in the followup phase (~five), compared to a previously reported three
movements per day [2]. Future educational programs should
incorporate methods which as behaviour change techniques to
ensure continued use of the workstation over time.
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INTRODUCTION
Paramedics have a high rate of occupational injury attributed to
muscular stress while lifting or carrying [1]. Indeed, tasks such
as lifting a patient from the ground using a backboard, or
loading and unloading a stretcher into the rear of an ambulance,
exposes paramedics to high spine loading demands [2].
Engineering controls such as modified equipment have been
found to reduce biomechanical exposures, but are oftenly costly
to implement. Alternatively, administrative controls, such as
education, may also provide a benefit but with less cost.
Developing effective, targeted education programs requires that
we must first identify determinants of spine sparing technique.
The purpose of this project was to identify biomechanical
determinants that were associated with spine sparing lifting
technique during the performance of highly physically
demanding paramedic work tasks.
METHODS
Thirty-three active-duty paramedics (15 female) with at least
two years of experience were recruited to complete a series of
simulated lifting tasks including a boarded patient lift, stretcher
raise and stretcher load into the ambulance. Paramedics were
instructed to perform lifts as they would in an actual emergency
situation, with no lifting technique instructions provided. To
further ensure adequate realism, the partnered lifts (i.e., boarded
patient lift and the stretcher raise) were completed with a fellow
paramedic assuming the partner lifting role as they would while
on the job.
Whole body motion data were recorded (Qualisys: Gothenburg,
Sweden) in concert with force information using two Bertec
force plates (Bertec: Columbus, Ohio, U.S.A). Motion and force
data were used to calculate joint angles and joint moments using
a 3D dynamic rigid linked modeling approach in Visual3D (CMotion, Germantown, Maryland, USA). Peak L4/L5 sagittal
plane angles and moments were extracted, where both metrics
have been associated with low back injury risk [3].
Additionally, joint power (ankles, knees, hips and trunk) was
calculated over the course of each lift, where joint work was
also calculated as the integral of the joint power waveforms.
Further, we summed the work done by the lower body joints
(ankles, knees and hips) and expressed lower body work relative
to the total work (ankles, knees, hips and trunk), revealing the
percent contribution of lower body work.
RESULTS
A larger relative contribution of lower body work was
associated with lower peak L4/L5 spine moment and flexion
angle in the sagittal plane for each lifting task. Figure 1
demonstrates this relationship during the performance of the
stretcher raising task. Across tasks, correlation coefficients
ranged from -0.67 to -0.92 between the percent contribution of

lower body power and peak L4/L5 moment and -0.55 to -0.81
for peak flexion angle.

Figure 1: Scatter plots illustrating the relationships between
percent contribution of lower body work and dependent
measures: peak sagittal L4/L5 moment (top); and, peak sagittal
trunk angle (bottom) when performing the stretcher raising
task.
DISCUSSION AND CONCLUSIONS
Paramedics that produce a greater contribution of work from the
lower body experienced lower trunk angles and moments.
These data highlight the importance of considering dynamics in
lifting technique and identify an opportunity to augment
education-based interventions that typically focus on posture
(e.g., stoop vs. squat). Future interventions should focus on
training paramedics to generate more power, and subsequently
more work, from their lower body during lifting tasks. We
continue to develop educational-based approaches to help
paramedic’s optimize their lifting mechanics.
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INTRODUCTION
Currently, between 75-80% of CH-146 Griffon aircrew in the
Royal Canadian Air Force report experiencing neck pain either
during flight or after flying [1]. Wearing helmet mounted
equipment (ex. Night Vision Goggles) has been hypothesized
as a contributing cause of the pain and potential underlying
injury [2]. Strategies such as wearing a counter weight, aimed
at balancing neck joint torques caused by head mounted
equipment have been examined; however, it was determined
the counterweight likely did not provide any benefit with
respect to reducing pain and injury [3]. As technology
continues to develop, it is likely that more equipment will be
mounted to the helmet and ultimately supported by the neck.
In order to responsibly determine the risk of current and future
head mounted equipment, joint loading in the neck must be
studied as a response to varying mass properties.

respectively) (Table 1). The Mz values for the wide and rapid
scanning tasks were too variable to report similar correlations
when increasing the aforementioned mass properties.
Furthermore, when the COM location of the head segment was
moved away from zero, in the positive and negative directions,
Mz increased. This was true for all four selected CH-146 pilot
tasks (Table 2).

METHODS
Seven participants were recruited from the Canadian Army
Reserves to participate in this study. Participants wore a
custom built helmet and simulated a series of four previously
identified tasks commonly performed by CH-146 aircrew [4].
The tasks were: dash gauges scanning, regular scanning, wide
scanning, and rapid scanning. In addition to varying the Total
Mass of the helmet worn, the location of the Centre of Mass
(COM) and Moment of Inertia (Izz) were also varied (Tables 1
& 2). An optical motion capture system (Qualisys Inc.,
Highland Park, IL) was used to track the three-dimensional
position of each participant’s head and thorax throughout all
tasks performed. Neck joint reaction forces and torques were
calculated using Visual 3D (C-Motion, Germantown, MD).
The head segment was customized for each mass condition by:
1) adding total mass to represent the mass of the head+helmet;
2) moving the COM location of the head segment to represent
the new resultant COM of the head+helmet; and 3) adding
additional inertia to the segment to represent the new resultant
inertial properties of the head+helmet. Peak magnitude of
shear forces in the ML (left or right) and AP (anterior or
posterior) directions were extracted for each task and mass
property condition. Peak compression forces and torques about
the three principle axes were also extracted and reported.

Table 2: Neck Torque vs. COM Location

RESULTS
Peak shear and compression forces, and peak torques about the
three axes, were averaged across the seven participants.
Increasing the Total Mass of the helmet (while keeping Izz and
COM constant at 0.04 kg.m2 and 0 cm, respectively) resulted
in a greater neck torque about the z-axis (Mz), particularly for
the regular scanning and the dash gauges scanning tasks. This
finding was also true when Izz was increased (while keeping
Total Mass and COM constant at 1.9 kg and 0 cm,

Table 1: Neck Torque vs. Mass Properties
Mass
Dash Regular
Mass
Property Scan
Scan
Property
Mass
Mz
Mz
Izz
(kg)
(Nm)
(Nm)
(kg.m2)
2.40
1.36
1.9
0.0348
2.29
2.45
2.5
0.0447
3.02
3.46
2.9
0.0542

Dash
Scan
Mz
(Nm)
2.00
2.40
3.21

Regular
Scan
Mz
(Nm)
1.10
1.36
1.40

Mass
Property

Dash
Scan

Regular
Scan

Wide
Scan

Rapid
Scan

COM
(cm)

Mz
(Nm)

Mz
(Nm)

Mz
(Nm)

Mz
(Nm)

-2

2.70

2.40

2.26

2.13

0

2.00

1.10

1.19

1.01

2

3.46

2.17

2.17

2.1

DISCUSSION AND CONCLUSIONS
When the total mass, COM, and Izz properties of the custombuilt helmet are manipulated, there is an effect on Mz. Further
research is needed to determine whether these increases in Mz
are at all correlated with neck pain during and after flight.
Next steps will include looking at a larger sample size to
determine whether these trends hold true, as well as further
analysis of previously collected motion capture data and EMG
data, to better understand the joint loading of the neck under
these conditions.
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INTRODUCTION
Ninety percent of tree planters will sustain an injury during the
course of their career, with a 75% risk for injury during any
given season [1]. Additionally, given the highly repetitive and
physical nature of tree planting tasks, a significant proportion
of injuries occur at the wrist [2]. High impact forces and
extreme joint angles experienced at the wrist are contributors
to the incidence of wrist injuries across numerous occupations
[3]. Accordingly, the goal of this study was to evaluate the
effects of an ergonomically designed wrist brace (Figure 1) on
wrist posture for a group of Canadian tree planters.
METHODS
Fifteen tree planters (mean weight 65.1kg, mean height 1.57m
5M:10F) free of injury and with at least one season of planting
experience participated in this study. Participants completed a
10 repetitions of a simulated tree planting task with a brace
(WB) and 10 with no brace (NB), where the order of
conditions was randomized. Participants then completed the
second condition following a 10-minute washout period.
Upper limb motions were tracked using motion capture
(Qualisys
Track
Manager,
Gothenburg,
Sweden).
Electromyography (EMG) was recorded (Delsys Inc., Natick,
Massachusetts, USA) from three forearm flexors (FDS, FCU
and FCR) and three forearm extensors (ECRL, ED and ECU) .
The shovel shaft was instrumented with a PY6 load cell
(Bertec Corp., Columbus, Ohio, USA) to record shovel-ground
impact forces during the simulated planting task.
A link segment model of the shovel and planting arm was
created in Visual 3D (C-Motion, Germantown, Maryland,
USA). Wrist and elbow angles were calculated and extracted
at the time point corresponding to the peak shovel-ground
impact force. EMG data were normalized to %MVC and the
peak EMG was extracted from a 500msec window centred on
the time point corresponding to the peak shovel-ground impact
force. Paired samples T-tests were used to compare differences
in the outcome measures between conditions.
RESULTS
Use of the wrist brace resulted in a flexed wrist posture at
impact, compared to an extended posture in the NB condition
(Table 1). Only flexor carpi radialis (FCR) activity differed

between conditions where the WB condition elicited nearly
10% more activity (Table 1). Notably, impact force was also
higher in the WB condition (Table 1).

Figure 1: The Katz – an ergonomically designed wrist brace
for tree planters.
DISCUSSION AND CONCLUSIONS
It was hypothesized that the wrist brace would keep the wrist
in a more neutral posture at shovel/ground-impact. On
average, however, participants flexed their wrist in the WB
condition to the same extent as they extended their wrist in the
NB condition. Deeper analysis revealed that male participants
were able to maintain a more neutral wrist posture (9.60°
flexion) compared to females (16.04° flexion). Since the Katz
was not adjustable individual differences in hand size
attributed to gender likely contribute to these differences.
Additionally, participants used more force to plant the shovel
in the WB condition, which could improve performance
(better plant), but could also increase risk (more exposure) for
injury. More research is required to determine the net benefit
of the brace.
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Table 1: EMG (% muscle activation), wrist/elbow angles and forces at shovel/ground impact between the NB and
WB conditions (*indicates significant differences between NB and WB conditions at p<.05).
ECU
(%)

ECRL
(%)

ED
(%)

FDS
(%)

FCU
(%)

FCR
(%)

Wrist
F/E

Wrist
Deviation

Elbow
P/S

Elbow
F/E

Shovel/ground
impact force
(N)

NB

27.70

29.03

27.23

53.01

37.32

19.90*

-11.93*

-3.71

53.40*

74.09*

203.18*

WB

31.64

31.95

38.49

49.38

33.81

29.54

14.52

-3.54

71.98

82.02

216.96

Note: F/E, flexion-extension axis; P/S, pronation-supination axis; N, Newtons.
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INTRODUCTION
The Niagara Foot™ is a prosthetic device uniquely targeted for
low-income demographics and post-conflict regions to restore
functional gait. The injection molded keel of this device allows
it to be modifiable to accommodate a range of user needs,
reducing overall component cost. The keel design is comprised
of the heel, toe, C-spring, and horns, where the later component
controls the timing of energy storage and release of the foot
system (Figure 1).
There are currently seven standard modifications of
the Niagara Foot™ [1], with two recently introduced. The first
of these additions, the Mod 9 (Figure 2), has a flattened heel and
toe, designed to improve mechanical characteristics for active
users. The second, Mod 10, has a posteriorly placed adapter
connection, in an effort to better aesthetically model an intact
limb (Figure 1). The objective of this study was to mechanically
characterize the Mod 9 and Mod 10 and compare the findings
to the Baseline (unmodified) Niagara Foot™.
Adaptor

Horns

RESULTS AND DISCUSSION
Comparison of the displacement profile of the Mod 9 to
Baseline displayed greater deflection of the heel and toe ranging
from 26-77% and 3-74% respectively (Figure 3). Increased
deflection of the heel and toe in Mod 9 correspond with the keel
modification, as the flattening of the heel and toe, place these
components closer to the contact surface during the stance
phase of gait.
In contrast, the Mod 10 displayed increased deflection
of the heel by 13-43% and decreased deflection of the toe by 516%. Video analysis of the testing indicated that this may occur
due to a change in the deflection pattern of the keel components,
specifically, the movement and reaction forces between the
horns and the top plate at heel strike.

Adaptor

Horns

Figure 1: Baseline (left) and Mod 10 (right) Niagara Foot™. Adaptor
locations and keel components are shown.

Figure 2: Mod 9 Niagara Foot™ with a flattened heel and toe.

METHODS
Sample devices (Niagara Foot™ Model 2, Version 22; Niagara
Prosthetics and Orthotics International, St. Catharines, Canada)
were obtained from the manufacturer. The Mod 9 was provided
by the manufacturer, and produced by flattening the toe and heel
by 20 mm and 5 mm respectively (Figure 2). This modification
was made with the intent to increase the deflection of the heel
and toe. The Mod 10 was produced in the testing Laboratory,
by moving the adaptor contact point posteriorly by 15mm
(Figure 1), with initial static analyses predicting decreased
deflection at the heel, and increase the deflection of the toe.
Mechanical characterization of the Mod 9, Mod 10 and
Baseline followed compression test protocol described by Zhao
et al [2]. Feet were mechanically tested using an MTS universal
testing machine; cyclic loading was applied at 2mm/s from 501300N for 10 cycles, where the steady state cycle was used for
analysis. Vertical load and displacement were recorded as the
foot was tested at 12 angular orientations to provide the
predicted vertical deflection of the heel and forefoot as a
function of normalized stance time.

Figure 3: Displacement profile of the Mod 9, Mod 10 and Baseline
Niagara Foot™ during heel and forefoot loading and unloading.

CONCLUSION
Flattening of the heel and toe increased deflection up to 77%
and 74% respectively; these results are related to the geometric
changes associated with larger moments at heel contact and toe
off. Moving the contact point posteriorly increased deflection
of the heel up to 43% and decreased toe deflection up to 16%.
These differences are not consistent with changes in heel and
toe moments, but rather the energy management associated with
the horns in contact with the top plate. However, the effect of
these deflection changes on prosthetic users’ performance or
preference is unknown, where future studies should investigate
this directly.
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INTRODUCTION
The Automatic Stance-Phase Lock (ASPL) is a new type of
prosthetic knee mechanism technologically practical and
functionally suitable for transfemoral amputees around the
world. This entirely mechanical design has demonstrated
comparable performance to complex polycentric and hydraulic
knees, and studies show that the ASPL mechanism is effective
in increasing walking speed and reducing falls without
adversely affecting the biomechanics of gait [1, 2]. In order to
further refine and optimize the performance of the ASPL
stance-phase control mechanism, a greater understanding of its
function is needed under different mobility, usage, and setup
conditions. Currently, there is no technique with which to
directly measure the stance-phase control function of the
ASPL mechanism. The objective of this work is to develop a
portable instrument to monitor and evaluate the function of the
ASPL mechanism during common mobility tasks under reallife mobility conditions and to communicate this information
to researchers and clinicians.
METHODS
A system consisting of three light-weight, portable, and
inexpensive sensors was developed to quantify knee lock
position and provide kinematic context for the operation of the
ASPL mechanism both in and outside of an instrumented and
controlled gait lab. Kinetic and kinematic data were recorded
during walking trials with above-knee amputees and ablebodied participants wearing a prosthetic simulator. The
prosthetic leg setup included a knee prosthesis instrumented
with the prototype sensor system and a high-precision sixdegree-of-freedom load cell. Participants were asked to
perform a series of mobility tasks under selected conditions.
Measurements from the sensor system and load cell were
collected simultaneously and compared to one another, as well
as to measurements from gold standard motion tracking
technology and force plates to identify and validate gait cycle
events. The function of the ASPL mechanism was examined
during key events to (1) relate knee lock position to applied
force and torque, (2) begin to characterize the motion of the
knee lock with respect to loading throughout the gait cycle in
common mobility scenarios, and (3) validate the use of the
developed system.
RESULTS
Early trials with a subset of the final instrumentation showed
that gait cycle events and applied loads can be identified using
the load cell and that knee lock position can be measured

continuously throughout walking trials (Figure 1). The
developed system has also successfully proven to synchronize
data from multiple sensors; a function which will continue to
facilitate the analysis of the temporal relationships between
these features. Preliminary analysis suggests that the
mechanism operates differently based on which mobility and
alignment conditions are applied.
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Figure 1: A sample of data collected using the sensor system
in a flat ground walking trial. Figure 1 illustrates the
correlation of knee lock position and moment about the
stability-affecting axis of the knee. A: heel strike, B: toe-off,
C/D: maximum flexion/extension moment, E/F: lock fully
engaged/disengaged.
DISCUSSION AND CONCLUSIONS
The development of this instrument will facilitate future largescale trials exploring the stance-phase control function of the
ASPL mechanism. Within biomechanical studies, the sensor
system will be used with classic gait analysis instruments to
assess and model the function of the ASPL mechanism as a
component of the biomechanical system of prosthetic gait. In a
clinical context, the sensor system will be used independently
to provide real-time feedback to clinicians about the behaviour
of the knee lock, and how it varies in response to different
loading conditions and alignments, and during use by
individuals with diverse physical characteristics. Its use will
ultimately serve to improve the patient-specific setup protocols
for and overall design configuration of the ASPL mechanism.
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INTRODUCTION
Standing balance is regularly assessed by clinicians, since it is
an important factor for activities of daily living, mobility, and
falls avoidance [1]. There are many different tools available
which provide insight into the extent of stability/instability, the
role of sensory systems, and underlying neuromuscular control
mechanisms. However, extensive uptake in a clinical setting is
somewhat limited by the prohibitive costs. Mobile device
applications that access the embedded accelerometer have
been developed to address the need for an affordable, simple
balance measures.[2] This study aims to evaluate the
concurrent validity, inter-session reliability, inter-user
reliability, and usability of a novel mobile device application
for balance.
METHODS
Twenty-one participants were recruited to participate in this
study and ranged in age from 22-53 years old. The participant
male:female ratio was 7:14. The average age of participants
was 27.8 years, mass (kg) 63.4, and height (m) 1.70. The study
involved two parts: In Part 1, the mobile application
(myAnkle) was installed on an Android phone. The participant
then self-administered a balance assessment, which included
performance of the following balance tasks: (1) Standing, Feet
Together, eyes open (EO), and (2) eyes closed (EC); (3)
Tandem Stance (heel to toe, randomly assigned foot in front),
EO and; (4) EC; (5) Single-Leg (standing on randomly
assigned leg), EO and (6) EC. Per task, 30 seconds of
acceleration data was recorded by the phone (25-40 f/s). The
net root mean square (RMS) acceleration (AccelNet) and
provided the user with a ‘balance score’. In Part 2, researchers
administered the assessment and outfitted each participant
with the Android mobile device. A Vicon system tracked
markers located on the toe, heel, lateral malleolus, femoral
condyle, greater trochanter, ASIS, jugular notch, C7 spinous
process, acromion, lateral epicondyle of the humerus, ulnar
styloid process, and earlobe. A 10-segment model was used to
estimate the whole-body COM position as previously reported
[3]. COMNet was calculated as the net RMS of COM
displacement. Participants performed the same balance tasks
as in Part 1 and repeated this twice (Lab-Trial 1; Lab-Trial 2).
RESULTS
The observed COMNet and AccelNet for each balance task is
reported in Figure 1. As balance task difficulty increases,
values for both of these measures increase. The Pearson
correlation coefficients comparing COMNet and AccelNet
revealed a good correlation for single leg stance (EC) with an r
= 0.86 (p
0.001) while all other tasks showed poor
correlations (r 0.50).

Figure 1: Average COMNet (A) and AccelNet (B) across
balance tasks for motion capture and myAnkle.
The intra-session agreement between Lab-Trial 1 and 2 of
AccelNet measured by myAnkle for each balance task
revealed that Tandem Stance (EO and EC) revealed moderate
to good intra-session agreement (ICC = 0.71-0.82). Inter-user
reliability ICCs comparing the researcher administered to the
participant administered assessment revealed that Feet
Together and Tandem Stance balance tasks had poor inter-user
agreement (ICC 0.18). Single Leg tasks had poor-moderate
inter-user agreement (ICC= 0.74, p= 0.001 for Single Leg-EO
and ICC= 0.58, p= 0.04 for Single Leg-EC).
DISCUSSION AND CONCLUSIONS
This study aimed to evaluate a mobile device balance
assessment application. As expected, the researcher
administered assessment revealed an increase in amplitude and
variability of balance measures as task complexity increased.
The strongest agreement between approaches, and intrasession reliability was observed in the more challenging
balance conditions. Inter-user agreement was generally poor –
moderate revealing potential challenges that need to be
addressed with self-administered models of balance
assessments. Overall, these findings reveal the potential
promise of mobile applications for the assessment of
challenging balance conditions. Future work should focus on
the application of this approach within clinical populations
with severe balance deficits.
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LATERAL STABILIZATION DURING GAIT USING A BIOMECHANICAL ENERGY HARVESTING
BACKPACK: MODEL AND SIMULATION
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METHODS
The proposed device consists of an inverted pendulum with
oscillating proof mass attached to a backpack frame (Figure
1).
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Figure 2: Motion of the COM, oscillation of the pendulum
(θ), the force acting through the origin, and the work
performed by the pendulum mass on the COM. All are vectors
in the horizontal direction. Vertical lines indicate heel strikes.
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constraints: required out of phase motion with respect to the
COM, restrictions on pendulum length, max angle θ, and a
maximum horizontal force at the pendulum origin [3].
However, it can also be seen that through proper constraints,
motion of the pendulum can perform negative work on the
pendulum’s origin during COM redirection (Figure 2).

Work (Nm)

INTRODUCTION
Mathematical modelling has shown that active lateral
stabilization is required while walking [1]. This lateral stability
is believed to exact a metabolic cost proportional to the center
of mass (COM) step-to-step transition work and active
adjustment of medial-lateral foot placement [2]. Two studies
have been able to reduce this metabolic cost by externally
stabilizing subjects while walking [2,3]. However, this was
achieved by tethering subjects to the environment using elastic
elements. Instead, we propose a device that mimics the loading
response of elastic tethers, but all elements are harboured on a
single backpack. The device consists of an oscillating proof
mass providing a restorative force towards the user’s center
line. While doing so, it will simultaneously generate electricity
from the resultant motion.
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Figure 1: An inverted pendulum mounted to a backpack
frame. A torsional spring and damper act through the origin of
the pendulum.
During heel strike, the leading leg performs negative work in
the lateral direction on the COM to redirect its motion
horizontally towards the trailing leg. Beneficial assistance is
hypothesized to assist the leading leg in performing this work
by applying a restorative force towards the center line.
Backpack motion from a pilot study was used as input in the
developed non-linear model. The model optimizes device
parameters by maximizing the energy generated while
simultaneously satisfying non-linear motion and loading
constraints.
RESULTS
Preliminary optimization results indicate that 1.77-5.24 W
could be generated from the device while carrying a mass of 510kg at walking speeds ranging from 1.25-1.5m/s. Limitations
to generating additional energy being arises from the imposed

It can be seen that when pendulum motion is out of phase with
the COM’s horizontal motion, negative work is performed by
the mass on the backpack. This work is hypothesized to help
the leading leg redirect the COM during gait.
DISCUSSION AND CONCLUSIONS
Through dynamic modelling, results indicate that a restorative
force could be produced by the pendulum. This motion,
through proper determination of timing and magnitude, could
provide assistive work to the leading leg during stance.
Future work consists of fabricating the device and validating
the model through bench top experimentation. Then, human
trials will be conducted to determine optimal timing and
magnitude of assistance.
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HOW PEOPLE INITIATE ENERGY OPTIMIZATION AND CONVERGE ON THEIR OPTIMAL GAITS
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Figure 1: Robotic exoskeletons were used to manipulate the
relationship between step frequency and energetic cost.
METHODS
We use the same paradigm used previously to demonstrate that
people can continuously optimize energetic cost during
walking [1]. In brief, lightweight robotic exoskeletons capable
of applying resistive torques at the knee joints were used to
shift people’s energetically optimal step frequency to
frequencies lower than normally preferred (Figure 1). Current
testing was performed on a total of 36 healthy adults.
First, we sought to determine what experience is necessary to
initiate optimization. Towards this goal, we designed
experimental protocols to distinguish between three alternative
hypotheses: a) the nervous system spontaneously initiates
optimization in response to a novel energetic landscape, b) the
nervous system initiates optimization following perturbations
to discrete cost points on a novel energetic landscape, or c) the
nervous system initiates optimization in response to broad
experience with multiple costs along a novel energetic
landscape. Second, we sought to determine what optimization
process is used to converge on a novel optimum. We again
tested three alternative hypotheses: a) the nervous system uses
a ‘chose best’ strategy where the body remains at the gait with
the lowest experienced cost, b) the nervous system uses a
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RESULTS
We found that only a small subset of subjects (6 of 36) with
high levels of natural gait variability, and therefore more
varied information about the energetic gradient, were able to
spontaneously initiate optimization (Figure 2a). Conversely,
the majority of subjects required perturbations toward the
optimum, yet not explicitly to it, in order to initiate
optimization (Figure 2b). These perturbations appear critical—
subjects that were given broad experience with the energetic
landscape but were not perturbed did not initiate optimization.
Once optimization was initiated, subjects gradually converged
on novel optima in a manner consistent with a ‘local search’
process (Figure 2b).
step frequency
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‘local search’ strategy where the body progressively alters a
given gait parameter as long it continues to result in cost
reductions, or c) the nervous system uses a ‘sampling’ strategy
where the body intermittently explores a range of gaits.
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INTRODUCTION
Human gait is shaped by an underlying drive to continuously
minimize energy expenditure. We have recently demonstrated
this using a paradigm where robotic exoskeletons are used to
alter the energetic consequences of various gaits (Figure 1)
[1]. We made abnormal ways of walking energetically optimal
and found that when given broad exploritory experience
subjects discovered and adopted the optimal gaits, even when
energetic benefits were small. This is consistent with recent
demonstrations that energetic cost is lower after adaptation
than before in both walking and reaching tasks [2,3]. Although
our prior experiment was the first to provide direct
experimental evidence for continuous energy optimization, a
weakness of its design is that it did not allow us to decipher
what experince is critical for optimization to be initiated and
what process is used to converge on optima. To understand
these mechanisms, here we conduct a series of experiments to
test completeing hypothesis about the initation and process of
energy optimization during gait.
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Figure 2: a) High natural gait variability can spontaneously
initiate optimization. b) Perturbations to low costs can also
initiate optimization. Once initiated, a ‘local search’ strategy is
used to gradually converge on the new optimum.
DISCUSSION & CONCLUSIONS
Our findings not only unveil key mechanisms underlying
energy optimization during gait, but may also indicate how
this process can be sped up. This has direct relevance for many
types of motor learning—including helping stroke patients
rediscover energetically optimal gaits or aiding a solider
learning to move in concert with an exoskeleton.
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INTRODUCTION
Low-profile exoskeletons, or “dermoskeletons”, have immense
potential to enhance human mobility. In order to bring these
devices out of laboratories and rehabilitation centres, it is
necessary to develop more sophisticated control algorithms
which are informed by biomechanical characterization of the
human-machine interaction [1]. In this study, we developed
and implemented a wireless system for experimental
evaluation of a lower-limb dermoskeleton, then created a
musculoskeletal model to analyze the biomechanical changes
that were observed during gait.

OpenSim’s parent-child model topology. Experimentallymeasured motor torques were applied as external loads.
Discrete measures from inverse kinematics and dynamics were
compared across conditions (assisted/unassisted) for both
walking and jogging using paired t-tests.

METHODS
A commercially-available lower-limb dermoskeleton (BTEMIA Inc., QC, Canada) was used for this study. This
dermoskeleton is designed to support and assist the user’s legs
by actuating motors at the knee joints.
Ninety-six retroreflective markers were adhered to the human
and dermoskeleton limb segments. Marker trajectories, ground
reaction forces, and accelerometer data were recorded at
100Hz, 1000Hz and 1000Hz, respectively, using 12 cameras
(Vicon, UK), 6 force platforms (Kistler, CH), and a single
accelerometer (Delsys Trigno, USA). A separate tablet
computer, carried in a custom backpack and controlled
wirelessly via Remote Desktop, recorded 64 channels of
internal data from the dermoskeleton at 100Hz, 16 channels of
lower-limb and low-back electromyogram (EMG) data at
992.97Hz, and uniaxial accelerometer data at 124.12Hz. Lowprofile (<1.5mm) flexible concentric ring electrodes (OT
Bioelettronica, Italy) were placed in areas obscured by straps
or clothing, and Ag/AgCl Duotrodes (Myotronics, USA) were
applied over exposed sites. Data from the motion capture and
backpack computers were synchronized post-hoc using crosscorrelation of common accelerometer signals.
For both assisted (i.e. dermoskeleton) and unassisted (i.e. not
wearing the dermoskeleton) conditions, thirteen healthy
participants performed 5-8 walking trials within the
laboratory, and 5-8 jogging trials around a 160m indoor track
which passes through the motion capture envelope. Condition
(assisted/unassisted) and activity (walk/jog) were randomized
across subjects.
A generic musculoskeletal model (23 degrees of freedom
DOF, Opensim) was modified to allow knee adduction and to
include a backpack (6DOF), then scaled for each participant.
The dermoskeleton was modeled using 2DOF knees, 3DOF
hips, and a 1DOF proximal thigh cuff, and was connected to
the human body using five, 6DOF joints. Thus, the completed
model consisted of 73 DOF and 4 weld constraints to satisfy

Figure 1: Left: Visualization of the OpenSim model during
jogging. Right: Knee flexion moment (top) and hip adduction
angle (bottom) for unassisted (NON, red, solid) and assisted
(KON, blue, dashed) conditions during walking.
RESULTS
Dermoskeleton use caused significant changes in peak hip,
knee, and ankle kinematics and moments. For both walking
and jogging, participants’ external knee flexion moments were
greater during early stance, but reduced during push-off
(P<0.05, Figure 1, Top). Hip adduction angles were reduced
throughout stance for both walk and jog conditions (P<0.01,
Figure 1, Bottom).
DISCUSSION AND CONCLUSIONS
To our knowledge, no previous study has performed such
comprehensive biomechanical measurements for exoskeleton
use during overground gait. By combining a compact
experimental apparatus with musculoskeletal modeling, it was
possible to investigate the effects dermoskeleton use on human
joint loading. Future work will validate the model using strain
gauges, and develop a contact model for the human-machine
interface to generate predictive forward simulations.
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INTRODUCTION
Participation in cardiovascular exercise, and subsequent
aerobic fitness, are essential for health and sport performance
[1]. Primary adaptations in the heart to exercise are increases
in ventricular lumen capacity and stroke volume [2]. However,
it is not known how exercise affects the active and passive
(resting) forces produced by the cardiac myocytes. The
purpose of this study was to evaluate the active and passive
force properties of cardiac trabeculae muscle associated with
exercise training.
METHODS
18 3-month-old Sprague-Dawley rats were randomized into
three groups: moderate duration exercise (MD) (n=6), high
duration exercise (HD) (n=6), or no exercise (CON) (n=6)
groups. Animals were trained on a treadmill for 11 weeks at
25m/min. MD animals completed 30 minutes 5 days/week and
HD animals completed 60 minutes 5 days/week. One week
following the end of exercise training, hearts were excised and
lengths of trabeculae were skinned in a 1% Triton solution.
On the day of the experiments, myocyte bundles were isolated
and attached at one end to a force transducer and at the other
end to a length controller. Average sarcomere length was set to
2.4 µm using laser diffraction. Myocytes were maximally
activated to determine active force production. Once
deactivated, myocytes were stretched passively by 10% and
15% of their initial length at a rate of 5% fibre length/second.
Myocytes were held until force stabilized after stress
relaxation to determine passive force.
Force data (mN) were normalized to the cross-sectional area of
they myocytes and analyzed as stress (kN/m2). Data were
analyzed using one-way ANOVAs and Tukey’s post hoc
testing when indicated. The level of significance was set a
priori to α=0.05.
RESULTS

passive stresses tended to be greater in the MD and HD group
animals compared to CON, but the differences were not
statistically significant. When stretched to 15% of resting
length, HD stresses were significantly greater than the CON.
DISCUSSION AND CONCLUSIONS
The similarity of active myocyte forces across all groups
suggests that improvement in cardiac force production after
training does not originate from adaptations at the level of
myocytes. This work suggests that increases in the amount of
contractile materials through hypertrophy of the heart wall
primarily contribute to the heart performance rather than the
force produced by individual myocytes.
The active range of cardiac muscle in vivo ranges from
sarcomere lengths of 1.6 to 2.3 µm [3]. Since there were no
differences in passive stress at a sarcomere length of 2.4 µm
and with 10% stretch, these data suggest that passive
properties within the physiological range do not contribute to
the altered heart function observed in trained individuals. The
increase in passive properties at 15% stretch would increase
the capacity of cardiac recoiling after filling and therefore
improve the hearts ability to produce systolic force in ejecting
blood when the ventricles are filled and stretched, without
inhibiting diastolic filling at shorter lengths.
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Active and passive stresses were not different between any
groups at the initial length (2.4 µm). Following a 10% stretch,
Group
Active Stress
Resting Passive Stress
(kN/m2)
(kN/m2)
CON (n=6)

10% Passive Stress
(kN/m2)

15% Passive Stress
(kN/m2)

12.34±
1.85±
4.11±
7.86±
1.14
0.42
1.03
2.13
MD (n=6)
10.15±
2.49±
9.48±
17.95±
1.19
0.15
2.17
3.51
HD (n=6)
9.85±
3.28±
11.07±
*22.36±
2.45
0.56
3.75
4.46
Table 1: Active and passive stress production. Data indicates mean±SEM. * indicates significance from CON
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INTRODUCTION
Mice lacking equilibrative nucleoside transporter 1 (ENT1)
develop progressive ectopic mineralization of the fibrous
connective tissues of the spine, including that of the
intervertebral disc (IVD) [1]. This may be associated with a
stiffer spine; however, this has not been tested. The neutral
zone (NZ) is the region within a spinal segment’s normal
range of motion where movement occurs with minimal
resistance [2,3]. Experimentally induced IVD degeneration
reduces NZ stiffness and increases NZ length [4]. It has also
been shown to cause an increase in the passive mechanical
stiffness of the adjacent multifidus muscle (muscle fibres and
bundles of fibres) [5]. The purpose of this study was to
determine if the lumbar spine of ENT1-deficient mice was
stiffer than that of wild-type (WT), and if this was associated
with a lower passive stiffness of the surrounding musculature.
If confirmed, this would suggest an inverse compensatory
relationship of the stiffness of muscle with the stiffness of the
structure to which it attaches (the spine).
METHODS
The lumbar spine and adjacent multifidus (M) and erector
spinae (ES) muscles, as well as tibialis anterior (TA) muscles
of male, littermate paired, 8 month old, ENT1 KO and WT
mice (n=8 each) were harvested. Lumbar spines were fastened
at either end leaving the intervertebral levels between L2 and
L5 exposed, and tested uniaxially in cyclic compression and
tension [4] at 0.33% deformation/second. The forcedeformation data of the 15th test cycle was used to determine
NZ length and stiffness as per the method proposed by Smit et
al. [3]. 3 fibres and 3 bundles from each harvested muscle
were also tested. Sarcomere length and force were recorded as
each sample was rapidly stretched every 2 minutes by
increments of ~0.25 µm [5]. The force at the end of every 2
minutes was normalized to the cross sectional area of the
sample to give a measurement of stress which was plotted
against sarcomere length. A quadratic curve was fitted to the
data points and passive elastic modulus was determined by
finding the tangent slope at a sarcomere length of 3.2 µm. Ttests were used to compare modulus between KO and WT for
each muscle, in both fibres and bundles, as well as NZ length
and stiffness between KO and WT spines.
RESULTS
Lumbar spine NZ length was shorter and stiffness was greater
(Fig 1A) in KO compared to WT (p=0.0006, 0.0056
respectively). Fibre passive elastic modulus was lower in KO
compared to WT in the M and ES muscles (p=0.0262 &

0.0016, respectively; Fig 1B), while TA showed no difference
(p=0.3436). M, ES, and TA bundles were not significantly
different between KO and WT (p=0.1223, 0.1641, 0.1410
respectively).

Figure 1: Lumbar spine NZ stiffness (A) and muscle fibre
elastic modulus of ENT1 KO and WT mice.
DISCUSSION AND CONCLUSIONS
NZ stiffness was greater and NZ length was shorter in ENT1
KO mice compared to WT. Previous studies have shown that
increases in NZ length are directly related to decreases in
stiffness/stability that result from damage to the IVDs, facet
joints, and ligaments [2,4]. Thus, this work has confirmed that
the mineralization of spinal connective tissues in the ENT1 KO
mouse results in the opposite effect: a stiffened spine and a
likely reduction in spinal mobility. At the same time, muscle
fibre elastic modulus (passive stiffness) was lower in the
lumbar ES and M muscles, but not in the TA of the ENT1 KO,
thereby suggesting a direct compensatory relationship between
the stiffness of the spine and its attached muscles. Bundles of
muscle fibres were not different between KO and WT,
contrary to what as has been seen previously in the multifidus
in response to IVD degeneration [5]. This suggests that in the
mineralized spine of the ENT1 KO, the connective tissue
within the muscle bundles is not significantly impacted, and
instead effects are isolated to the individual muscle fibres. The
mechanism for this muscle fibre stiffening is unclear and
future work will be designed to elucidate this.
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INTRODUCTION
Mechanical loading is necessary to maintain cartilage health
[1]. However, excessive loading may damage cartilage leading
to, or worsening, osteoarthritis (OA). Large loads associated
with obesity are a risk factor for OA. To combat obesity, OA,
and other chronic diseases, physical activity is routinely
recommended [2]. However, to properly prescribe physical
activity, we must understand the in vivo response of knee
cartilage to loading during activity.
Magnetic resonance imaging (MRI) enables measurement of
acute changes to cartilage composition (eg, water) in response
to activity. Studies of composition have focused on changes
that occur after running [3]. No studies have compared the
response of cartilage in vivo to different loading exposures.
Thus, the purpose of this study was to determine (i) whether
running and bicycling change weight-bearing knee cartilage
composition, as measured using MRI T2 relaxometry; and (ii)
whether running and bicycling of equal cumulative load elicit
different changes in T2.
METHODS
Fifteen healthy men (age 25.8±4.2 y; height 1.79±0.06 m;
body mass 75.8±9.7 kg) completed three study visits. Visit 1
was for biomechanical assessment, while visits 2 and 3 were to
obtain an MRI preceding and following bicycling and running
activities.
Biomechanical assessment was performed during running and
bicycling to establish equivalent cumulative load exposures.
To accomplish this, we recorded the vertical reaction force
impulse of a step during running and pedal revolution during
bicycling. Running data were collected for 5 successful trials
using an in-ground force platform (AMTI, MA, USA).
Bicycling data were collected for a 5-min bout using a bicycle
pedal fitted with a bi-axial load-measuring device (Novatech,
East Sussex, UK). These data were used to calculate the
activity durations producing equivalent cumulative load
exposures using Equation 1: CL = R * I * t, where CL is the
cumulative load of an activity, 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.
Two sequences were acquired before and after each activity:
(1) sagittal multi-echo spin echo (MESE) to calculate T2
maps; and (2) 3D sagittal fat-saturated T1-weighted fast
spoiled gradient recalled (fSPGR) for cartilage segmentation.
T2 maps were created from MESE images, using Matlab
(Mathworks, MA, USA) by fitting pixel intensities from eight
echoes to Equation 2: STE= PD * exp(-TE/T2) where STE is the

measured signal, PD is the y-intercept (proton density), TE is
the echo time (ms) and T2 the spin-spin relaxation time
(Figure 1). fSPGR images were segmented into medial and
lateral weight-bearing femoral, and medial and lateral tibial
cartilage using a semi-automated atlas-based method
(Qmetrics, USA). Segmentations were overlaid onto T2 maps
and mean T2 calculated for each region.
To answer the first research question, analyses of variance
(ANOVA) were used to determine if there was a main effect
of activity on cartilage T2. To address the second question, T2
change was used as the dependent variable in an ANOVA.

Figure 1: Example T2 map (left) with colour bar indicating
calculated T2 relaxation time (Equation 2), and a T1-weighted
fSPGR image used for segmentation (right).
RESULTS
The mean duration of running (14 min 58 s) and bicycling (46
min 32 s) were different (p<0.001), though the cumulative
loads were not (p=0.446).
Bicycling produced no change (p=0.462), while running
shortened T2 (p=0.002). Running resulted in significantly
reduced cartilage T2s compared to bicycling (p=0.017).
DISCUSSION AND CONCLUSIONS
In our study on healthy men, running shortened tibiofemoral
cartilage T2, while bicycling of an equivalent cumulative load
did not. These results were contrary to our hypothesis that
sustained loads during bicycling would cause greater changes
in T2 through tissue creep. It is likely that another aspect of
loading, such as peak force or loading rate drove the observed
changes in T2. Because knee cartilage tolerated bicycling with
little change, future work should explore if bicycling is an
ideal activity to combat obesity in people with knee OA.
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1

Carpal tunnel syndrome (CTS) is characterized by fibrosis and
thickening of the subsynovial connective tissue (SSCT)
surrounding the finger flexor tendons in the carpal tunnel [1].
SSCT thickness is also related with symtpom severity on the
Boston Carpal Tunnel Questionnire [2].
While this
histopathology suggests an injury mechanism of repetitive
and/or excessive shear between the finger flexor tendons and
SSCT, the effects of frequent and forceful work on SSCT
function are not well understood.
METHODS
We experimentally manipulated two mechanically derived risk
factors for injury, movement frequency and force, to quantify
their effects on relative motion between the flexor digitorum
superficialis (FDS) tendon and SSCT in twelve participants.
A themoplastic splint fixed the distal upper limb in supination
while a custom handgrip set the index, ring, and little fingers
in mid-flexion, allowing only the long finger to move freely.
Participants performed cyclical metacarpophalangeal joint
flexion/extension at three metronome set movement
frequencies (0.75, 1.00, 1.25 Hz) and two external finger
forces from constant force springs (4, 8 N).
FDS and SSCT velocities were recorded with colour Doppler
ultrasound (Vivid Q, GE) at 30 fps, and integrated to obtain
displacements over time. Metacarpophalangeal (MCP) and
proximal interphalangeal (PIP) joint flexion/extension angles
were also measured with electrogoniometers (F35, Biometrics)
at 4096 Hz. All data were smoothed with a 6th order low-pass
filter at 3 Hz. Individual cycles were averaged for each trial,
and experimental conditions were reported by their means
(95% CI). Repeated measures ANOVAs tested movement
frequency and force as well as tendon displacement range
(quartiles) and finger direction (finger flexion vs. extension)
on FDS-SSCT relative motion and MCP and PIP joint
kinematics ( = 0.05).
RESULTS
We found a significant interaction between finger direction
and tendon displacement quartiles on the relative displacement
between FDS tendon and the SSCT (F3,33=10.8, p<0.01).
During finger flexion, FDS-SSCT relative displacement
(described as a % of tendon displacement) increased from
18.5% (1st quartile) to 29.6% (4th quartile), with the greatest
increases in the 1st and 2nd quartiles. However, FDS-SSCT
relative displacement did not change throughout the range of
motion during finger extension (Figure 1).

Movement frequency affected relative displacement between
FDS tendon and SSCT (F2,22=20.1, p<0.01), with higher
relative displacements at 1.00 Hz (28.9±1.9%) and 1.25 Hz
(30.2±1.8%) than 0.75 Hz (19.8±2.3%). We also found a
small but significant effect of force on relative displacement
(F1,11=7.4, p=0.02; 4 N
23.6±1.8%; 8 N
29.0±130%).
MCP and PIP joint kinematics were not affected by movement
frequency or finger force.
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Figure 1: FDS-SSCT relative displacement throughout the
tendon displacement range for finger flexion and extension.
DISCUSSION AND CONCLUSION
FDS-SSCT relative motion increased non-linearly during
finger flexion; however, there was no change during extension
(Figure 1). These results may indicate progressive (sequential)
loading of the multi-layered SSCT during finger flexion with
subsequent uniform unloading of the SSCT’s elastic fibrils
during finger extension. While the effect of movement
frequency on relative displacement is most likely due to the
SSCT’s viscous interfibrillar matrix, increased relative motion
with higher finger force is more difficult to explain. Palmar
migration of the flexor tendons may compress the SSCT,
redistributing fluid pressure (with greater finger force).
Overall, our study links strain-related changes to frequent and
forceful work, suggesting increased susceptibility to shearing
of the SSCT and the development of CTS.
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INTRODUCTION
Physical activity (PA) may be a factor that could contribute to
slowing knee osteoarthritis (KOA) progression, as it has
previously been shown to improve OA symptoms [1].
However, the KOA population often does not meet PA
guidelines, especially in terms of higher intensity PA levels.
Understanding how gait metrics associated with KOA severity
or progression, such as stiff gait and lack of unloading, are
related to PA levels may provide insight into how to increase
PA in this population for use as a conservative management
strategy. Therefore, the purpose of this study was to determine
if these gait metrics were related to 1) higher intensity PA, 2)
step count (a measure of total PA weighted by intensity) and
3) total PA regardless of intensity.
METHODS
Sixty-seven individuals with medial compartment KOA
underwent standard gait analysis during self-selected speed
walking. Three-dimensional knee joint angles (expressed in
the joint coordinate system) and external knee joint moments
were calculated with inverse dynamics. Electromyography
(EMG) data from 7 knee joint muscles were full-wave
rectified, low pass filtered (6Hz), and normalized to maximal
isometric contractions. Waveforms were time-normalized to
stance or the gait cycle. Principal component analysis was
used to extract key shape and magnitude features of each
waveform. Participants completed WOMAC questionnaires,
had standard anterior posterior radiographs taken, and wore an
accelerometer (GT3X+, ActiGraphTM, FL, USA) on the
anterior superior iliac spine of the tested leg for at least 4 days
of 10 hours of wear time. Minutes of moderate-vigorous PA
(MVPA, average daily minutes in moderate or high intensity
PA), step count, and total minutes of PA (non-sedentary PA)
were calculated. Stepwise multiple regression was used to
examine the importance of “stiff gait variables” that had
significant correlations with PA (α=0.05) (SPSS, IBM, NY,
USA).
RESULTS
Mean age, BMI, walking speed, range of Kellgren-Lawrence
and WOMAC total scores were 62±7 years, 31±6 kg/m2,
1.2±0.2 m/s, and 2-4 and 0-63, respectively. MVPA, step
count, and total PA were 23.5±16.8 minutes, 6573±2495 steps,
and 299.4±84.2 minutes, respectively. Total PA was not
significantly correlated with any gait variables thus no
regression model was made. For MVPA, a regression model
showed that lower MVPA was related to stiff gait features: a
smaller difference in mid-late stance knee flexion angle
compared to the stance and swing peak angles, and two
features describing a lack of knee adduction moment

unloading (Figure 1) (R2=0.368, p<0.001). The regression
model for step count found prolonged lateral gastrocnemius
EMG was the only significant predictor variable, explaining
21.1% of the variance in step count (p<0.001), however this
variable was also correlated with the other stiff gait features
predictive of MVPA (r=0.36-0.55) .

Figure 1: Knee flexion angle and adduction moments showing
the features associated with low MVPA (red dashed) versus
the mean (black) and high MVPA (blue).
DISCUSSION AND CONCLUSIONS
Reduced knee flexion angle range of motion and lack of knee
adduction moment unloading during mid-stance (associated
with lower MVPA) and prolonged gastrocnemius activity
(associated with reduced step count) are indicative of a stiff
gait pattern. A stiff gait pattern may increase the risk of fatigue
and more prolonged joint loading, and has been associated
with increased pain and structural severity [2] as well as risk
of KOA progression [3]. The lack of correlation of these gait
patterns with total PA suggest that individuals with stiff gait
patterns can achieve similar total PA levels while not
accumulating as much MVPA or steps. These findings lay the
foundation to examine whether specific levels of PA affect OA
progression and whether gait retraining/muscle strengthening
aimed to reduce stiff gait features could improve MVPA and
step count in this population. In conclusion, gait metrics
related to stiff gait were associated with step count and time
spent in MVPA, but not total minutes of PA.
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INTRODUCTION
Knee mechanics predict, to a modest extent, cartilage
breakdown in knee osteoarthritis (OA) [1–3]. Two factors may
have limited the ability of previous work to show a clear effect
of mechanics on knee OA progression. No study has (1)
integrated load frequency with knee loading measures; or (2)
estimated medial knee contact force (MCF) from external gait
measures to predict cartilage morphometry changes in knee
OA. We aimed to determine the extent to which changes in
medial tibial and femoral cartilage thickness and volume over
2.5 years were predicted by (1) knee adduction moment
(KAM) peak and knee flexion moment (KFM) peak; (2) KAM
impulse and load frequency; and (3) estimated MCF peak.
METHODS
Adults with clinical knee OA (n=52) completed gait and load
frequency analyses at baseline, and knee magnetic resonance
imaging (MRI) at baseline and follow-up. Gait data were
collected with a motion capture system and force plate during
barefoot walking trials at a self-selected pace. The KAM peak,
KFM peak, KAM impulse, and knee reaction force peak
during stance, as well as gait speed, were calculated for five
gait cycles, then averaged. Load frequency was the mean
number of steps/day taken by the study leg, measured with an
accelerometer over 5 days. Knee MRI scans were acquired
with a 1T peripheral scanner using a T1-weighted coronal fatsaturated sequence. Cartilage volume and mean thickness were
segmented for the medial tibia and femur using a highly
automated, atlas-based protocol [4]. Cartilage change was
defined as follow-up minus baseline, divided by the number of
days between times. Publicly available gait data from
participants with force-measuring tibial prostheses [5] were
used to create a predictive model of the peak MCF from
external gait parameters, which was then applied to yield
estimates of MCF peak in the current sample.
Multiple linear regression examined the extent to which
changes in medial tibial and femoral cartilage thickness and
volume over 2.5 years could be predicted by 3 models of
independent variables: (1) KAM peak and KFM peak,
reflecting a theoretical model based on peak knee moments
during gait; (2) KAM impulse and load frequency, reflecting
cumulative load; and (3) estimated MCF peak. Each model
was created in two steps: 1) only the covariates age, sex, body
mass index (BMI), and cartilage measurement at baseline were
simultaneously entered; and 2) the independent variables were
entered collectively and separately with interaction terms
between predictors and BMI to examine the extent to which
they explained variance in the dependent variables over and
above the covariates.

RESULTS
At baseline, the sample (41 women; 11 men) had a mean (SD)
age of 61.0 (6.9) y and BMI of 28.5 (5.7) kg/m2. Mean followup time was 2.56 (0.51) y. Over this period, only mean medial
tibial cartilage volume changed (-6.4%) (p<0.001). Regression
diagnostics revealed 3 outliers and these were removed
(n=49). For the dependent variable change in medial tibial
cartilage volume, the covariate model yielded a R2=0.44.
Model 1 containing the KAM peak displayed a KAM peak-byBMI interaction (P=0.023), and increase in R2 to 0.59
(P<0.001). Model 2 containing the KAM impulse showed a
KAM impulse-by-BMI interaction (P=0.034), and increase in
R2 to 0.59 (P=0.018). Model 3 containing the estimated MCF
peak revealed an estimated MCF peak-by-BMI interaction
(P=0.033), and increase in R2 to 0.58 (P<0.001). KFM peak
and load frequency did not increase the predictive ability of
any model (P>0.05). Post-hoc analyses, with BMI treated as a
dichotomous variable split at 30.0 kg/m2, illustrated how the
interaction between gait mechanics and BMI affected change
in medial tibial cartilage volume (Figure 1).
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Figure 1: Interaction between
the KAM peak and BMI, with
(Nm/kg)
BMI dichotomized at 30.0 kg/m2. The KAM impulse and
MCF peak exhibited similar results.
DISCUSSION AND CONCLUSIONS
Among obese participants, large magnitude KAM peak, KAM
impulse and estimated MCF peak predicted cartilage volume
loss over 2.5 years; whereas these gait parameters were of
little importance in predicting morphometric cartilage change
in people with BMI values below 30 kg/m2.
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WHAT IS THE LINK BETWEEN PASSIVE STRUCTURES AND MUSCLE ACTIVATION PATTERNS IN
ALTERING LUMBOPELVIC ANGLES IN STANDING?
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INTRODUCTION
Lumbopelvic angles can be altered by inducing changes in
sagittal ankle angle, for example by standing on inclined or
declined surfaces [1,2] or wearing high heels [3,4]. In general,
compared to level standing, plantarflexion results in pelvic
posterior rotation and lumbar flexion, and ankle dorsiflexion
results in pelvic anterior rotation and lumbar extension
[1,2,3,4]. These results may occur as a result of changes in
postural balance, muscle activation patterns, and/or passive
linkage between joints. Previous studies with a sloped standing
surface used a fixed slope angle, so the effect of passive linkage
would have been difficult to examine [1,2]. Hence, the purpose
of this study was to use a dynamic platform to examine the
effect of induced ankle angle change on pelvic and lumbar
angles in standing.
METHODS
Sixteen participants, eight males (mean age 24.0 ± 1.5 years;
height 1.75 ± 0.07 m; and mass 69.5 ± 9.7 kg) and eight females
(mean age 22.5 ± 3.6 years; height 1.65 ± 0.06 m; and mass
62.5 ± 8.2 kg), with no history of back or lower limb
pain/injuries were recruited. Muscle activation from gluteus
medius, erector spinae, and rectus abdominis were collected
bilaterally (AMT-8, Boretec, Calgary, CA). Marker clusters
were placed on thoracic, lumbar, pelvis, thighs, shanks, and feet
segments, and kinematic data were collected using an Optotrak
Certus motion capture system (Northern Digital Inc., Waterloo,
Ontario, CA). Subsequently, each participant went through a
trial of standing on a level surface (five minutes) and four trials
of passively standing on a platform that moved at 0.1 degree
per second through a range of 9o incline to 12o decline
(approximately seven minutes each). Each trial started with the
platform level and moved towards maximum incline or decline
(order randomized). Electromyography (EMG) data were
normalized to the peak value of maximum voluntary
contraction trials and kinematic data were normalized to the
average angle of the level standing trial. Cross-correlations
between ankle, pelvic, and lumbar angles and EMG data were
performed over the duration of the static trial and each dynamic
trial. To examine the relationship between genders, coefficients
of determination (R2) were compared using two-way ANOVAs
with a within-subject factor of trial type (static and dynamic
standing) and a between-subject factor of gender.
RESULTS
There were significant main effects of trial type in the R2
magnitude between 1) ankle angle and pelvic angle (p = 0.006)
and 2) gluteus medius activation and pelvic angle (p = 0.047).
In both cases, R2 magnitude was higher in the dynamic trial
(static = 0.31, 0.06; dynamic = 0.60, 0.13, respectively). In
addition, there was a significant gender effect between erector
spinae activation and lumbar angle (p = 0.032), where males
exhibited higher R2 values (R2 = 0.15) in both static and

dynamic standing compared to females (R2 = 0.05). There was
no difference between trials or gender for ankle and lumbar
angles (p > 0.50). Pelvic angle was more posteriorly tilted at
12o decline angle (M = 4.25o (SE 1.47), F = 4.62o (SE 1.30))
compared to 9o incline angle (M = 2.59o (SE 1.53), F = 2.49o
(SE 1.49)) for both males and females. For lumbar angle, males
had more flexion (2.47o (SE 1.85) at plantarflexion, 4.00o (SE
1.61) at dorsiflexion) compared to females (-0.13o (SE 1.40) at
plantarflexion, -0.42o (SE 0.84) at dorsiflexion) throughout the
range of platform angles (Figure 1).

Figure 1: Ensemble averaged curves for male (black lines) and
female (grey lines) sagittal pelvic and lumbar angles. All values
indicated are compared to level standing.
DISCUSSION AND CONCLUSIONS
These results demonstrate complex relationships between ankle
angle and pelvic and lumbar angles. While changes in pelvic
angle were similar to those previously reported [1,2], changes
in lumbar angle were different between genders and in
particular at dorsiflexion. Cross-correlation results suggested
that induced ankle movement does affect sagittal pelvic tilt.
However, lumbar angle may be more dependent on
compensatory trunk muscle activation levels, although further
investigation is necessary to examine gender differences and to
parse out the movement of lower and upper lumbar segments.
A normative range of pelvic tilt in standing, which was similar
in both males and females, will provide a reference for the
magnitude of postural changes that can be expected due to
changes in ankle angles.
REFERENCES: [1] Nelson-Wong and Callaghan. (2010).
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J. Phys. Med. Rehabil., 70(5); p. 246-254.

DEVELOPING A NOVEL MODEL TO MEASURE DYNAMIC JOINT STIFFNESS OF L4/L5 JOINTS IN
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INTRODUCTION
Low back pain (LBP) is a common and significant cause of
work and social loss. Spinal stability has been identified as a
risk factor for LBP with joint stiffness necessary to stabilize
the spine during daily activities [1]. Different paradigms have
been used to challenge spinal stability, but to date, models in
the literature have estimated spinal joint stiffness using only
discrete measures during dynamic tasks. The main objective of
this study was to estimate dynamic L4/L5 joint stiffness in the
sagittal plane, and as a proof in principle, to compare the
L4/L5 joint stiffness during two levels of a controlled dynamic
task under two different conditions.
METHODS
Ten healthy men with no history of LBP (age=25.1±2.2 years
old, mass=74.0±10.2 kg, and height=179.4±6.2 cm) signed an
Institution approved consent. The tasks included two levels of
a modified Trunk Stability Test protocol (TST 1 and TST 3)
that required trunk muscle responses to changes in external
(i.e. leg lifting, lowering, and extension) moments [2] within a
standardized time. Participants performed each exercise three
times with one-minute rests between trials to minimize fatigue.
Each exercise was performed under two conditions with and
without abdominal hollowing (AH). Participants performed
the no AH (NAH) tasks first and in random order the two
levels, then, they performed the AH task (also in random
order). Three dimensional segment motion was captured using
a passive marker Qualisys™ motion capture system, inertial
properties were determined from body segment markers
locations and anthropometric model [3], and ground reaction
forces from pelvis were captured using a force platform (RMill, Force Link™). Using these data, and linked segment
model and inverse dynamics, dynamic kinematic and kinetic
models were developed for joint angles and moments. To
check for AH, electromyography (EMG) data from internal
oblique (IO) muscles were captured [2]. Sagittal plane
dynamic L4/L5 joint stiffness was calculated using the
following equation for each time point.
(1)
Where “K” is sagittal plane L4/L5 dynamic joint stiffness, M
is sagittal plane L4/L5 joint moment, θ is sagittal plane L4/L5
joint angle, and i is the sample at which dynamic
L4/L5 joint stiffness was calculated.
Two-way repeated measures Analysis of Variance (ANOVA)
(p<0.05), and 2-tailed Student t-test (p<0.025) were used to
test for significant differences between tasks and conditions
for EMG data, L4/L5 joint moment, angle, and stiffness.
RESULTS
AH led to significantly (p<0.025) higher IO EMG compared to

NAH tasks (i.e. 28.6±20.2 %MVIC versus 5.0±3.4 %MVIC).
AH had no effect on sagittal plane L4/L5 joint moments
during the exercises (p>0.05, Figure 1), but significantly
(p<0.05) reduced sagittal plane L4/L5 joint angle range of
motion (ROM) (i.e. 11.7±3.6o versus 10.4±3.6o). AH resulted
in higher average sagittal plane dynamic L4/L5 joint stiffness
during the exercises (i.e. 16.5±8.3 Nm/degrees in AH tasks
versus 13.3±6.8 Nm/degrees in NAH tasks). Lastly, while
sagittal plane L4/L5 joint angles ROM was higher (p>0.05) in
TST 3 compared to TST 1 (i.e. 12.7±3.2o versus 9.4±3.2o),
average L4/L5 joint stiffness was not significantly different
(p>0.05) between the tasks.

Figure 1: Ensemble sagittal plane L4/L5 joint angle (left) and
moment (right). Black: NAH; red: AH; shading = one SD.
DISCUSSION AND CONCLUSIONS
This study attempted to estimate dynamic joint stiffness in the
spine. In general, the L4/L5 joint stiffness values in this study
are in agreement with values reported in the literature, and the
slight differences can be attributed to different exercises, test
procedures, and modelling. However, limitations of this
approach are the sensitivity of Equation (1) to minimal
changes in joint angles (i.e. very small denominator) leading to
discontinuities in the temporal waveform. In conclusion, AH
resulted in no difference in L4/L5 joint moments, but the
higher IO activity and a reduced L4/L5 range were responsible
for the increased stiffness.
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VALIDATION OF AN ULTRASOUND PROTOCOL TO MEASURE INTERVERTEBRAL AXIAL TWIST IN
FUNCTIONAL SPINAL UNITS
Colin D. McKinnon, Jack P. Callaghan
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INTRODUCTION

RESULTS

In order to relate occupational low back disorder risk
factors [1,2] to joint posture changes in the lumbar spine,
a strategy for task-orientated investigations of segmental
spine motion is required. A forward step in this process
is to link external thoracopelvic or torso motions to
segmental vertebral motion. Studies identifying
segmental rotations using MRI [3] and CT [4] showed
inconsistencies across vertebral levels, and these
modalities present challenges for task-oriented upright
postures and dynamic investigations. Ultrasound does
not require a patient or participant to be secured to an
imaging device, and can be used during occupational,
task-specific movements. The purpose of this study is to
measure vertebral segmental rotations in a porcine
model of the human lumbar spine using an ultrasound
imaging protocol, and to validate use of this imaging
technique with a low-error motion capture system.

No significant effects were observed for any of the
three- (p = 0.86) or two-factor interactions (p = 0.07 to
0.94). A starting posture main effect (p = 0.03) showed
slightly different twist angles between neutral, flexed,
and extended postures. Maximum intervertebral twist
angle difference between the two methods was 0.16
degrees (2.7% of total ROM) in a neutral posture, 0.34
degrees (5.6%) when flexed, and 0.22 degrees (3.6%)
when extended (Figure 1).

Twelve porcine function spinal units (FSUs) were
mounted to custom machined aluminum cups using wire
wrapping and a vertebral body rod. Two pins were
inserted into each vertebral lamina, and rigid bodies
containing four motion tracking markers were mounted
to an ultrasound probe handle and to vertebral body bone
pins. FSUs were submersed into a water-filled chamber
to allow for ultrasound imaging. A constant force equal
to 15% of each specimen’s predicted compressive
failure tolerance was applied, and FSUs were statically
held for a total of 12 position-controlled trials: all
combinations of three sagittal plane postures (neutral,
flexion, or extension) and four axial twist postures (0°,
2°, 4°, or 6° about vertical). Marker positions were
recorded during each trial using a motion capture system
(Optotrak Certus, Northern Digital Inc., Waterloo, ON),
and posterior, transverse plane sonograms were sampled
using a medical ultrasound imaging system (M-Turbo,
Sonosite, Bothel, WA; 3-5 MHz linear ultrasound
probe) at the initiation of each trial. Vertebral axial twist
was characterized using two methods: 1) relative
inferior-superior vertebral body bone pin position, and
2) inferior and superior laminar bone pin positions from
ultrasound images and associated ultrasound probe
position. A three-way repeated measures analysis of
variance (applied twist angle; flexion-extension posture;
twist angle method) compared the two intervertebral
twist measurement protocols across experimental
conditions.
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Figure 1: Intervertebral axial twist angle difference
between an ultrasound measurement protocol and a
low-error motion capture system.
DISCUSSION AND CONCLUSIONS
Intervertebral axial twist measurement agreement was
highest in a neutral starting posture, and slightly lower
when flexed or extended due to off-axis motion during
coupled movements. The high level of agreement
between the ultrasound protocol and the Gold Standard
motion capture protocol promotes an investigation of its
in vivo use to link external thoracopelvic motions to
segmental vertebral motion during simulated
occupational tasks in an effort to link spine posture
changes to occupational risk factors and injury
outcomes.
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INTRODUCTION
Surface electromyography (sEMG) is a common measure of
underlying muscle function. However, the direct link between
sEMG and joint motion is not well understood. In silico
forward dynamics modelling has shown that movement
depends heavily on the muscles recruited, timing and intensity
of their activations [1]. Thus, it is critical to better understand
the in vivo relationship between muscles’ motor inputs (i.e.
sEMG activation) and outputs (i.e. joint motion patterns). In
terms of the spine, coordinated agonist/antagonist muscle
activation is a key variable in ensuring a stable joint and
movement trajectory to avoid pain and/or injury [2]. Here we
use a continuous wavelet approach to determine coherence
between sEMG and kinematics in the time-frequency domain
during a goal-directed repetitive spine flexion/extension task.
We hypothesize that the use of wavelet coherence and phase
plots can provide valuable insight into how sEMG drives the
kinematics of movement, and will provide a method of
assessing various factors (e.g. pain and fatigue) that moderate
this relationship to alter neuromuscular control of movement.
METHODS
Fourteen healthy males had participated in a previously
published study [3]. sEMG electrodes (Trigno, Delsys Inc.,
MA, USA) were placed on the right-side for seven muscles of
the trunk. Data from the lumbar erector spinae (LES) and
internal oblique (IO) were chosen for this analysis. Participants
performed 35 cycles of repetitive symmetrical unloaded spine
flexion/extension movements with a constrained pelvis to the
beat of a metronome at a rate of 0.25 Hz (15 cycles/min). Two
targets, located at shoulder and knee height, were touched each
cycle by both hands with arms extended [3]. Kinematic data of
the full body were captured at 200 Hz with an Oqus 400+
motion capture system (Qualisys, Sweden). Visual3D (v 5.0, CMotion Inc., MD, USA) was used to compute 3-D lumbar spine
angles, but only flexion/extension data were used for this study.
The continuous wavelet transform (CWT) with Morlet basis
function was used to analyze EMG over a broad dynamic
range, and to determine coherence relationships with
kinematic data [4]. CWT coefficients were calculated for
frequencies ranging from 0.02 to 100 Hz. Forty-eight scales
between discrete wavelet scales were used to capture subtle
changes in low-frequency content (total of 591 frequencies).
CWTs and wavelet coherence were computed with an adapted
version of Matlab (The Mathworks, MA, USA) wavelet
coherence software. Coherences and phase angles were
computed between LES and IO sEMG signals and sagittal
plane lumbar spine kinematic data. R2 values in the 0.05 to 4
Hz band were averaged in time to obtain a frequency profile.
R2 was separately averaged for the same frequency over time.

RESULTS
As a group, LES tended to precede lumbar extension with a
well-defined, but brief activation peak. Conversely, IO
contractions were longer and showed no clear peak during
many cycles. Both muscles strongly cohered with kinematics at
0.25 Hz, which is equal to one full cycle. At the full cycle
frequency (0.25 Hz), the flexion and extension portions (0.5
Hz), and each trunk acceleration direction change (1 Hz), LES
coherence was significantly higher than IO (Figure 1).

Figure 1: Ensemble averages (+ 95% confidence intervals) of
coherence between kinematics and LES (blue) and IO (red).
DISCUSSION AND CONCLUSIONS
According to the coherence results, both LES and IO are
important contributors to trunk kinematics, although LES
appears to be a principal mover while IO contributes more to
stabilization. The close agreement between lumbar spine
kinematics and the linear enveloped sEMG of both muscles
acts as an internal validation of the coherence technique. We
propose that wavelet coherence may be helpful in evaluating
how a variety of factors (e.g. pain, dysfunction, fatigue) affect
the relationship between muscles’ motor inputs (i.e. sEMG
activation) and outputs (i.e. joint motion patterns). More
specifically, these particular analyses allow for the assessment
of change in the strength of the relationship (coherence) as
well as the time-lag (phase) between two signals; similar to a
cross-correlation, but in the time and frequency domains.
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INTRODUCTION
Strengthening of the quadriceps is recommended to improve
pain and function in knee osteoarthritis (OA). Lower limb
strengthening interventions demonstrate improvement in these
symptoms; however a concomitant lack of change in discrete
biomechanical gait data is also observed [1-3]. Differences in
entire gait waveforms may be identified using principal
components analysis (PCA), a multivariate statistical analysis
that transforms a multidimensional dataset onto a set of
reduced orthogonal dimensions (principal components) that
explain the greatest amount of total variance. The purpose of
this study was to determine whether PCA can identify changes
in biomechanical gait waveforms between baseline and
follow-up following a 12-week lower limb strengthening
program in women with knee OA.
METHODS
Forty women with symptomatic knee osteoarthritis as
determined through the American College of Rheumatology
[4] were recruited to participate in a novel biomechanical
yoga-based lower limb strengthening program three times a
week for 12 weeks (mean age = 60.8 ± 6.3 years). At baseline
and follow-up, mobility, joint torque, and self-reported pain
were collected using the six-minute walk test, a Biodex
dynamometer, and the Knee injury and Osteoarthritis Outcome
Score (KOOS), respectively. Also, a 3D biomechanical gait
analysis on the limb with the most symptomatic knee was
completed (Optotrak Certus). Sagittal and frontal plane timevarying angle and moment waveforms were calculated for the
hip, knee, and ankle (Visual 3D). A single gait cycle
(normalized from 0-100%) was extracted, where the stance
phase was completed on a floor-embedded force plate
(AMTI).
All data were organized into m x n matrices, where m
represented each participant’s waveform, and n represented
the time-normalized gait curve. Baseline and follow-up data
for 40 participants were completed in the same analysis for a
total matrix size of 80x101. Twelve separate PCAs were
completed for each the sagittal and frontal plane angle and
moments for the hip, knee, and ankle.

Paired t-tests determined whether improvements were
observed in the mobility, strength, and self-report measures
following the intervention. For the PCAs, principal
components (PCs) were extracted from each waveform such
that they explained ≥90% of the total variance. High and low
PC z-scores (95th and 5th percentile) were graphed with mean
curves and interpreted in reference to the principal component
loading vector. The shape of the loading vector suggests
whether it refers to a vertical shift throughout the entire
waveform (magnitude), change in the magnitude of peaks in
the data (difference), or a time shift (phase). Paired t-tests
compared baseline and follow-up PC scores for each analysis.
RESULTS
Participants improved six-minute walk distance, joint torque,
and self-report measures following the intervention (p<0.05).
Thirty PCs were extracted across all twelve PCA analyses with
five PCs statistically significant between baseline and followup PC scores (p<0.05; Table 1). Results from this analysis
show that following the intervention, participants walked with
an increase in hip extension angle, a decrease in knee flexion
angle during late stance and swing, and an increase in
plantarflexion angle during toe-off and late swing. As well,
sagittal hip flexion moment increased through stance and
sagittal knee extension moment increased approaching toe-off.
DISCUSSION AND CONCLUSIONS
The intervention improved clinical measures; this is consistent
with the literature [1-3]. The PCA analyses identified intraparticipant differences in sagittal gait kinematic and kinetic
waveforms following a 12-week strengthening intervention. A
lack of gait changes in the frontal plane may suggest that
changes frontal plane mechanics are dictated by factors other
than those targeted with the current intervention, such as
mechanical joint axis.
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Table 1: Principal components that were significantly different between baseline and follow-up PC scores.
Waveform
PC
Explained Variance
Operator
p
Sagittal ankle angle
PC1
46
Magnitude operator
0.035
Sagittal knee angle
PC1
59
Magnitude operator
0.049
Sagittal knee moment
PC2
25
Difference operator
0.023
Sagittal hip angle
PC1
93
Magnitude operator
0.004
Sagittal hip moment
PC1
66
Magnitude operator
0.039

MUSCLE COCONTRACTION ANALYSIS CAN BE INDEPENDENT OF NORMALIZATION TECHNIQUE:
THE CASE FOR NON-NEGATIVE MATRIX FACTORIZATION
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INTRODUCTION
RESULTS

METHODS
A sample data set was constructed using the vastus lateralis
signal from a single walking trial from a normal subject. The
base line waveform was normalized to the maximum in all of
the dynamic trials for this subject. The data was collected
with a Delsys Trigno wireless system (Delsys Inc, Natick,
MA, USA). The skin was prepped with alcohol and abrasion,
and placement was per the SENIAM guidelines.
Using MATLAB (MathWorks, Natick, MA, USA) a matrix
was constructed of the actual EMG waveform (rectified,
filtered and linear enveloped according to procedure in
Hubley-Kozey et al 2006), plus the same waveform perturbed
eight times by scaling the magnitude by values over the
interval +/-20 to simulate the effect of different normalization
protocols. The co-contraction index [3] was computed
between the actual waveform and each perturbed waveform
over the interval from 20 msec prior to contact to the first peak
adduction moment [2].
The same matrix (X) was used to evaluate the NMF procedure.
NMF extracts synergies (H) and scores (W) through an
iterative process, which are similar to principal components
and scores, but with a positive constraint. The nmfnnls
algorithm minimizes the least squares difference between WH
and X (X≈WH). [4] Co-contraction was evaluated with the
waveform similarity of each perturbed waveform and the
actual waveform, computed as the dot product of the scores
from the NMF process [5].
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This abstract will illustrate the effect of relatively small
perturbations in the EMG normalization value on conventional
measures of co-contraction, and proposes an alternative
method for EMG analysis that is independent of normalization
value using non-negative matrix factorization (NMF).

Perturbing the waveform amplitude by 20% in either direction
results in a range of co-contraction indices (CCI) from 0.6 to
0.82. In contrast, the NMF procedure yields a constant value
for waveform similarity equal to 1.
EMG activity − % of trial max

The role of increased muscle co-contraction in increased joint
contact load and resulting knee osteoarthritis disease
progression has been widely investigated [1,2].
Muscle
cocontraction is typically quantified with surface
electromyography (EMG) and normalized to a reference value
generated either from a maximum voluntary contraction
(MVIC) or a maximum from the activity trials, followed by
computation of a co-contraction index (CCI) [3]. However,
the CCI does not take into account the curve shape or timing
and is sensitive to the magnitude of the signal, which is poorly
correlated with muscle force generation.

1
0.8
0.6
0.4
NMF
CCI

0.2
0

-20%
+20%
Perturbation of Normalization Value

Figure 1: Actual waveform, perturbed waveforms and Cocontraction index, and waveform similarity by NMF
DISCUSSION AND CONCLUSIONS
The constant value produced by the NMF procedure indicates
that the NMF procedure is more stable over a range of
normalization values, and in fact was unaffected by
normalization. In contrast, relatively small perturbations in the
normalization value results in large, clinically relevant
variability in the CCI. Therefore, comparing the CCI values
between subjects with varying normalization values may result
in larger than desired subject-subject variability, which has the
potential to mask significant experimental results.
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INTRODUCTION
Knee osteoarthritis (OA) can be classified into post-traumatic,
which occurs following trauma such as anterior cruciate
ligament (ACL) rupture, and non-traumatic. Differences in
disease characteristics exist between these groups [1].
However, gait measures have not been compared and findings
could have implications for disease management. The purpose
of this preliminary study was to explore differences in knee
angles, moments, and muscle activation patterns during gait
between non-traumatic and post-traumatic knee OA.
METHODS
Participants with post-traumatic knee OA (n=10) were
matched to participants with non-traumatic knee OA (n=10)
from a database based on group descriptors: disease severity,
sex, age, and walking speed. Post-traumatic group had
previous ACL (n=7) or medial collateral ligament (n=3)
ruptures.
Angles and moments were calculated from lower extremity
surface markers using optoelectric cameras (NDI, ON,
Canada) sampled at 100 Hz and ground reaction forces
(AMTI, MA, USA) sampled at 2000 Hz. Knee muscle
activation (quadriceps, hamstrings, gastrocnemius) for medial
and lateral sites was measured using surface electromyography
(EMG) (Bortec Inc., AB, Canada) sampled at 2000 Hz.
Participants completed five gait trials at self-selected speeds
followed by maximum voluntary isometric contractions
(MVIC).Variables analyzed included: 3-dimensional knee
angles, based on anatomic co-ordinate systems; knee external
moments, determined using inverse dynamics; and rectified,
filtered, and MVIC amplitude normalized EMG.
Principal component analysis determined underlying
amplitude and temporal knee angle, moment and EMG
waveform characteristics called principal components.
Original waveforms were scored against principal components
to produce PC-scores. Mann-Whitney U tests examined
differences in group descriptors and PC-scores between
groups. A significance level of p<0.10 was used due to the
small sample.
RESULTS
No differences (p>0.10) existed in group descriptors (disease
severity, age, and walking speed). Non-traumatic knee OA
group had significantly higher overall magnitudes, represented
by PC1-scores, for knee adduction moment (p=0.04) and
lateral hamstring EMG (p=0.05), with lower medial
gastrocnemius EMG magnitudes (p=0.09) (Figure1). No knee
angle waveform differences were found between groups
(p>0.10).

Figure 1: Sample ensemble average gait waveforms for the
non-traumatic and post-traumatic knee OA groups.
DISCUSSION AND CONCLUSIONS
Non-traumatic knee OA was associated with a higher ratio of
medial to lateral compartment loading (knee adduction
moment). High knee adduction moment is a risk factor in knee
OA progression and might play a more important role in
disease processes for non-traumatic compared to posttraumatic knee OA. Previous research demonstrated greater
distribution of non-traumatic OA related changes in the medial
than lateral knee compartment when compared to posttraumatic OA [1]. Thus, higher lateral hamstring but lower
medial gastrocnemius activation for non-traumatic knee OA
suggests attempts to stabilize the knee joint to thwart lateral
compartment lift off.
Biomechanical risk factors for disease progression differed
between non-traumatic and post-traumatic knee OA
suggesting varying disease processes and the need for different
biomechanical interventions. As this study was exploratory,
additional longitudinal research is needed.
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INTRODUCTION: Pain is the most debilitating symptom of
knee osteoarthritis (OA) [1]. The external knee adduction
moment (KAM) and depressive symptoms independently
relate to pain in OA; however, the relationship between
mechanical factors, psychosocial factors, and pain have never
been assessed together [2,3]. The objective of this study was
to determine whether the KAM impulse explained variance in
pain intensity, over and above depressive symptoms, body
mass and gait speed, in a sample of women with clinical knee
OA.
METHODS: A cross-sectional analysis of previously
collected data was performed on women (n=40) with
symptomatic knee OA [4]. Participants were 50 years of age
or older and met the criteria for clinical knee OA [5]. The
dependent variable, pain, was determined using the Knee
Injury and Osteoarthritis Outcome Score (KOOS) which
quantifies knee pain intensity and frequency during activity.
Participants performed 5 level-ground, barefoot walking trials
at a self-selected speed [6]. Kinematic data were collected at
100 Hz using a motion capture system (Optotrak, Northern
Digital Inc., Waterloo, ON, Canada). Synchronized kinetic
data were collected at 1000 Hz using a floor-embedded force
plate (AMTI Inc., Watertown, MA, USA). All gait data were
filtered using a low-pass bidirectional Butterworth filter with
a 6 Hz cut-off. Inverse dynamics were used to compute the
KAM waveform using commercial software (Visual 3D, CMotion Inc., Germantown, MD, USA). The KAM impulse
(Ns) was calculated using trapezoidal integration (Matlab,
Natick, MA, USA). Average gait velocity (m/s) was obtained
by taking the first derivative of the calcaneus marker position
during one gait cycle, for all gait trials.
Body mass and height were measured with a stadiometer
while participants were barefoot, wearing a short-sleeved shirt
and shorts. Depressive symptoms were assessed with the
Center for Epidemiological Studies Depression Scale (CESD). The CES-D is used to determine the frequency and
severity of depressive symptoms (e.g. depressed mood).
A hypothesis-driven hierarchical regression was run to
determine whether the KAM impulse and depression
explained additional variance in pain, after controlling for
body mass and gait velocity.
RESULTS: Body mass and depressive symptoms explained
20.4% and 16.4% variance in pain, respectively (Figure 1).
Gait velocity and KAM impulse did not explain any variance
in pain. Both independent variables shared inverse

relationships with pain intensity, such that greater body mass
and more depressive symptoms related with greater pain
intensity reported by the participants.

Figure 1. Depressive symptoms and body mass predict KOOS
Pain scores in 40 women with clinical knee OA.
DISCUSSION AND CONCLUSIONS: Depressive
symptoms may play a greater role in the pain experience than
mechanical factors in women with clinical knee OA. This
evidence suggests that treating depressive symptoms should
be a priority when treating knee OA. Current guidelines for
the treatment of knee OA include biomechanical
interventions, exercise, weight loss, and pain modifying
medications, but do not reference depression [7]. The results
of this study suggest that the treatment of depressive
symptoms is of utmost importance, and should therefore be
included in the list of treatment options.
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INTRODUCTION
Femoroacetabular impingement (FAI) contributes to hip pain
and dysfunction during activities of daily living and is a result
of abnormal bone growth to the femur and/or acetabulum [1].
Previous work indicates that post-surgery sagittal and
transverse plane hip kinematics during stair-climbing are
unchanged when compared to pre-surgery values and healthy
controls [2]. This suggests that abherent hip kinematics are not
soley a result of boney impingement, but may involve other
factors such as altered muscle function. However, no studies,
to our knowledge, have evaluated muscle activation during a
dynamic movement such as stair climbing. Therefore the
purpose of the present study was to examine hip kinematics,
kinetics and muscle activation during stair climbing in those
with FAI compared to healthy controls.
METHODS
Twenty individuals with FAI diagnosed by an orthopaedic
surgeon (male = 15, age = 27.8 years ± 5.7 and BMI = 24.5
kg/m2 ± 3.7) and sixteen matched healthy controls (male = 10,
age = 27.7 years ± 5.3 and BMI = 22.6 kg/m2 ± 2.8) performed
five stair-climbing trials at a self-selected pace. The study limb
was defined as the limb undergoing surgery in those with FAI
and was randomly selected for the controls. Three-dimensional
kinematic and kinetic data were collected synchronously.
Additionally, muscle activity of the gluteus medius, rectus
femoris, biceps femoris, and semitendinosus was collected
using surface electromyography.
Outcome measures were obtained during the study limb stance
phase (middle of three stairs) and included: spatiotemporal
characteristics (cadence in steps/min); peak angle and
excursions (°); and peak frontal and sagittal plane external
joint moments (Nm/kg) about the hip. Additionally, peak
muscle activation (%MVC) was measured for the lower limb
during stair climbing. Outcome measures were timenormalized to stance phase and averaged across the five trials.
Group differences were assessed via paired samples t-tests
(α=0.05).
RESULTS
During stair climbing, individuals with FAI exhibited lower
cadence (steps/min; mean ± SD) 38.65 ± 5.7 vs. 42.45 ± 4.6 (p
= 0.04) and peak ground reaction force (BW) 1.13 ± 0.05 vs.
1.17 ± 0.05 (p =0.01), and greater peak external hip flexion
moments (Nm/kg) 1.02 ± 0.4 vs. 0.77 ± 0.2 (Figure 1) (p =
0.04) compared to the asymptomatic controls. No differences
were observed in hip joint kinematics, muscle activation or
other kinetic variables during stair climbing.

Figure 1: External hip flexion moment normalized to stance
phase during stair climbing in those with FAI compared to
healthy controls.
DISCUSSION AND CONCLUSIONS
Greater external hip flexion moments in individuals with FAI
may suggest a greater load applied to the hip during stair
climbing. This may elevate the risk of articular cartilage
breakdown, resulting in labral tears and development of hip
osteoarthritis [3]. However, as the activity of the hip
musculature and hip joint kinematics did not differ, and a
reduction in the ground reaction forces was observed in those
with FAI compared to the controls, it suggests that some
biomechanical alterations occurring about the knee and ankle
may be contributing to greater hip joint loading. Further
research examining differences throughout the lower limb are
required to best understand the effect of FAI on the
biomechanics of challenging tasks such as stair climbing.
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2
Department of Mechanical Engineering, University of Wisconsin-Madison, Madison, Wisconsin, USA
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Unloader knee braces are designed to alleviate osteoarthritis
(OA) pain by applying a moment to the knee to counteract the
higher knee adduction moment in this group [1]. The knee
adduction moment (KAM) is a surrogate measure for medial
joint load [2]. However, pateints’ response to bracing is not
consistent: some patients experience a large reduction in the
KAM while others do not. If the subject specific factors that
predict brace effectiveness can be isolated, then the patients
who could benefit most could be identified. The purpose of
this study was to determine whether brace effectiveness,
defined as reduced KAM, could be predicted by
neuromuscular coordination.
METHODS
Gait analysis, including motion capture and electromyography
was carried out for 38 OA and control subjects as part of this
study at the Human Mobility Research Laboratory in
Kingston, ON. This study was approved by the institutional
ethics review board. Participants completed a WOMAC
questionnaire and provided written informed consent. This
abstract analyzes the data from 17 OA subjects in both
unbraced and braced (OA Assist knee brace, DJO Global,
Vista, CA) conditions.
The response variable, Y, was quantified as the percent
difference in peak KAM (selected from 0 to 40% of the gait
cycle) between unbraced and braced conditions. EMG Data
for one stride per subject was rectified, filtered and time
normalized to gait cycle [3] in MATLAB (MathWorks,
Natick, MA, USA). A matrix (X) was constructed of the
processed waveforms (unbraced condition) for 7 muscles, as
described in Figure 1. This matrix was decomposed into four
muscle synergies (H) and corresponding scores (W) using
NMF, which is similar to principal component analysis (PCA)
but with a positive constraint. The nmfnnls algorithm
minimizes the least squares difference between the synergy
model (WH) and input data (X) [4]. Co-contraction was
computed as the dot product of the NMF scores between
muscles [5]. Each muscle pair was combined to form a matrix
(Z), which was analyzed with Partial Least Squares (PLS).
The output of the PLS was a set of regression weightings that
identified the four most important muscle pairs for predicting
the change in the KAM .
RESULTS
The following co-contraction pairs survived the PLS process:
BFVL (Bicep Femoris-Vastus Lateralis), BFVL
(Bicep
Femoris-Vastus Medialis), LGMG (Lateral-Medial
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X≈WH

Compute waveform
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dot product of scores
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each subject)
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similarity pairs for 17
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Figure 1: Schematic of NMF and PLS process
Gastrocnemius) and MGVM (Medial Gastrocnemius-Vastus
Medialis). These co-contraction pairs were found to predict
the reduction of in the knee adduction moment produced by
the knee brace (R2 = 73%). The regression weights were 0.38,
0.35, -0.37 and -0.37. This indicates that all four pairs are of
roughly equal importance, and that brace effectiveness is
associated with a high BFVL and BFVM co-contraction and
low LGMG and MGVM co-contraction.
DISCUSSION AND CONCLUSIONS
Kinematic, kinetic and radiographic alignment features were
also tested for their ability to explain variance in response to
the brace; however, none of them matched the performance of
the neuromuscular co-contraction pairs. An interesting finding
is that it was not simply elevated co-contraction in general that
dictated brace effectiveness, but a specific pattern of higher
and lower co-contraction pairs. Increased co-contraction in
osteoarthritic subjects has been previously reported in the
literature [2,5], this is the first known work to link cocontraction with the effectiveness of a knee brace in reducing
the KAM.
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OPTIMAL DYNAMICS OF HUMAN VERTICAL JUMPING
Naser Mehrabi, John McPhee
Systems Design Engineering, University of Waterloo, Canada, [nmehrabi, mcphee]@uwaterloo.ca
INTRODUCTION
The human central nervous system (CNS) continuously
coordinates body motions despite the presence of kinematic
and kinetic redundancy. The early observations of human
movements suggested that the CNS coordinates the motion by
minimizing a physiological cost function. In this research, we
are taking advantage of this speculation to study and predict
the dynamics of a vertical jump. The objectives of this
research are: first, to develop a simple yet computationally
efficient biomechanical model of a human, and second, to
predict the body dynamics during jump using optimal control
theory.

A variable-order orthogonal collocation dynamic optimization
method (GPOPS-II, RP Optimization Research, USA) [2] has
been used to optimize the simulation of a fully predictive
vertical jump. An interior-point optimizer (IPOPT, Biegler et
al., USA) has been used to find the optimal solution of the
resulting nonlinear problem.
RESULTS
Figure 2 shows the snapshots of the optimal vertical jump
predicted by maximizing the head height while minimizing the
joint torques.

METHODS
In this research, a two-dimensional model of the human body
in the sagittal plane actuated with three joint torques is
developed as shown in Figure 1. This model consists of foot
(FT), shank (SH), thigh (TH) and upper-body segments, which
are connected to each other via ankle, knee and hip joints,
respectively. The upper body is comprised of a rigidly
connected head, arms and trunk (HAT). In this research, the
arms are assumed to be fixed to simplify the optimal control
problem. This model is used to simulate the optimal dynamics
of the body during squat, take-off and flight phases of a jump.

Figure 2: Snapshots of predicted vertical jump
DISCUSSION AND CONCLUSIONS
In this research, an optimal dynamic platform has been
developed to simulate the dynamics of human motions such as
jumping and gait. This framework has been used to predict the
optimal dynamics of all three phases of jump. As a future
work, the arms will be added to study the effect of arm swing
on the jump height, and the simulation results will be
compared to experiments.
Figure 1: Schematic of the torque-actuated human model
Unlike an inverse dynamic analysis where the foot-ground
contact forces are measured and fed into the simulation, in this
predictive forward dynamic simulation these contact forces are
unknown, and have to be calculated during the simulation.
Therefore, an accurate contact model has to be implemented.
In this research, a nonlinear volumetric contact model as
described in [1] has been incorporated to the foot. Here, it is
assumed that the foot is in contact with ground at the heel, 1st
metatarsal joint and toe; three spheres are used to represent
each contact. By providing larger contact surfaces in
comparison with simple spring-damper contact models, the
spheres can improve the fidelity of the foot-ground contact.
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JOINT POWER COORDINATION IN LOAD CARRIAGE RUNNING
Bernard Liew1, Susan Morris1 and Kevin Netto1
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INTRODUCTION
Running related sports which require load carriage
(e.g. ultra-marathon) have become increasingly
popular. It is unknown if load carriage increases
power output, and/or alters the inter-joint power
coordination strategy to support the heavier mass, as
well as to sustain running velocity. This information
is vital to inform training programs for this athletic
cohort.
METHODS
Thirty-one participants [mean (standard deviation
(SD)) age = 30.8 (5.9) years old; height = 1.70
(0.08) m; mass = 66.4 (10.8) kg; distance run= 39.2
(26.4) km/week] performed overground running
while carrying three different loads (0%, 10%, 20%
body weight) across three varying velocities (3.0,
4.0, 5.0 m/s). Joint power was computed using
inverse dynamics during stance. Statistical
parametric mapping (SPM) canonical correlation
analysis was used to determine the correlation
between load magnitude and joint power [1]. Posthoc linear regression t-statistic was performed. Joint
power was normalized by M (body mass) L(leg
length)0.5 g(gravity)1.5 (mean (SD) scaling factor =
1845.10 (338.36)).
RESULTS
Vector field analysis on joint power indicated
significant positive relationships with load carriage
during the mid to second half of stance phase at all
three running velocities (Figure 2 for analyses at
5.0m/s). At all velocities, post-hoc analyses
indicated significant positive relationships for knee
power generation and a negative relationship for hip
power absorption, with load carriage (Figure 1;
Figure 2 for analyses at 5.0m/s). Significant
negative relationships between ankle power
absorption and load carriage was only observed at
4.0 m/s and 5.0 m/s (Figure 1; Figure 2).
DISCUSSION AND CONCLUSIONS
At velocities of 4.0 to 5.0 m/s, load carriage altered
the power contribution in a distal-to-proximal
(ankle → hip) joint sequence in late stance (Figure
2).

Figure 1: Mean (SD) of joint power curves

Figure 2: Representative statistics at 5.0 m/s
The increased ankle negative power contributed to
the earliest source of increased proximal energy
flow associated with load, at faster velocities.
Whilst the knee extensors plays a reduced role in
late stance in unloaded running [2], the increased
knee power generation during load carriage running
suggest that this joint may contribute to weight
support and propulsion. At toe-off, an increased hip
negative power with load absorbs power from the
thigh, with power transfer to the trunk [3].
Knowledge of muscle groups, contraction mode,
and joint range in which increased muscle activity is
involved in load carriage running, could inform
training programs for this athletic cohort.
REFERENCES
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USING PITCHf/x TO IDENTIFY CHARACTERISTICS OF MUSCLE FATIGUE AMONG PROFESSIONAL
MAJOR LEAGUE BASEBALL STARTING PITCHERS
Michael W. L. Sonne, Daanish M. Mulla, Peter J. Keir
Department of Kinesiology, McMaster University, Hamilton ON, Canada, L8S 4K1, sonnemw@mcmaster.ca

Muscle fatigue is hypothesized as a leading cause of injuries
among baseball pitchers. Physiologically, muscle fatigue can
induce kinematic changes, resulting in repetitive strain injuries
such as ulnar collateral ligament tears [1]. As a result,
quantifying kinematic and performance changes during
pitching may identify pitchers at increased risk for injury as a
consequence of muscle fatigue. PITCHf/x is a system designed
to track pitches and is installed in every Major League Baseball
(MLB) stadium. To date, there has yet to be a thorough analysis
of the PITCHf/x data to detect changes to characterize muscle
fatigue in baseball pitchers. The purpose of this study was to
examine if evidence related to the development of muscle
fatigue can be reflected in pitcher performance measures
recorded by the PITCHf/x system.
METHODS
PITCHf/x data was acquired from the MLB Advanced Media
website [2]. The outputs include velocity, spin rate, horizontal
release point, and vertical release point for each pitch dating
back to the 2013 MLB regular season. These data were grouped
according to pitcher, game, inning, and pitch type. The sample
size comprised of starting pitchers who pitched a minimum of
100 innings during the 2015 regular season (N = 77). Only
fastball type pitches were included for analysis (i.e. four-seam,
two-seam, split- finger, sinking, and cut).
Peak pitch velocity, vertical release point, result release
distance, and absolute release angle were averaged across the
entire season for each pitcher and grouped by inning. The
resultant distance and absolute release angles (normalized to
pitcher handedness) were calculated using the plane formed by
the horizontal and vertical release points. The average start
length for these 77 pitchers was 6.12 ± 0.12 innings. For each
dependent variable, values from the first inning were compared
with the minimum velocity during either the 6th or 7th inning. A
dependent samples t-test on peak velocity, resultant release
point, vertical release point, and release angle were performed
to examine the effect of inning. All significant effects were
assessed at p < 0.05. Effect sizes were calculated using Cohen’s
D method (d).
RESULTS
Peak velocity significantly decreased between the beginning
(92.2 ± 2.7 mph) and end of the start (91.8 ± 3.0 mph; d=0.20).
Vertical release point significantly decreased from 5.9 ± 0.35
feet to 5.8 ± 0.36 feet (d=0.17) (Figure 1). Resultant release
point also decreased from 6.2 ± 0.35 feet to 6.1 ± 0.35 feet
(d=0.18) (Figure 1). Although all of these changes were
statistically significant, they represented small effect sizes.

Release angle was significantly different between the first and
final inning, moving closer to the vertical plane (i.e. midline of
the body) from 74.9 ± 6.2° to 75.1 ± 6.3°. While this was
statistically significant, the effect size was negligible (d=0.04).
Peak Velocity (mph)
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Figure 1: Mean fastball velocity decreased significantly between the
first and the minimum velocity in the 6th or 7th inning in the 2015
MLB season.

DISCUSSION and CONCLUSION
The decreased fastball velocity between the beginning and end
of the average game is in line with previous research on baseball
pitching and fatigue. The relatively small magnitude of change
in velocity, compared to previous studies [3], may be a result of
improved conditioning and strength among pitchers as the
season progressed. These external factors may minimize some
of the changes observed in velocity during the course of a given
game, as average velocities were calculated for the entire season
during the analysis.
Changes in vertical and resultant release point distance
suggest alterations in kinematics occur by the end of the game.
The small effect sizes among the current sample size may be
partly explained by the highly elite subset of the population.
Elite athletes have previously exhibited the capacity to
moderate the detrimental effects of fatigue when performing
their sport specific task [4].
Examining PITCHf/x data for fastball velocities and release
points, averaged by inning for qualifying starters in the 2015
season, have produced results comparable to more controlled,
lab based studies, on fatigue during pitching. However, current
limitations with the accuracy and reliability of the PITCHf/x
system, and averaging data throughout the entire season likely
removes some of the game to game differences seen as a pitcher
fatigues. Additional research should be performed to examine
in-game changes in velocity for both “good” and “bad” starts,
to see if fatigue effects are more prominent as a pitcher becomes
less effective.
REFERENCES
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Ice skating visual stimulation is posture perturbing for Red Bull Crashed Ice ™ racers
Kara Klingspon, Brittany Mercier, Jon Doan
Engineering & Human Performance Lab, Department of Kinesiology and Physical Education, University of Lethbridge
Lethbridge AB Canada; jon.doan@uleth.ca
INTRODUCTION
Postural control in humans is highly dependent on visual
information [1]. This reliance provides the opportunity to
incorporate effective visual cues [2] and visual strategies [3] into
balance training programs. Of particular interest amongst our
research group is ice skating – many Canadians living with
Parkinson disease maintain a paradoxical ability for skilful
skating, and that exercise appears to be beneficial for
neurotherapy [4]. Select research suggests that paradoxical
kinesia amongst people living with PD may be driven by the
visual system [5]. The purpose of this project was to determine
if ice skating visual information affected the balance of nonskaters and expert skaters. We predicted that expert skaters
would have better balance than non-skaters, and that this
advantage would be increased under conditions with first-person
perspective ice skating visual stimulation.
METHODS
Our expert skater group was composed of seven racers from the
Red Bull Crashed Ice downhill skating tour (27.2 +/- 4.6 years, 2
females), who participated in testing during their final 2015 tour
stop in Edmonton AB Canada. Our non-skater group were ten U
of L undergraduates (21.0 +/- 2.3 years, 3 females) who attended
a single experimental session in the lab. In a pre-test
questionnaire, all experts reported more than 100 on-ice skating
experiences in the last 12 months, while non-skaters averaged <1
skating experience over the same time.
All participants completed 12 balance trials, each 60 seconds in
length, while standing shoeless on top of a Bertec 4060-08 force
platform (Bertec Corporation, Columbus OH USA) sampling at
200 Hz. Participants used two different foot postures (DOUBLEsupport, TANDEM stance) and were provided two different
visual stimulations (NO VIDEO, VIDEO) on a 58 cm video
display, positioned at approximately standing eye height and 2m
anterior to the centre of the force platform. Recordings from a
GoPro 4 helmet mounted camera (GoPro, San Mateo CA USA)
captured during several slow speed skates around the board edge
of an indoor rink were used as the stimulation in the VIDEO
condition (Figure 1). Each video had a trio of random letters
positioned along the dasher, and participants were required to
accurately recall the letters at trial’s end for inclusion. Each
participant had three trials in each STANCE x STIMULATION
condition, and conventional balance measures were averaged for
each subject within condition.
Figure 1.
1st person
perspective skating stimulation.
Participants attended to skating
visual
information
while
balancing in two foot postions.

RESULTS
Balance amongst expert skaters was not significantly greater than
amongst non-skaters (Figure 2). Moreover, both groups were
negatively affected by skating visual stimulation while in
TANDEM stance.

Figure 2. Elliptical sway area during double and tandem stance
The groups did not differ on any postural measure. Both groups
were negatively affected by skating visual stimulation on
measures of sway area, M/L and A/P CoP range, and M/L
stability.
DISCUSSION AND CONCLUSIONS
The improved postural stability observed amongst older adults
who are regular ice skaters [6] was not observed amongst younger
adults in this study. It is possible that any skating-induced
postural advantage is largely a result of age-related postural
decline amongst non-skating (and possibly non-active) older
adults. Further study on the influence of skating visual cues on
expert skaters from traditional contexts, and on parkinsonian and
neurotypical older adults is required.
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Skating propulsion: three-dimensional kinematic analysis of high caliber male and female ice hockey players
Jaymee R. Shell1, Shawn M.K. Robbins1, 2, Philippe C. Dixon1, 3, Philippe J. Renaud1, Rene A. Turcotte1, Tong-Chin Tom
Wu4, David J. Pearsall1
1
Department of Kinesiology and Physical Education, McGill University, Montreal, Canada, jaymee.shell@mail.mcgill.ca
2
School of Physical and Occupational Therapy, McGill University, Montreal, Canada
3
Department of Engineering Science, University of Oxford, Oxford, UK
4
Department of Education and Allied Studies, Bridgewater State University, Bridgewater, USA
INTRODUCTION
Forward skating is a fundamental skill for all ice hockey
players [1], yet the optimal movement patterns for this skill are
not well understood. Furthermore, female ice hockey players
have not been included in prior studies. Hence, the purpose of
this study was to evaluate the kinematics of ice hockey skating
in relation to the sex of the skater.
METHODS
Male (N=9) and female (N=10) high calibre ice hockey
players performed five maximal skating acceleration starts. An
18-camera motion capture system (Vicon Motion Systems
Ltd., Oxford, UK) placed on the arena ice surface captured
kinematic data from a full-body marker set. The capture
volume was 15m*3m*2m.
Prior to the on-ice testing, the participants performed the YBalance Test as a proxy measure of lower limb balance,
flexibility and proprioception. The single-leg standing long
jump was used as a measure of unilateral leg strength.
Using custom MATLAB scripts (Mathworks, Natick, MA,
USA) and Visual3D software (C-Motion, Germantown,
Maryland, USA) we analyzed the lower limb kinematic
variables and spatiotemporal skating variables for the first
seven steps of the skating acceleration. “Step 1 Leg” refers to
the leg side that first stepped forward (regardless of whether
this was the right or left leg of the subject). The “Step 2 Leg”
refers to the contralateral side.

Fig. 1: Average hip abduction angles over skating stances (S0
to S6) by sex (Female-blue, Male-green)
A: Step 1 leg (± SD gray bands) stances 1,3,5
B: Step 2 leg (± SD gray bands) stance 0,2,4,6
* Differences by sex for maximum angle (p<0.000) and
minimum angle (p<0.006) during all stance phases
Horizontal green bars represent the stance phases (S0-S6)

RESULTS
Similar Y-Balance Test scores (in cm) (Female Right: 124.15
± 11.50; Male Right ±129.83 ± 12.70; p>0.05)(Female Left:
122.85 ± 8.42; Male Left 130.28 ± 8.39; p>0.05) in the
posteromedial direction, a movement that closely mimics the
skating stride, were recorded for male and female skater
groups. Male skaters achieved significantly higher peak
speeds (in m/s) (Female: 6.95 ± 0.31; Male: 7.60 ± 0.23;
p<0.05) , though this difference by sex receded when
normalized to body height in meters (Female: 1.72 ± 0.07;
Male: 1.81 ± 0.08) . Analysis of hip, knee, and ankle
kinematics revealed similar gross kinematic movement
patterns, though several significant differences by sex were
identified. In particular, female skaters showed significantly
less hip abduction throughout the trial (Fig 1), and
significantly more knee extension at ice contact. Male skaters
showed greater step width/body height, measures at steps 1, 2,
4, and 6. No significant differences by sex for step length, for
absolute and normalized lengths were noted.
DISCUSSION AND CONCLUSIONS
This study is the first detailed kinematic analysis of ice-skating
in male and female ice hockey players. Differences in hip
abduction and knee flexion for skating acceleration were
shown. This may be related to the differences in pelvic width
ratios between females and males. The significantly wider
steps by the males could not be explained by limb length,
flexibility of strength, as the two groups had similar profiles.
The concurrent differences at the hip and knee may predispose
athletes to high injury rates, due to excessive knee valgus,
caused by excessive hip adduction, which is implicated in the
higher rate of knee injuries in female athletes compared to
male athletes [2]. Further on-ice research is warranted in both
male and female subjects.
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INTRODUCTION
Movement screening tests, such as the Functional Movement
Screen™ (FMS), are used to screen for movement
abnormalities that may be predictive of performance potential
or injury risk in athletes and/or workers [1]. However, these
screens are scored subjectively and scores can change based on
the rater or the performer’s knowledge of the grading criteria
[2]. Quantitative methods can help us understand how
underlying attributes (e.g. height, sex, ability, injury history)
contribute to movement patterns. This information can then be
used to identify ideal movement patterns for a specific class,
faciliating customized movement screening. Using motion
capture and principal components analysis (PCA) of wholebody motion may provide an objective data-driven method to
identify unique and statistically important movement patterns.
Therefore, the purposes of this study were to: 1) examine
athletes’ movement variability when performing standardized
functional movements using PCA; and, 2) to determine if
whole-body movement patterns coul be differentiated based on
an athlete’s skill level.
METHODS
This study is based on motion capture data collected from 542
athletes representing eight different sports (soccer, baseball,
tennis, basketball, lacrosse, track and field, golf, and football)
ranging in ability from recreational (e.g. do not play on
competitive teams) to professional (e.g. NFL, MLB, FIFA).
Each athlete performed 14 range of motion tasks and 7 stability
tasks, where the tasks were designed to challenge athletes’
balance, stability and power. Whole-body motion data were
captured using an 8-camera Raptor-E motion capture system
(Motion Analysis, CA, USA). A dual-principal component
analysis (DPCA), as developed by Troje [3], was used to
analyze the data. The first PCA is applied to time-series joint
coordinate data within-subject, outputting the principal
components and corresponding scores explaining the variability
within the movement pattern itself. A second PCA is applied to
participant’s within-subject PCA data to compare how
variability in the movement pattern varies between subjects. As
a proof of principle, principal component (PC) z-scores from
the bird-dog movement were compared as a function of
experience (i.e. recreational vs. professional) using a repeatedmeasures ANOVA in SPSS (SPSS 23, IBM, NY, USA).
RESULTS
Professional athletes had significantly lower z-scores (0.282±2.77) compared to recreational athletes (1.65±3.8) for
PC1. Using single component reconstruction [4], this PC was
interpreted as a magnitude operator corresponding to the range

of motion used during the movement, where lower scores
corresponded with a greater range of motion (Figure 1).

Figure 1: Reconstructed motion data using PC1 for the 5th
(black), 50th (blue) and 95th (red) percentile z-scores.
Professionals scored low while recreational athletes tended to
score high.
DISCUSSION AND CONCLUSIONS
The application of a DPCA approach provided a data-driven
objective method to identify significant differences in wholebody movement patterns between professional and recreational
athletes performing a bird-dog task. We continue to explore the
utility of this approach to identify meaningful differences in the
other screening movements and by exploring other possible
classifiers such as sports, or injury history. In future research we
will examine the use of machine learning techniques to
determine if athletes can be identified based on sport and/or
level of play, where we plan to use tools like OpenSim to
examine the biomechanical consequences of these unique
movement patterns.
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Does motor variability drive the spontaneous optimization to a minimum energy gait?
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INTRODUCTION
People can minimize energetic cost in novel contexts, but
only when encouraged to explore [1]. We recently
demonstrated this for walking using knee exoskeletons that
penalized the normally preferred and energetically optimal
step frequency, shifting the energetically optimal step
frequency to lower or higher values. People converged on new
minima, but only when specifically directed to explore
alternative step frequencies. Without exploration, people
persevered at energetically suboptimal gaits.
Here we test the hypothesis that energetic cost optimization
naturally occurs when gait variability permits natural
exploration of the energetic landscape. In contrast to walking
on a treadmill, which requires subjects to constrain motor
variability simply to stay on the belt, walking overground
includes non-constant speeds, path curvature, and changes in
elevation. These natural sources of motor variation may excite
the adaptation process and drive the selection of optimal gait.
METHODS
To test this hypothesis, we modified the treadmill-based
protocol developed in our lab [1]. Four subjects participated in
this preliminary 4 day protocol. On the first and second day,
subjects walked overground while knee exoskeletons operated
to penalize high step frequencies (penalize-high; one day) or
low step frequencies (penalize-low; the other day). On the
third and fourth days, we mapped subjects’ metabolic cost by
asking them to walk to metronome-prescribed frequencies and
treadmill-prescribed speeds matching those they preferred
outdoors, while we measured cost with gas calorimetry.
To perform this experiment overground, we used an Arduino
microcontroller for sensor processing, exoskeleton control,
and data logging. Inertial measurement units attached to the
subject’s shoes provided the sensory signals used to calculate
step frequency. We used a high-performance GPS to measure
walking speed. All electronics were housed in a backpack
(total mass: 4.5kg). Subjects navigated overground following
prescribed 500m paths of varying elevation and curvature (Fig
1). To probe for changes to subjects’ preferred step frequency,
each path included the same 100m straight and level segment.
RESULTS
The mapping of energetic cost revealed that penalizing only
step frequency shifted the optimal cost along both step
frequency and speed dimensions. Thus, subjects could make
cost reductions by changing both parameters during
adaptation. Yet subjects chose to make very little change to
step frequency during the probe segments, staying within 2.5%
of preferred on average, independent of whether high or low
step frequencies were penalized. In contrast, the way that

subjects altered speed depended on whether high or low step
frequencies were penalized: the penalize-low condition
resulted in large changes to speed (mean change 10.5%) while
the penalize-high condition resulted in subtle changes (mean
1.3%). The gait adaptations preferred by 3 of our 4 subjects
resulted in a reduction in the energetic cost per distance
travelled (relative to baseline). The fourth subject’s speed
adaptations when penalized-high increased energetic cost.
Our subjects may have made greater changes to speed than
step frequency because the paths gave them more experience
with the energetic consequences of speed changes. The
prescribed paths resulted in subject’s varying speed by 17.9%
(group averaged standard deviation), while they varied step
frequency over the same path by just 6.0%. Our mapping of
metabolic cost suggests that during most adaptations (5/8),
subjects could have further reduced cost with greater changes
to step frequency.

Figure 1: A: apparatus. B: Overhead view of paths recorded
via GPS. C: elevation across the probes and trials.
DISCUSSION AND CONCLUSIONS
This preliminary study tentatively suggests that gait variability
induced from our natural enviroment helps excite the
adaptation process and drive the selection of optimal gaits.
Unlike our previous treadmill walking subjects, our current
subjects spontaneously adapted their gait towards new
energetic minima. Furthermore, the magnitude of natural gait
variability along different gait dimensions predicts the
magnitude of adaptation. Interestingly, adaptations that
reduced cost did not always converge on the optimum—
assisted exploration may be required to discover energetic
minima lying outside regions of experienced variability.
REFERENCES
[1]Selinger JC et al (2015). Current Biology 25(18); p. 2452-6.
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INTRODUCTION
The countermovement vertical jump is a measure of lower
body power [1] in which the hip and knee joints produce most
of the power that produces jump height with the the ankle
contributing minimally [1,2]. In sports where vertical jumping
is ever-present, such as volleyball, jump height is a key
performance measure [3]. Typically, the hip power is
developed first with the knee and ankle following [1,2]. Due to
the biarticular muscles that cross the hip and knee, the overall
timing of joint extension is critical in achieving powerful
jumps of great height [1,2,3,4]. However, direct links between
jumping strategy, and jump height are unclear. The aim of this
investigation is to evaluate how jumping strategy alters lower
limb power.
METHODS
Eight male university volleyball players (81±10kg;
1.9m±0.1m) performed six maximal vertical countermovement
jumps in two arm swing conditions: two-arm swing-and-reach,
and no-arm involvement with hands on head. Athletes selfreported playing position, years played at varsity level, as well
as years played of organized volleyball. Kinetic data was
collected using two Bertec forceplates (Bertec Corporation,
Columbus, USA). Kinematic data was collected using
Qualisys Track Manager (Qualisys AB, Gothenberg, Sweden).
The jump height and power profiles of the hip, knee, and ankle
joints of both legs were calculated using Visual 3D (C-Motion
Incorporated, Rockville, USA). The individual joint and
summed joint powers were analyzed using Matlab (The
Mathworks, Nattick, USA). A t-test was used to evaluate the
effect of jumping strategy on lower limb power.
RESULTS
As expected, the two-arm swing-and-reach condition led to
greater jump heights than the no-arm condition (p = 0.001) [5].
Interestingly, the lower limb power profile outcomes divided
participants into two groups: individuals who demonstrated a
hip power deficit and compensatory increase in ankle power

(HA) (n=4) and individuals who demonstrated a hip power
deficit and compensatory change in knee power (HK) (n=4).
Of the two strategies, the total lower limb power of the HA
group was similar across the left and right limbs (Figure 1).
However, the total lower limb power of the HK group
demonstrated differences between limbs (Figure 1). The HA
group jumped significantly higher in both jumping conditions
than the HK group (p = 0.048). The HA group may have
played organized volleyball for longer (p = 0.092).
DISCUSSION AND CONCLUSIONS
Both the HA and HK strategies have been previously
described in the literature [3,6]. Athletes demonstrating the
HA strategy have symmetric left and right total power outputs.
On the contrary, athletes demonstrating the HK strategy
demonstrate asymmetries between limbs in terms of total
power output. This asymmetry appears detrimental to jump
height since the HA group jumps higher in both jump
conditions. The presence of differences between these two
compensatory power styles in a small sample leads to two key
conclusions. First, due to the two unique compensatory
strategies, it is possible that training programs targeting each
strategy would more readily improve jump performance [7].
Second, with the presence of asymmetries between limbs in
the HK strategy, the risk of injury to the lower limb increases
[7]. However, through this asymmetry may be minimized
through training, ultimately, improving quality of movement
and performance [7].
REFERENCES
[1] Bobbert M.F., et al. J Biomech 21, 249-262, 1988.
[2] Vanrenterghem J., et al. Hum Move Sci 22, 713-727, 2004.
[3] Ford K.R., et al. J Strength Cond Res 23, 1327-1331, 2009.
[4] Van Ingen Schenau, G.J., Hum Move Sci 8, 301-337, 1989.
[5] Bobbert M.F., et al. Med Sci Sports Exerc 28, 1402-1412,
1996.
[6] Ernst G.P., et al. Phys Ther 80, 251-260, 2000.
[7] Hewett T.E., et al. Am. J. Sports Med 24, 765-773, 1996.

Figure 1: Select power profiles for participants in the HA (upper series) & HK (lower series) groups indicating total
lower limb, hip, knee, & ankle. The dark grey line indicates the left side; the light grey line indicates the right side.
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Figure 2: a) Original and new energetic landscapes in
frequency and width dimensions for representative subjects.
b) Frequency and width adaptations with and without
perturbations for each subject.
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METHODS
We have built a custom device that uses closed loop control to
apply an energetic penalty or reward based on selected gait
parameters—creating new energetic optima that are distinct
from that in familiar conditions (Figure 1). We propose step
frequency and step width as candidate dimensions—gait
parameters that have distinct energetic optima in familiar
conditions, and are unique to the individual, yet can be readily
manipulated. To validate our paradigm, we first sought to
establish that people adapt to each dimension in isolation. This
has previously been done only with exoskeletons for the step
frequency dimension, and never for step width.

RESULTS
We have tested two able-bodied subjects in each dimension
and found that these four subjects adapted towards the new
energetic optima—although by varying amounts. They
converged on frequencies lower than initially preferred, and on
widths higher than initially preferred, consistent with
optimizing cost in their new energetic landscapes. As with
earlier results, adaptation was stronger following perturbations
that provided experience with the new energetic landscapes.

Step frequency
(% from preferred)

INTRODUCTION
People tend to move in ways that minimize energy use during
walking [1]. We have recently demonstrated that people can
continuously optimize a fundamental gait parameter—step
frequency—to minimize energy expenditure [2]. However,
extending this optimization to multiple gait parameters, or
dimensions, may prove difficult for the human nervous
system. Indeed, there are more conceivable gait strategies than
there are atoms in the universe—a control challenge known as
the ‘curse of dimensionality’. Our aim is to manipulate the
relationship between energetic cost and multiple gait
parameters and then test the hypothesis that people can
optimize cost within multiple dimensions.

initial cost
optimum
0
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Step width
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Figure 1: Our custom device combines a constant energetic
reward, achieved by an aiding horizontal force to the waist,
with a controllable energetic penalty, achieved by a treadmill
incline. We use foot contact events to measure step frequency
and step width, and then command the incline based on the
desired energetic penalty or reward.
Prior to turning on the controller to penalize high step
frequencies (or low step widths), we established subject’s
preferred frequency (or width). The controller was then turned
on and we observed whether subjects would adapt their
frequency (or width) spontaneously and when primed to do so
by perturbations toward higher and lower costs.

DISCUSSION AND CONCLUSIONS
Our preliminary results suggest that people adapt established
motor programs to continuously optimize energetic cost in the
step frequency and step width dimensions, independently. We
will next determine if people optimize energetic cost along
these two dimensions simultaneously. Adding dimensionality
is our path to understanding optimization in realistic
conditions where people are free to search not only among
combinations of gait parameters, but also combinations of
active motor units. These findings could be applied to walking
robots where the ‘curse of dimensionality’ is a central control
challenge. We may inspire new solutions by understanding
how humans solve this complex optimization in real-time.
REFERENCES
[1] Ralston. (1958). Energy-speed relation and optimal speed
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Arbeitsphysio Vol 17; p. 277-283.
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Energetic Cost during Walking. Curr Biol Vol 25; p. 24522456.
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INTRODUCTION
The steady state isometric force after active shortening of a
skeletal muscle is lower than the purely isometric force at the
corresponding length. This property is known as force
depression [1]. Despite an abundance of information regarding
the properties and mechanisms of force depression [1, 2], there
has been no investigation of the cost of force production
during the isometric state after active shortening.
The purpose of this study was to measure the energy cost of
force production in the isometric state following active
shortening and compare it to the cost of force production for
the corresponding (same length, same activation) purely
isometric reference contractions.
We hypothesized that energy requirements are unaltered if
force depression is caused by passive structural elements, but
will be reduced in the force depressed compared to the
isometric reference state if force depression is caused by a
decrease in the proportion of attached cross-bridges [2].
METHODS
Experiments were performed using skinned fibres isolated
from rabbit psoas muscle. Skinned fibres were actively
shortened from an average sarcomere length of 3.0 µm to an
average sarcomere length of 2.4 µm. Purely isometric
reference contractions were performed at an average
sarcomere length of 2.4 µm.
Simultaneously with the force measurements, the ATP cost
was measured during the last 30 seconds of isometric
contractions using an enzyme-coupled assay [3].
Stiffness was calculated during a quick stretch-release cycle of
0.2% fibre length performed once steady force production had
been reached after active shortening and during the purely
isometric reference contractions.
RESULTS
Force and stiffness following active shortening were decreased
by 10.0±1.8% and 11.0±2.2%, respectively compared to the
isometric reference contractions.
Similarly, ATPase activity per second (not normalized to the
force) showed a decrease of 15.6±3.0% in the force depressed
state compared to the purely isometric reference state.
The reduction in absolute ATPase activity per second was
correlated with stiffness depression (figure 1).

Figure 1: Correlation between the reduction in absolute ATP
consumption per second and stiffness depression.
ATPase activity per second per unit of force was similar for
the isometric contractions following active shortening
(28.7±2.4mM/mN.s.mm3) and the corresponding purely
isometric reference contraction (30.9±2.8mM/mN.s.mm3).
DISCUSSION AND CONCLUSIONS
The absolute ATP cost was reduced for the steady state
isometric force following shortening, suggesting that less ATP
is used by the cross bridges compared to the purely isometric
contractions. According to the cross bridge theory, a reduction
in ATP consumption per second might be due to 1) a decrease
in the number of cycling cross bridges or 2) an increase in the
time of the cross bridge cycle.
When ATP use was normalized to the force produced during
the steady state after shortening, it showed no difference
compared to the purely isometric contraction, suggesting that
the decrease in ATP use was accompanied by a similar
decrease in force. This result could be caused by a decrease in
cycling cross bridges or an increase in cross bridge cycling
time.
However, the reduction in absolute ATP use was correlated
with stiffness depression. It is well known that stiffness is
associated with the number of attached cross bridges [4].
Therefore, the ATP use results along with the force and
stiffness results are in accordance with the idea that force
depression is primarily caused by a decrease in the proportion
of attached cross bridges, as suggested by [2].
REFERENCES
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INTRODUCTION
Assisting humans in performing daily activities, such
as walking, in efforts to decrease the metabolic
requirements of the activity has been the goal of many
exoskeletons. Recently, this goal has been achieved by
an unpowered exoskeleton [1]. This device has
demonstrated that it is possible to decrease the cost of
walking without introducing additional energy from an
external power source. This device works by capturing
energy during one phase of gait and reintroducing it
during another, effectively increasing the user’s
walking efficiency. A current question is whether it is
possible to decrease the cost of walking by completely
removing energy from the user. If so, this device could
assist the user while the harvested energy could later be
used to power external devices such as cell phones.

RESULTS
The best possible outcome of this study would be to
identify a load profile that is related to a net metabolic
benefit in comparison to normal walking, while also
producing upwards of 5 W of electrical power.
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METHODS
Previously, the harvester used a constant electrical
resistive bank to harvest electrical power. This caused
the torque applied by the device to the user’s knee
(Figure 1: blue) to be proportional to the motion
inputted to the device. This motion profile was not the
ideal load profile, because it followed the user’s knee
kinematics instead of the knee dynamics. To decouple
this motion-load relationship and to provide proper
assistance to the user, a boost converter (Figure 2) was
implemented. The desired assisted torque profile
(Figure 1: red) matches that of the natural human knee
dynamics (Figure 1: black). Human treadmill walking
experiments are being conducted to compare the
energetic and biomechanical effects of the proposed
load profile to that of both the constant electrical
resistance and normal walking.

L
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The lower limb-driven energy harvester, developed at
Queen’s University, was able to decrease the effort of
walking relative to walking with the weight of the
device, while also harvesting 5 W of electrical power
[2]. The assistive nature of the device is likely due to
the harvester aiding the knee muscles in performing
negative work during the terminal swing phase of gait,
similar to the re-generative braking of the knee
harvester [3]. While this device has not yet achieved
net metabolic benefit, we hypothesize it could do so if
it could better assist the knee muscles in braking.

Figure 1: (A) Net moment of the right knee [N-m/kg]
(Black), torque from constant resistances (blue), and
theoretical toque from the proposed profile (red) during
a gait cycle. (B) Enlarged view of (A) during the
terminal swing phase.

Figure 2: The implemented digital PWM controlled
ACMC boost converter.
DISCUSSION AND CONCLUSION
The insights gained from this study will provide a
better understanding of the interactions and energy
flow between energy harvesters and their users. This
knowledge could be applied to the design of more
efficient exoskeletons.
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STRENGTH, MUSCLE ACTIVITY AND SPINAL FORCES IN TRUNK MAXIMUM ISOMETRIC EXERTIONS
Zakaria EL Ouaaid1, Aboulfazl Shirazi-Ald2, André Plamondon1
Institut de recherche Robert Sauvé en santé et en sécurité du travail, Montréal, Canada
2
Department of Mechanical Engineering, Ecole Polytechnique, Montréal, Canada, aboulfazl.shirazi@polymtl.ca
1

INTRODUCTION
In workplace and daily activities, the human trunk is subject to
large external forces while performing various movements. In
some tasks, internal stresses and strains exceed the safe-limit of
lower back tissues and cause injury and back pain. To evaluate
the trunk capacity, risk of occupational injury and treatment
progress, trunk maximum voluntary strength in different planes
is often performed. The objectives of this study are to record
maximum moments and EMG activity of 12 asymptomatic
subjects in a dynamometer [1] when performing maximum
voluntary exertions (MVE) and subsequently estimate muscle
forces and spinal loads using a detailed validated trunk
musculoskeletal model [2,3].
METHODS
Twelve healthy young males, stature 178.67 ± 3.03 cm, body
mass 72.98 ± 3.87 kg and body mass index 23.25 ± 1.82kg/m2,
participated after signing an informed consent and institutional
evaluation. A trunk dynamometer [1] was used to perform trials
in extension, flexion, lateral bending (on each side) and axial
rotation (on each side). Electromyography (EMG) activity of
abdominal and extensor muscles (LG
longissimus, IC
iliocostalis, MF multifidus, RA rectus abdominis, EO external
oblique, and IO internal oblique) were collected. Measured
EMG of each muscle from all trials was normalized to its
maximal value. To estimate trunk muscle forces as well as
compression and shear forces at the L5-S1, trunk and pelvis
rotations matching dynamometer semi-seated posture as well as
measured external moments at the L5-S1 of 4 subjects were
prescribed in their iterative kinematics-driven finite element
models [2, 3]. Due to the substantial activity in abdominal
muscles, intra-abdominal pressure (IAP) [2] was also simulated
depending on the MVE task.

RESULTS
The mean maximal moments at the L5-S1 reached 151.1±37.3
Nm in flexion, 242.4±64.2 Nm in extension (Fig. 1),
188.8±39.4 Nm in lateral bending and 121±27 Nm in axial
rotation. Similar to the recorded EMG data, much larger forces
were computed in abdominal muscles during flexion and in
extensor muscles during extension for all 4 subject (Fig. 2). An
increase in IAP slightly decreased spinal loads. An increase in
antagonistic co-activity was found to increase spinal forces at
the L5-S1. In all 4 subjects, spinal forces were substantially
larger in extension MVEs (Fig. 2)
DISCUSSION AND CONCLUSIONS
The measured MVE moments are in good agreement with those
reported in the literature. The trunk strength is significantly
greater in extension than in flexion. Substantial differences in
EMG activity between agonist and antagonist muscles is
observed. In extension MVE, large compression and shear
forces at the L5-S1 exceeding 6000 and 2000 N, respectively,
are estimated. Overall, a good agreement is found between our
measured and computed normalized activities in agonist
muscles; abdominals in flexion and back extensors in extension.
In summary, the maximum exertion attempts generate large
spinal compression and shear loads that further increase with
the antagonist co-activity level but decrease with IAP.
REFERENCES
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[3] El Ouaaid et al (2013) Comp Meth Biomech Biomed Eng
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Figure 1: Measured moment (M) at the L5-S1 and normalized
superficial EMGs in flexion and extension MVEs of 12 subjects
in the dynamometer.
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Figure 2: Normalized recorded EMG and computed muscle
activity in MVEs as well as predicted spinal forces for various
IAP and antagonistic co-activity moment values for one subject.
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INTRODUCTION
External load elevation and orientation substantially alter in
different occupational tasks while pulling and pushing objects
on carts over smooth and rough terrains introducing new
paradigms where loads are no more necessarily in the gravity
direction [1]. Although the external loads with objects in hands
are oriented primarily in the gravity direction, they could in
such push and pull activities generate substantial horizontal and
upward forces. Changes in load orientation likely affect trunk
muscle forces, spinal loads, and hence risk of injury. The aim
of this work, using a trunk musculoskeletal model, is to estimate
spinal compression/shear forces, muscle forces, and trunk
stability in upright standing under various static hand-held load
orientations, magnitudes and elevations in the sagittal plane.
METHODS
A kinematics-driven finite element model with nonlinear
ligamentous proprieties and trunk musculature [2, 3] was
employed to model one of 12 participants in our previous study
[3] with body height 181.5 cm and weight 68.3 kg. Trunk
muscle forces, spinal loads at the L5-S1 as well as stability
margin were estimated in the upright standing under measured
trunk rotations, body weight and three external forces (80, 120
and 160 N in both hands) acting in the sagittal plan at 4
elevations (0, 20, 40 and 60 cm to the L5-S1) and 24 different
orientations covering all push and pull possibilities. Coactivity
moments (5 and 10 Nm) to generate activity in antagonistic
muscles and intra-abdominal pressure (<12 kPa) were also
considered in some analyses.

Using an iterative finite element kinematics-driven model, the
effect of changes in elevation, orientation, and magnitude of
static hand-supported forces in the sagittal plane while in
upright standing is investigated. Results show substantial
changes in neuromuscular response, spinal loads and stability
margin as the force orientation, elevation, and magnitude alter.
Overall, the maximum spinal loads are estimated under
downward-inclined external forces in between pull and push
orientations (0-180o, Fig. 1) whereas the trunk stability margin
reaches its maximum in the reverse inclined-upward directions
(180- 360o). Compression forces at the L5-S1 at different load
elevations are generally larger during pulling tasks (0-90o)
versus pushing tasks (180-270º), an observation in agreement
with the results of previous studies [1].
In summary, results demonstrate substantial differences in trunk
muscles forces, spinal loads and stability margin as the force
orientation alters from pulling to lifting and pushing
orientations. Spinal loads peak under forces at higher elevations
and downward inclinations. Minimum spinal forces are
computed at all elevations under loads in the upward directions.
Trunk stability is also maximum under these latter force
directions.
REFERENCES
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16, 54-65.
[3] El Ouaaid et al. (2014) J Biomech 47, 3035-3042.
ACKNOWLEDGEMENTS
This research is supported by the IRSST (Quebec).

RESULTS
At all elevations and under identical posture and external load
magnitude, predicted trunk muscle forces, spinal loads at the
L5-S1 and stability margin were markedly influenced by the
force orientation (Fig. 1). In all force orientations and as
expected, an increase in load magnitude and/or coactivity
moment increased spine and muscle forces. With changes in
force orientation, the spinal forces reached their maximum
under inclined downward pulls (lifting) when acting at higher
elevations but under inclined downward push at the lowest
elevation (Fig. 1). In contrast, minimal spinal forces were found
in general under loads acting as upward pull or horizontal push.
At lifting (90º) and horizontal push (180º), global extensor
muscles were more active than lumbar and abdominal muscles
while in pull, local lumbar muscles were most active. The trunk
stability markedly increased when the external force pulled
upward (180º to 360º in Fig. 1).
DISCUSSION AND CONCLUSIONS

Figure 1: Effect of load (120 N) height and orientation on
compression force at the L5-S1 (+10 Nm antagonistic moment)
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INTRODUCTION
Vibration-based modalities as an alternative for low back pain
(LBP) relief have gained recent interest and although
controversial, vibration has shown to reduce pain in various
circumstances and has the potential to be an alternative form
of treatment [1]. Vibration, however, has been shown to have
disruptive proprioceptive effects on muscle spindles [2]. If a
LBP vibration-based modality causes a proprioceptive deficit
in the trunk region it could potentially increase an individuals’
risk of injury due to poor postural control. Therefore, the main
purpose of this experiment was to investigate the effects of a
LBP vibration modality on trunk postural control in healthy
individuals.
METHODS
The study included 15 healthy participants between 18-30
years. Electromyography was used to record muscle activity of
multiple trunk muscles (Bortec Biomedical, Calgary, Alberta)
and electromagnetic motion sensors positioned on the spine at
C7/T1, T12/L1, and L5/S1 were used to record thoracic and
lumbar movement (Liberty Polhemus, Colchester, Vermony).
The experimentation consisted of two randomized collection
days; a control and experimental day. The protocol included
baseline postural trunk control measurements using a sudden
unexpected trunk perturbation task and a trunk repositioning
task (Figure 1) [3]. Baseline measurements were followed by
15 minutes of sitting in a standard office chair while wearing a
commercially available LBP treatment vibration belt (with
vibration turned on during the experimental day). Participants
were then retested with the same trunk perturbation and trunk
repositioning tasks to assess any effects.
RESULTS
On the experimental day, lumbar trunk deflection during the
trunk perturbation task was less post-vibration (Pre=7.8°±2.7,
Post=5.6°±2.4, p<0.0001) compared to pre-vibration. No
significant difference in trunk deflection was observed pre
versus post sitting on the control day (p=0.17). In response to
the trunk perturbation, both the left lumber erector spinae
(Pre=15.3%MVC±5.4, Post=13.7%MVC±5.2 p=0.03) and left
rectus abdominis (Pre=14.3%MVC±29.3, Post=8.1%MVC
±13.1, p=0.02) had lower muscle activation magnitudes postvibration. Furthermore, during the 45° trunk flexion
repositioning task on the experimental day, participants
underestimated the target position pre-vibration (Pre=-0.95°
±2.1) but overestimated it post vibration (Post=+1.1°±3.1,
p<0.01). On the control day, participants underestimated the
target position during both the pre and post collection periods
with no significant difference between them (p=0.75).
Percentage error during the 45° trunk flexion repositioning
task was significantly greater following the vibration
(Pre=6.6%±5.4, Post=11.0%±10.7, p=0.03).

Weight dropped
into container to
create trunk
perturbation

Figure 1: The left figure illustrates the trunk perturbation task
while the right figure illustrates the repositioning task.
DISCUSSION AND CONCLUSIONS
This study found that following the use of a LBP vibrationbased modality, participants went into less lumbar flexion
immediately in response to a sudden trunk perturbation.
However, there were no observed decreases in muscle
activation latencies or increases in activation magnitude postperturbation which would have explained the reduced trunk
deflection. In fact, both the left lumbar erector spinae and left
rectus abdominis were less activated post-vibration. It is
speculated that the vibration may be causing a heightened
baseline muscle activation that may result in increased trunk
stiffness and therefore reduced deflection following a sudden
perturbation. The change in average repositioning error from
underestimation pre-vibration to overestimation post-vibration
demonstrates that the application of localized vibration to the
low back did alter proprioceptive feedback when performing a
voluntary trunk motor control task. Interestingly, it was
hypothesized that the vibration would have caused participants
to underestimate the target position due to muscle lengthening
proprioceptive feedback vibration has been shown to cause
[2]. In conclusion, the LBP vibration-based modality altered
trunk proprioception during both a trunk perturbation and
trunk repositioning task however, further research is needed to
fully understand this phenomenon.
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USE OF DOWEL-ASSISTED TRAINING METHODS TO REDUCE PEAK LUMBAR FLEXION ANGLES
DURING LIFTING LOW-LYING OBJECTS
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INTRODUCTION
Manual material handling tasks (MMH), such as heavy lifting,
are strongly associated with low back pain [1]. The impact of
lifting technique has been a topic of much debate [2, 3].
However, biomechanical evidence of negative implications in
a loaded and fully flexed lumbar spine resulted in the
hypothesis that full spine flexion be avoided regardless of
lifting technique [2, 3]. The hip hinge (HH) movement pattern
emphasizes bending the torso through the hip joints [4], as
opposed to bending through the spine. A strategy for teaching
the HH has been to place a dowel along the spine of the
individual and providing instructions to bend forward while
maintaining three points of contact with the dowel (i.e.
posterior cranium, thoracic spine, and superior sacrum) [4].
The purpose of this study was to assess the effectiveness of
two different short-term dowel-assisted HH training methods
and their ability to alter the lumbar spine kinematics of
novice lifters during sagittal plane, floor-to-knuckle (FTK),
light and heavy loaded lifts.
METHODS
Eight (2 females, 6 males) novice lifters were recruited as
participants. Kinematic data of the thorax, lumbar spine,
pelvis, and thighs were collected using a 3D motion capture
system (Optotrak Certus, NDI, Waterloo, Canada). Two
dowel-assisted training methods were used: 1) Traditional
Dowel-Assisted Method (TDAM) and 2) Novel DowelAssisted Method (NDAM). Subjects performed a baseline
lifting task, followed by randomization into one of two
intervention groups for learning the HH. Both groups were
trained with both training methods; only the order in which
they were trained varied. A total of three lifting task stages
were completed on the same day (Figure 1 and 2). Participants
were instructed to utilize their preferred strategy during
baseline lifting performance. During the HH intervention,
subjects were given a demonstration and instruction by an
experienced trainer on learning the HH, followed by
integrating the HH in FTK lifting of an unweighted crate.
Participants received standardized instructions, coaching, and
feedback. Lumbar spine angles were calculated using Visual
3D (C-motion Inc., Rockville, USA). A two-way repeated
measures ANOVA was performed on the mean peak lumbar
flexion angles only during FTK lifts.

Figure 2: Detailed description of the lifting task
RESULTS
No stastically significant differences were found for the main
effects of weight (p=0.721) or training method (p=0.415) on
mean peak lumbar flexion angles and no interaction effects
were found (p=0.967) (Figure 3).

Figure 3: Mean Peak Lumbar Flexion Angles for only FTK
lifts during: 1) Baseline lifting, 2) Post NDAM, 3) Post
TDAM; FTK_H = Heavy load; FTK_L = Light load
DISCUSSION AND CONCLUSIONS
Based on these preliminary results, short-term HH training is
not effective in altering the lumbar spine kinematics of novice
lifters during FTK, light and heavy loaded lifts. However, a
trend is visible for reduced mean peak lumbar flexion angles
after a HH training intervention. Whether similar results will
be replicated with a larger sample size is to be determined.
Larger sample size, to be collected by the conference date.
REFERENCES
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Figure 1: Overall Experimental Design

BIOMECHANICAL EVALUATION OF A NOVEL TOOL FOR REMOVAL of MANHOLE CHAMBER LIDS
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INTRODUCTION

b

Introduction: Removing chamber lids has been identified as a
contributor to the development of back pain and MSDs in
workers who access underground chambers and vaults [1].
Objectives: The objective of this research was to design and
examine a new compact, light tool for the removal of chamber
lids (man-hole covers) called the Chamber Lid Remover Tool
(CLRT) with the ability to reduce the shoulders, spine loading.

c

METHODS
The CLRT was compared to a Pickaxe and J-hook for
removing two types of lids using a handheld force meter and
an inertial motion capture system. Kinetic and kinematic data
were combined in a simulation model to estimate joint
moments at the L4/L5 spine and left and right shoulders.

a

a

RESULTS
At L4/L5, resultant moment was significantly lower when
removing the lids with the CLRT compared to the pickaxe
(mean decrease: 457.3 Nm, p<0.0001) or J-hook (mean
decrease: 173.0 Nm, p=0.001). Significant (p<0.05) decreases
in resultant moment were observed for the left and right
shoulder when using the CLRT.

d
a
b

c

DISCUSSION AND CONCLUSIONS
The results indicated that the force required to remove the two
lids was lower with the CLRT compared to the Pickaxe or Jhook on the CL and NL respectively. This decreased exertion
force resulted in an overall decrease in the calculated resultant
moment at both the L4/L5 spine and shoulders when removing
the lids with the CLRT. It is hypothesized that this decrease in
resultant moment at the L4/L5 spine and shoulders suggests a
decrease strain on these joints when removing the chamber
lids with the CLRT, resulting in a decreased likelihood of
injury. Particularly for the L4/L5 spine, the observation that
the participants are significantly more flexed when using the
Pickaxe compared to the CLRT on the CL suggests that the
spine will experience increased shear force, resulting in
increased risk of injury.
REFERENCES
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Figure 1. Resultant moment is significantly lower (p<0.05) using the CLRT

compared to the Pickaxe or J-hook for both L4/L5 (above) and left/right shoulder
(below). Boxplots illustrate minimum, 1st quartile, median, 3rd quartile and
maximum. Conditions not liked with the same letter are significantly different.
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THE EFFECT OF BREAST SIZE ON SPINE MOTION, MUSCLE ACTIVATION AND BODY IMAGE
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INTRODUCTION
The few studies available that quantify the effects of breast
size on the spine are predominantly outcome studies
investigating improvements in clinical populations with large
breasts before and after receiving breast reduction surgery.[1]
Research has shown that women with larger breast sizes have
greater thoracic kyphosis angles, lumbar lordosis angles and
have greater compression and shear forces acting on the spine
which can result in poor posture.[1, 2] In addition, it is known
that body image satisfaction can effect posture and contribute
to the development of a slumped posture.[3] However, it is
unclear whether slumped posture is due to the anterior load of
the breasts or due to body image dissatisfaction.
METHODS
Fifteen females, who had not sought treatment for back pain,
missed 3 consecutive days of school/work due to back pain for
the preceding 12 months performed two breast circumference
measures and performed four tasks: upright and slumped
standing, maximum trunk flexion, and thoracic flexion. Three
dimensional kinematic data and muscle activation data from
abdominal and back muscles were recorded. The two breast
measures included the circumference at the widest part of the
breast (BC) and under the breast circumference (UBC) to
determine breast size (every 2.54cm increase from zero
indicated increase in cup size, starting at A).
Six additional females, also asymptomatic for low back pain
(as described above) completed the BC and UBC measures as
well as the Rosenberg Self-esteem Scale and the Social
Physique Anxiety Scale to evaluate body image. The
Rosenberg Self-Esteem Scale reports on how an individual
view themselves in terms of self-worth while The Social
Physique Anxiety Scale reports on how an individual feels
about their body.
RESULTS
The breast size measurements ranged from 6cm to 19cm (B to
D cup sizes) and 7cm to 22cm (C to I cup sizes) for the 15 and
6 female participant groups respectively.
Altered biomechanical measures were associated with females
with larger breast sizes. Increasing breast size had larger
thoracic flexion angles, altered upright posture, and an
increase in trunk muscle activation. [4].
Data from the additional six females shows that two
individuals (both G cup sizes) had high self-esteem and four
had normal levels of self-esteem (C, E, F, I cup sizes) from the
Rosenberg Self-esteem Scale. The results from the Social
Physique Anxiety Scale found that 3 individuals had low
social physique anxiety (C, E, G cup sizes) and three had high
social physique anxiety (F, G, I cup sizes).

Figure 1: Results of Rosenberg Self-esteem Scale and The
Social Physique Anxiety Scale for each participant by cup
size. A higher score on the Rosenberg Self-esteem Scale is a
better score whereas a lower score on The Social Physique
Anxiety Scale is considered a better score.
DISCUSSION AND CONCLUSIONS
The biomechanical findings supported previous reports of
increased thoracic kyphosis with increasing breast size. [4]
Preliminary self-esteem findings appear not to relate to breast
size as all participants have either normal or high self-esteem
(Figure 1). However, it is less apparent whether social
physique anxiety plays a role in postural changes as a
participant with a G cup displays low social physique anxiety,
while the remaining large breast sized participants display
high social physique anxiety and smaller sizes (less than 16cm
difference between BC and UBC) had low social physique
anxiety.
Therefore, while it was shown that thoracic angles and muscle
activation increase with breast size,[4] preliminary data
suggest that self-esteem is not likely a factor whereas social
physique anxiety may need to be further investigated. Further
research into body image and its effect on posture and spine
mechanics will be conducted as will further investigation as to
whether breast size effects the development of low back pain
and posture.
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LUMBAR SPINE AXIAL TWIST MOTION IN STANDING AND SUPINE POSTURES
Aaron Siu, Graham Mayberry, MSc, Janessa Drake*, PhD.
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INTRODUCTION
Axial twist has been identified repeatedly to be a risk
factor for injury and pain [1]. Recent work has shown
that there may be body position dependent deviations
in the relationships between various structures and
vertebrae of the lumbar spine with axial twist [2].
However, medical imaging is predominantly done in a
neutral supine position where these deviations may not
be apparent unless the spine is axially twisted. The
purpose of this study is to validate the axial range of
motion between upright and supine positions, and the
feasibility of a prolonged axially twisted position for
medical imaging.
METHODS
Five male university aged participants were recruited
(collections ongoing for male and female participants).
Eight bilateral sEMG channels across abdominal, back
and pelvis. Kinematic data was collected with a 4position sensor, 3DInvestigator system (Northern
Digital Inc, Waterloo, Ontario) and by rigid bodies
placed at the sternum, right superior iliac crest, spinous
process of T12, L1, and L5. Participants performed a
series of tasks including: upright standing, active
upright twist, and neutral and twisted supine positions;
and a 30 minute prolonged passive, supported, axial
twist supine position with minimal/no motion (required
for clear MRI images). Also, a 100mm visual analogue
scale (VAS) and Active Hip Abduction Test (as
measures of perceived pain and lumbopelvic control
respectively), and an exit survey were completed to
help characterize the population and responses [3, 4].
RESULTS
Collapsed across five participants, the average (SD)
degrees for upright rotation to the right and left, and
supine rotation to the right were 36.6 (SD = 7.4), 34.2°
(SD = 8.7), and 32.2° (SD = 3.2), respectively.
Rotations in each upright direction and supine to the
right was compared and found to be non-significant
(F(2,12) = 0.53, p = 0.6003). The difference between
upright versus supine rotation was 4.5° (SD = 6.1),
with the upright having the greater amount of rotation.
With considerations to the amount of rotation and to
corresponding VAS scores, there does appear to be an
inverse relationship between the amount of rotation, in
either position or direction, and pain experienced, as
measured by VAS score (Figure 1). However, one
participant (#3) withdrew from the study after 10
minutes due to back pain that developed during the
prolonged axial twisted position.

Figure 1: VAS scores from baseline measure of five
participants. The red line denotes 10mm, the level of
clinical significance. (*) indicates that participant
withdrew from the study during supported twisting.
The mean EMG for each muscle during each 5-minute
interval were normalized and despite the small sample
size no significance differences were found for any of
the muscles between 5-minute time blocks during the
prolonged axial rotation trial. It is notable to mention
that participant #3
had an increase in activation of the RLES to 216% (of
the mean neutral supine trial) during 0-5 minutes
interval.
DISCUSSION AND CONCLUSIONS
From these preliminary findings, the axial range of
motion of the trunk between upright and supine
position appears to be comparable. Surprisingly, a
participant was not able to sustain the prolonged
passive axially twisted supine position. Interesting, all
participants had low EMG activation except for #3 who
exhibited differentiating EMG activation.
In order to determine the feasibility of a prolonged
axially twisted supine position, further research is
necessary to understand the mechanisms of pain and
EMG activity during this position and if the
relationship remains with additional participants and
women.
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INTRODUCTION
Numerous studies have found a relationship between the
variability of balance measures, and an increased risk of falls
in an older adult population. Variability of the centre of
pressure (COP) position while standing [1] and variability of
spatio-temporal characteristics of walking have both been
linked to an increased risk of falls [2]. The specific nature of
this relationship is currently unknown. It can be postulated that
the variability of these balance measures reflect the variability
of the centre of mass (COM) movement. Since balance control
involves manipulation of the COM [3], variability of the COM
could be seen as an error in balance control. Accordingly, a
large error could lead to a higher risk of poor balance control
(e.g. falling) compared to a small error.
We hyothesize that high variability of the COM movement
(position and speed) when standing will lead to poor balance
responses to moving platform postural perturbations. We will
compare trials where participants did not take a step (best
response) to trials where they took a single step (poor
response).
METHODS
Data for three healthy young adults (20-35 yrs) have been
collected to date, with an aim to collect a total of 16
participants. Participants did not have previous experience on
a moving platform, nor did they have any neurological
problems or balance related difficulties prior to testing.
Participants experienced a total of 100 discrete perturbations,
randomly assigned in the anterior-posterior and mediolateral
directions. Due to the large number of trials needed to
appropriately analyze balance control in multiple directions,
only posterior perturbations were analyzed. Therefore, 30/100
trials were posterior perturbations with 5 trials for each of the
following peak accelerations: 0.75 m/s2, 1.0 m/s2, 1.25 m/s2,
1.5 m/s2, 1.75 m/s2, and 2.0 m/s2. The remaining 70 trials were

made up of forward, left, and right perturbations, with
accelerations ranging from 1.0m/s2-3.25m/s2.
Kinematic data was collected using a 13-camera Vicon motion
capture system (Vicon Industries, NY, USA) and a 56-marker
full-body layout. Data were processed in Visual3DTM (CMotion, MD, USA) to calculate COM position. The standard
deviation of the COM position and speed for 10 secs prior to
perturbation onset was calculated to determine COM
variability in standing.
RESULTS
The mean standard deviations of the COM position and speed
for ‘no step’ trials and single step trials were calculated in the
anterior-posterior and mediolateral directions. Results are
presented in the table below.
DISCUSSION AND FUTURE DIRECTIONS
Preliminary data from the first three participants suggest no
major differences in COM variability prior to ‘no step’ trials
and single step trials. Questionnaires are also being
administered to measure anxiety and physical activity, both of
which could possibly affect COM variability when standing.
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Table 1: Mean COM position and speed variability (standard deviation) in the anterior-posterior (AP) and mediolateral (ML)
directions for both ‘no step’ and single step trials.

Participant 1
COM Position (mm)
COM Speed (mm/s)

Participant 2

Participant 3

AP

No step
3.2

Step
3.3

No step
8.7

Step
9.6

No step
8.4

Step
6.2

ML

1.0

1.0

2.3

2.8

3.9

2.5

AP

2.1

1.9

3.7

3.6

5.1

5.2

ML

4.2

4.0

7.5

7.5

7.3

5.9
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INTRODUCTION
The purpose of our experiment was to examine implicit motor
learning of a challenging balance task – slacklining. The
specific aims were to determine how rapidly new balance
control strategies can be shaped, how strategies evolve or
consolidate with further practice, and how these strategies are
retained in the absense of further practice.
METHODS
We examined how 10 healthy young individuals (5 male)
moulded their movement control strategies while learning to
balance on a slackline. Data were collected at four time points:
1) at baseline, 2) after 60min of self-directed practice, 3) after
one week of practice (four 60-90min sessions), and 4) after
one week of rest following the final practice session
(retention). Movement of the stance leg, trunk, and upper and
lower arms were tracked (Optotrak, NDI, ON, CA) while
participants walked across the line or balanced in single leg
and tandem stance. Joint angles (hip, shoulders, elbows) were
calculated and movement patterns among these joints were
extracted using principal component analysis (PCA). These
principal components describe coherent features (i.e., control
strategies) within our kinematic dataset comprised of five joint
angles. In addition, continuous relative phase (CRP) angles
were computed between all possible joint pairings to study
emergent phase relationships. For example, CRP angles ~180°
(anti-phase) indicate simultaneous flexion of one joint and
extension of the other (and vice versa), while CRP angles ~0
or 360° indicate in-phase movement. Finally, frequency,
amplitude, and velocity measures were calculated for the trunk
and joint angles across testing sessions.
RESULTS AND DISCUSSION

Figure 1: Mean (±SD) trunk angular velocity (A) and joint
mean power frequency (MPF; B) during single leg stance on
the slackline at each testing time point. Trunk angular velocity
and joint MPF significantly decreased with practice and
remained reduced during the retention test.

Figure 2: Representative plots for one subject during single
leg stance showing continuous relative phase (CRP) angles
between joints at baseline (A,C,E) and after 1 week of balance
practice (B,D,F). Consistent phase relationships emerged with
learning; e.g., the right and left elbows began to move antiphase (B; CRP~180°) while the hip and left shoulder began to
move in-phase (D), and the hip and left elbow anti-phase (F).
Trunk velocity and joint angular frequencies decreased during
learning (Figure 1). PCA demonstrated one particular strategy
(component) became dominant during learning. All joints
were heavily weighted within this component, indicating the
evolution of a coordinated movement pattern involving all
joints with actions along the frontal plane. CRP angles began
to cluster around either 0° or 180°, indicating consistent time
locked movements of each joint relative to another (Figure 2).
Our findings provide insight into the capacity of healthy
individuals to rapidly and implicitly acquire complex balance
strategies through the exploration of biomechanical solutions.
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INTRODUCTION
Postural alignment evaluations are an important clinical tool as
they inform the spectrum of care in a variety of orthopedic and
neurologic conditions, including assessment, diagnosis,
treatment planning, and outcome evaluation.[1-2] The
emergence of digital camera based postural assessments [2-4],
and the more recent mobile application techniques presents an
opportunity to more easily integrate technology into clinical
practice. However, limited emphasis has been placed on the
evaluation of this technology. The primary objective of this
study is to investigate the inter- and intra-rater reliability of an
emerging mobile postural application.
METHODS
Fifteen participants with a median age of 26 years
(interquartile range: 22,30) attended two sessions in the
laboratory scheduled approximately one week apart. A 2nd
generation Apple iPad was used to assess posture through a
publically available app (PostureScreen Mobile™ ). Four
evaluators followed the app instructions and acquired a
photograph in the frontal and sagittal planes. Surface
landmarks on the head, shoulder, thoracic cage, pelvis and
lower extremities were identified visually on the photographs
and digitized using the mobile app. Position (translation) and
orientation (Tilt) of each segment was estimated.
Intra-session reliability between visits and inter-rater
reliability were estimated utilising an intra class correlation
coefficient. Standard Error of Measurement (SEM) and
minimal detectable change (MDC) were estimated.
RESULTS
ICCs for the inter-rater reliability data ranged from -0.12 to
0.93 for session one and from 0.47 to 0.96 for session two .
Shoulder indices in the frontal and sagittal planes were
consistently good (ICC > 0.75), whereas all pelvic indices and
frontal plane head indices were consistently poor to moderate
(ICC < 0.75). Furthermore, inter-rater reliability for sagittal
plane head and knee translations had good ICCs for both
sessions. The ICC for thoracic cage inter-rater reliability was
greater than 0.75 for session two only.
The ICCs for intra-rater reliability were high across
all raters for sagittal plane head and shoulder translations
(Table 1). The SEM for all translations ranged from 0.28 cm
for the shoulder in the frontal plane to 0.74 cm for the pelvis in
the sagittal plane. Their corresponding MDCs ranged from
0.78 cm for frontal plane shoulder translations to 2.06 cm for
sagittal plane pelvis translations. The SEM for all tilt
measures ranged from 0.55° for the shoulder to 1.98° for the
head in the frontal plane. Their corresponding MDC’s ranged
from 1.53 to 5.48°. The ICC for translation and rotation in the
Frontal plane were poor.

Table 1: Translation (cm) and tilt (°) of the head, shoulder,
thoracic cage and pelvis in the A/P and M/L planes. ICC:
average intra-class correlation coefficient; SEM: standard
error of measurement; MDC: Minimal detectable change.

Frontal Plane:
Head Translation (cm)
Head Tilt (°)
Shoulder Translation (cm)
Shoulder Tilt (°)
Thoracic Cage
Translation (cm)
Pelvic Translation (cm)
Pelvic Tilt (°)
Sagittal Plane:
Head Translation (cm)
Shoulder Translation (cm)
Pelvic Translation (cm)
Knee Translation (cm)

ICC

SEM

MDC

0.37
0.59
0.63
0.88

0.35
1.98
0.28
0.55

0.98
5.48
0.78
1.53

0.50
0.44
0.06

0.31
0.50
1.19

0.86
1.38
3.31

0.84
0.83
0.38
0.78

0.44
0.62
0.74
0.46

1.23
1.72
2.06
1.29

DISCUSSION AND CONCLUSIONS
The main objective of this study was to evaluate both the interand intra-rater reliability of a mobile app to objectively
measure postural alignment. A high degree of variability in
ICC values was noted across all postural indices and planes of
reference for both inter-rater and intra-rater reliability. For
example, shoulder indices generally demonstrated good
reliability, whereas pelvic indices generally demonstrated poor
reliability. Similarly, sagittal plane indices generally showed
better reliability than those in the frontal plane. These
inconsistencies may limit the clinical applicability of this app
as a global postural assessment tool but allows the user to
identify specific, yet limited, deviations with certain measures.
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INTRODUCTION
The loss of balance during self-generated movement has been
associated with falls in older adults. In community dwelling
older adults a substantial proportion of falls occur during tasks
such as carrying an object, reaching or leaning [1], with such
actions as lean and reach, bending, stooping, and high reach
tasks accounting for a substantial proportion of their activities
of daily living (ADL) [2]. A “reach and transport object” task
that represents common ADLs may provide improved insight
into dynamic postural stability deficits in older adults. The
primary purpose was to quantify age related changes in
stability and inter-trial variability when performing dynamic
ADL tasks with a secondary purpose of determining the effect
of movement speed on the performance of these ADLs.
METHODS
Healthy young (n = 9) and older (n=10), community dwelling
adults performed three same elevation object transport tasks
(forward, left, right) and two multiple elevation object
transport tasks (high and low) under two self-selected speeds,
self-paced and fast-paced (50 Trials total). A custom apparatus
was designed and platforms for the object were set to standard
building code counter top height (same elevation tasks), twice
that height or half that height (multiple elevation tasks). All
tasks were performed with a fixed base of support (BOS) and
only the dominant, right arm was used to transport the object.
A twelve segment, kinematic model of whole body Center of
mass (COM) was collected at 100 Hz, along with markers on
the boundaries of the feet to quantify BOS. Dynamic postural
stability was quantified via COM motion through a temporal
measure of stability, minimum Time-To-Contact (minTTC),
based on the Hof model of stability [3]. Inter-trial movement
variability was also quantified via the coefficient of variation
(CoVa) of the COM velocity, along with peak COM velocity
and Task Duration (TD). Statistical analyses (ANOVA; SPSS
V. 22) were performed to determine age, speed and direction
effects for each dependent variable.
RESULTS
While no significant differences were found for stability
between age groups for the same elevation tasks, a significant
age by direction interaction (p = 0.019) was observed during
the multiple elevation tasks; only younger adults significantly
improved stability from the high transfer task to the low task.
No changes in the minTTC were observed for older adults
between task locations, even though they took significantly
longer to perform the task (p < 0.001) and achieved
significantly smaller peak COM velocity (p < 0.001) compared

to young adults. No age related main effects were observed
for inter-trial variability.

Figure 1. Frontal plane stability (as measured via minTTCml
in seconds) for healthy young (black line) and healthy older
adults (grey line) between the two multiple elevation
platforms. A significant interaction of Age by Direction was
observed (p = 0.019); the young adults increased their
minTTC when transporting the object in the low task
condition.
DISCUSSION AND CONCLUSIONS
Previous literature has reported that older adults have longer
movement time and a decrease in peak velocity when reaching
to ground level in the sagittal plane, which has been
interpreted as a cautionary control strategy [4]. This strategy
would limit the displacement of both the COM and center of
pressure (COP) (which has been observed; [4]) and ultimately
ensure that stability is maintained within the base of support.
Our current paradigm, involving a complex and challenging
reach and object transport task, has shown that even though
older adults may decrease peak velocity and increase task
duration as a preventative measure, frontal plane stability is
still significantly decreased compared to young adults. We
believe the “reach and transport object” task utilized in the
current paradigm provided better insight into the dynamic
postural stability deficits present in older adults.
REFERENCES
[1] Nachreiner et al. (2007). J Womens Health.16; 1437-46.
[2] Clark et al. (1990). Hum Factors. 32; 537-49.
[3] Hof et al. (2005). J Biomech. 38; 1-8.
[4] Paizis et al. (2008). Beh Neurosci. 122; 1361-1370.
ACKNOWLEDGEMENTS
The authors would like to thank Lukas Linde, Michael Smith,
and Joel Winsor for their assistance on this project.

TRUNK MUSCLE FATIGUE DEGRADES POSTURAL CONTROL IN YOUNG, HEALTHY INDIVIDUALS
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INTRODUCTION
In the past, researchers have discovered that trunk extensor
muscle fatigue causes decrements in quiet standing postural
control, as shown through increased postural sway in young,
healthy individuals [1,2]. We also know that abdominal
muscles have a vital role in controlling movement of the
trunk, which implies that abdominal muscles also aid in the
maintenance of postural control. Therefore, the purpose of
this study was to induce both trunk extensor and abdominal
muscle fatigue, on separate occasions, and compare their
effects on standing postural control, as well as look at the
effects of a recovery period on our outcome measures. We
hypothesized that abdominal muscle fatigue would degrade
quiet standing postural control, similar to the degradation
seen with trunk extensor muscle fatigue. We also
hypothesized that postural control would return to prefatigued values within 10 minutes of post-fatigue muscle
recovery.
METHODS
A total of 10 participants, 5 males and 5 females,
volunteered. For the postural control task, participants stood
quietly, in a neutral stance, on an unstable “foam” surface
(Airex balance pad) [2] on top of a Bertec force plate for 60
s, with their eyes closed and arms at their side (Bertec
Corporation, OH, USA). 10 standard postural control
variables were calculated from the force plate data. Each
participant completed a practice trial to become comfortable
standing on the unstable surface before completing 3 prefatigue control trials. Participants then completed an
isometric fatigue protocol to isolate either their trunk
extensor or abdominal muscles before completing 9 postfatigue trials. The first post-fatigue trial was completed
immediately after the fatigue protocol with the following
trials being completed at intervals up to 20 minutes postfatigue to examine recovery.
Surface electromyography (sEMG) electrodes were placed
bilaterally over erector spinae (L3), rectus abdominis, and
external oblique muscles. Signals were amplified (2000x)
(Bortec Biomedical Ltd., Calgary, AB, CAN) and recorded
at a sample rate of 2048 Hz. Analysis of the raw sEMG
frequency domain (median power frequency) during the
fatiguing protocols was done to confirm that muscle fatigue
was present.
RESULTS
Clear indications of fatigue were demonstrated by average
declines in median power frequency of 43%, 37% and 28%
in the erector spinae, rectus abdominis and external oblique,
respectively.

Seven of the 10 postural control variables were significantly
increased immediately post-fatigue, and all recovered to prefatigue values within 2 minutes of recovery (Figure 1 shows
one variable). Although not statistically significant, it
appeared that trunk extensor muscle fatigue had greater
effects on postural control than abdominal muscle fatigue.

Figure 1: Centre of pressure velocity during the pre-fatigue
(control) and post-fatigue quiet standing trials. * indicates
being significantly different (P < 0.05) compared to control.
DISCUSSION AND CONCLUSIONS
We confirmed that both abdominal and trunk extensor
muscle fatigue led to a significant degradation in postural
control that recovered within 2 minutes post-fatigue. It is
interesting to note that results trended towards trunk extensor
muscle fatigue having a greater impact on postural control
compared to abdominal muscle fatigue. Based on our fatigue
endurance times, which were longer for the extensor group
(means of 237 vs 81 seconds, respectively), it is possible that
rate of fatigue may have influenced this trending difference
between the trunk extensor and abdominal groups. However,
previous research has suggested that fatigue rate has no
impact on postural sway [3].
These results illustrate the importance of considering the
abdominal muscles when assessing standing postural control
and postural control related disorders. Further, it appears that
the muscle and/or nervous system quickly regains its ability
to control upright standing after an isometric fatiguing
exercise.
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INTRODUCTION
Increased plantar temperatures (PTs) lead to better sensitivity
[1], perhaps because of blood vessel dilation with a
corresponding increase in blood flow. Magnetic fields induce
the same effects on blood flow [2]. Consequently, improved
balance is speculated. Magnetic insoles (MI) may hence be a
viable alternative for treating postural instability. However, the
beneficial effects of magnetic devices were questioned [3].
Therefore, this study investigated the effects of MI on balance
responses and PTs. We hypothesized that MI increase both
PTs and balance.
METHODS
32 subjects (mean±SD: 24.5±3.2yrs) participated in this study.
Participants were informed about the purpose of this study and
procedures were conducted according to the Declaration of
Helsinki. After 15 min of acclimatization, thermographic and
balance data were recorded during three conditions: Pre 1, Pre
2 and Post. A FLIR E40bx infrared thermal camera (FLIR
Systems Inc., USA) was used to measure the PTs at a medial
line drawn between the middle posterior point of the heel and
the middle point between the 1st and 2nd toe. Quasi-static
single leg balance tests were quantified using a force plate
(IMM Holding GmbH, Germany; 1 kHz). Three trials of 20
min each were collected per condition and center of pressure
(CoP) total excursions were measured. The intervention
consisted of 30 min walking on a treadmill (4-6km/h) using
MI (CARE4YOU®, 5 magnets per insole) placed in sport
shoes. Insole placement was randomized and blinded: one
insole with magnets (intervention sole: IS) and the other
without magnets (control sole: CS). COP total excursions were
compared using a Friedman test followed by a Wilcoxon test
(α=0.05, respectively). Thermographic data were analyzed
with ANOVA for repeated measurements followed by
Bonferroni post-hoc tests (α=0.05). The relevance of mean
differences was determined by root mean square error (RMSE)
calculations between Pre 1 and Pre 2.
RESULTS
Changes in temperature and balance data are presented in
Table 1. Comparisons within the groups showed significant
differences between all analyzed conditions for both balance
and temperature data and for both groups. However, calculated

RMSE values showed that most of the differences were not
practically relevant, with exception of PTs when comparing
Pre 1 and Pre 2 to Post for both groups. No significant
differences were found between groups.
DISCUSSION AND CONCLUSIONS
Regarding balance, no relevant effects of the acute use of MI
were found in young subjects, which supports Suomi and
Koceja [4]; however older adults exhibited significant
improvements in balance while standing on the MI. By
contrast, Hinman found no immediate effects of the magnet
insoles on balance in seniors [5]. Therefore, further studies of
longer duration in young and older adults are needed to
determine whether magnets can improve postural control over
time. Regarding PTs, walking on a treadmill induced warming
effects in both groups, presumably due to vasodilatory
processes and muscular contractions. However, no additional
effects of the MI were found. We speculate that: a) the MI
used may produce a weak magnetic field (it was not specified
by the manufacturer), since there were only 5 magnets per
insole; b) MI produce no effects in young healthy subjects; c)
acute use of MI are not capable of inducing improvements of
balance control. In conclusion, no effects were observed and
further studies should investigate other neurological (e.g.
microneurographic) or vascular mechanisms, which could
directly or indirectly promote balance improvements.
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Table 1: Plantar temperatures (PTs) and COP total excursions (mean±SD) for CS (control sole) and IS (intervention
sole) and all conditions. Superscripted symbols represent significant pairwise differences: all p˂0.05.
Pre 1
Pre 2
Post
CS
IS
CS
IS
CS
IS
367.0± 75.6§*
382.4± 97.9ɣφ
COP_Total (mm) 414.2± 113.5¶§ 419.1± 93.7§ɣ 357.2± 93.3¶* 362.7± 97.1§φ
PTs (°C)

28.3±2.2¥ǂ

28.7±2.2ψ∫

27.6±1.7¥ɵ

27.7±1.9 ψΪ

33.8±1.7ǂɵ

33.9±1.4∫Ϊ
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INTRODUCTION
The aging population (>65 years old) is growing and recent
projections show that adults 65 and older will make up 30% of
the population by 2056 [1]. Falls occur in one of every three
adults, over the age of 65, every year [2]. Thus the ability to
control and maintain balance is critical to mobility that is such
an important part of activities of everyday life. It has been well
established that balance control is dependent on the
information provided by the plantar-surface cutaneous
mechanoreceptors [3,4]. Thus, the purpose of this research is
to determine how the effects of facilitating plantar-surface
cutaneous sensation affects balance control, in both young and
older adults, during standard balance tests (quiet standing and
one-legged stance).
METHODS
A total of 20 healthy young adults (YA) (11 male, 9 female;
average age 23, range 19-31) and 10 healthy older adults (OA)
(5 female, average age 70, range 63-79) volunteered for this
study. A screening questionnaire was used to ensure
participants were not diagnosed with any neurological or
musculoskeletal diseases or any other condition that would
impair balance control. Each participant was brought in for a
single testing session. Plantar -surface, cutaneous sensitivity
was measured using a monofilament test (Northcoast Medical,
USA). All participants were then fitted with an appropriately
sized Rockport shoe. Kinetic data during standing was
collected using a force plate embedded flush with the floor
(AMTI, Waterdown, MA, USA). Kinematic data was collected
using an OptoTrak Motion Capture System (Northern Digital
Inc., Waterloo, ON, Canada). A standard 12 infrared marker
set-up was used to collect the whole body motion of each
participant. All participants performed the following trials
under two of three possible conditions. Two quiet standing
trials were performed for 20 seconds followed by two onelegged stance trials for 20 seconds. The young adults group
were instructed to keep their eyes closed for the one-legged
trials. All participants performed the control condition and the
facilitated sensation condition in a random order, using a
specifically designed insole with a raised ridge around the
perimeter to facilitate plantar-surface sensation [5]. The
outcome measures used to determine stability were: the range
and root mean square (RMS) of the center of mass (COM) and
centre of pressure (COP) displacement in the medial-lateral
and anterior-posterior direction.
RESULTS
Table 1 illustrates differences within the two populations test
(YA and OA) when wearing the facilitatory insole in a onelegged stance task (quiet standing was unaffected). Four
measures were significant when the older adults wore the
insoles, whereas only one measure was deemed significant in

the young adults. The OA group was less sensitive in the great
toe and first metatarsal regions compared to the YA group.
Table 1: Comparison within young adults (YA) and older
adults (OA) with and without the facilitatory insoles.
Balance
YA control
YA
OA Control
OA
Measures (cm)
Facilitated
Facilitated
COM ML range
4.9 (±1.7)
5.2(±2.8)
11.0(±7.6)
7.1(±3.8)
COM ML RMS
54.5(±4.6)
54.2(±5.8)
52.0 (±4.1)
57.4(±1.0)*2
COM AP range
3.8(±1.3)
5.3(±4.2)
8.0(±7.6)
4.3(±3.5)
COM AP RMS
28.2(±1.9)
27.3(±4.6)
30.3(±1.9)
28.8(±1.4)
COP ML range
8.4(±2.8)
5.8(±2.2)
14.0(±8.9)
8.6(±4.6)*2
COP ML RMS
30.8(±1.3)
31.4(±2.6)
35.0(±5.5)
32.5(3.5)*2
COP AP range
6.8(±2.0)
7.4(2.7)
11.6(±7.7)
8.0(±3.4)*2
COP AP RMS
27.5(±2.1)
26.3(±2.2)*1
26.5(±1.9)
26.1(±0.8)
Note: * - p < 0.05 (1 – significant difference between control and facilitated in
YA; 2 – significant difference between control and facilitated in OA).

Table 2: Comparison of plantar-sensitivity thresholds
(higher=less sensitive) between YA and OA.
Sensitivity (indenter size)
Great Toe
First Metatarsal
th
5 Metatarsal
Heel

YA
3.14 (0.57)
3.30 (0.72)
3.67 (0.41)
4.21 (0.22)

OA
3.93 (0.48)*
4.00 (0.47)*
3.62 (1.01)*
4.66 (0.64)*

DISCUSSION AND CONCLUSIONS
Addition of plantar-surface facilitation reduced centre of
pressure measurements during one-legged stance in older
adults. The affect was not as strong with the young adults
tested. The intended plantar-surface sensory facilitation, with
the insoles, to improve balance control may only be effective
on moderately insensitive individuals.
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INTRODUCTION
The ongoing trends in the application of inertial sensors
in sport activities provided unique opportunity for testing
and monitoring of elite athletes in their natural training
environment. However still some technical insufficiency
exists due to limitation in measurement of angular
rotation velocity during sport. To overcome this shortage,
author has invented a Gyroscope-free sensor module
using accelerometers to measure very high linear and
angular acceleration and velocities in sport or industry
and tested in Soccer. In this project a hardware and
computer software were designed to measure the high
kinematic parameters (linear and angular accelerations
and velocities) and compute the kinetic parameters
(force, torque, angular momentum, impulse and angular
power) of the instep kick and compare the right and left
legs during trials of a subject or in the group. This novel
technique is also suitable in many of other sports or in the
low range movements (e.g. gait, dance, etc) using low
range accelerometers.
METHODS
Fifteen professional university soccer players (age: 20-22 y;
weight: 68.1±8.7 kg; height: 174.4±7.9 cm) instructed to do
four instep kick without concern about accuracy. Software
downloaded the data from data logger memory card and
detected the ball impact and separated information into before
impact, during impact and after impact with the ball. Validity
(r=0.954) and reliability (Cronbach's alpha=0.973) of the
hardware previously reported [1]. Shank and leg mass was
predicted by Cheng's method [2]. The assumption
of normality tested by Shapiro-Wilk test and independent t-test
was used to compare two legs.

Figure 1: Gyroscope-free sensor module and triaxial
accelerometer data logger attached to the shank and thigh in
soccer player

RESULTS
Table 1: Maximum kinematic & kinetic parameters before ball impact.
NonPreferred
tSig. (2Parameter
Unit
preferred
leg
test
tailed)
leg
Shank Linear
Acceleration (X)
Shank Linear
Acceleration (Y)
Shank Linear
Acceleration (Z)
Thigh Linear
Acceleration (X)
Thigh Linear
Acceleration (Y)
Thigh Linear
Acceleration (Z)
Leg swing time
Shank linear
velocity (XYZ)
Shank Torque (X)
Shank Torque (Z)

g

4.2± 1.1

4.1± 1.3

0.068

0.946

g

7.8± 15

7.5± 2.1

0.550

0.586

g

5.7± 1.7

4.0± 0.9

3.257

0.003

g

8.7± 1.6

7.3± 1.9

2.220

0.035

g

4.0± 1.6

3.3± 1.3

1.209

0.237

g

6.3± 1.6

5.3± 2.5

1.238

0.226

msec

271± 48

263± 62

0.420

0.678

m/s

14.9± 3.0

12.4± 2.6

0.369

2.436

N.m
N.m

43.8±23.5
110.3±34.3

44.5±23.2
131.4±28.6

-0.08
1.830

0.934
0.078

DISCUSSION AND CONCLUSIONS
This method is unique, cheap and reliable in measuring
angular velocity up to 100000 ͦ/sec and high linear acceleration
in impact sports. Data acquisition and evaluation is
comparably simple, fast and applicable in any environment
compare with optical methods.
Results obtained in this research are comparable with other
reports with motion analysis method [3-4]. For instance,
maximum shank angular velocity before impact was 1865±201
ͦ/sec and professional national players 2257±246 ͦ/sec [4] is
related to their muscular strength and skill level. It is quick
evaluation of two-footedness in kicking skills.
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INTRODUCTION
Soccer is a complex sport consisting of a variety of
movements, including sprinting, jumping, kicking and cutting.
These tasks are often studied in laboratory settings in order to
assess differences in cleat products [1], gender [2], or skill
levels [3]. However, the repeatability of these movements
across testing sessions is unknown. Therefore, the purpose of
this study was to assess the repeatability of performance and
selected biomechanical variables during an instep kick, sprint
start, and 45º cutting manouevre across two testing days.
METHODS
Five male soccer players (mean (SD) 27.8 (3.7) yr, 1.8 (0.1)
m, 74.7 (8.1) kg) participated in this study. Players were
required to have played on a competitive team, and all players
were right leg dominant. All players performed six trials each
of maximal effort instep kicks and standing sprint starts, and
10 trials each of 45º cuts at 4.5 ± 0.5 m/s with the left and right
legs. Testing was conducted on two separate days on an indoor
turf surface. To mitigate the effect of footwear, all players
wore the same outdoor soccer shoes (2015 f50 adizero,
adidas). The variables of interest can be found in Table 1.
Kinematic and kinetic data were collected using a Motion
Analysis System (Motion Analysis Corporation, California,
USA) and Kistler force plate (Kistler, Winterthur,
Switzerland) during all tasks, and were analyzed using Visual
3D (C-Motion, Maryland, USA). Ball speed was quantified
using a Stalker Sport 2 radar gun (Mega-Tech, Alberta,
Canada) and 5 m sprint time was quantified using timing lights
(Brower Timing Systems, Utah, USA).
All individual trials were examined, and any outliers were
removed. The means of the remaining trials for each day and
variable were calculated and used for statistical analyses.
Mean change, technical error of measurement, Pearson’s
Correlation (R2), and intraclass correlation coefficients (ICCs)
were calculated for each variable using Microsoft Excel
(Microsoft, Washington, USA) and IBM SPSS Statistics
(SPSS Inc., Illinois, USA).

RESULTS
The results of this study suggest high between day
repeatability for some of the assessed variables (Table 1). The
R2 and ICC values were high for ball speed, max anterior foot
speed, sprinting propulsive impulse, and left knee abduction
moment during a 45º cut. However, the 5 m sprint time and the
right knee abduction moment showed low repeatability.
DISCUSSION AND CONCLUSIONS
The current study was the first to investigate the repeatability
of a number of soccer-specific variables that are commonly
quantified in biomechanics research. Notably, the left knee
abduction moment during the 45º cut was more consistent
across days than the right knee abduction moment. This
finding was unexpected as all players were right leg dominant.
However, it must be noted that the sample size for this study
was small (N = 5). Therefore a large difference between days
in even one player has significant effects on the statistical
measures. Currently, the robustness of this study’s results is
being increased by increasing the sample size. In conclusion,
researchers should be careful in selecting variables to include
when designing a study which includes specific soccer
movements.
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Table 1: Between-day repeatability of soccer-specific tasks
Task
Kick
Sprint
Start
45°
Cut

Variable

Day 1 Mean
(SD)

Mean (SD)
Change

Ball speed [km/h]
Max anterior foot speed [m/s]
5 m time [s]
Propulsive impulse [Ns]
Max left knee abduction moment [Nm]
Max right knee abduction moment [Nm]

89.0 (7.7)
16.8 (1.0)
1.0 (0.1)
69.1 (8.7)
156.3 (75.9)
143.3 (39.3)

-0.6 (3.7)
-0.4 (0.6)
0.0 (0.1)
-0.8 (2.5)
-2.0 (20.7)
4.6 (54.0)

Technical
Error of
Measurement
2.60
0.42
0.05
1.76
14.6
38.2

Pearson’s
Correlation
(R2)
0.84
0.83
0.02
0.95
0.93
0.07

Intraclass
Correlation
Coeff. (ICC)
0.96
0.92
0.54
0.98
0.96
0.47
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INTRODUCTION
Sport related head injuries are a large and growing concern.
Although considerable research has focused on American
football, repetitive head impacts are a particular concern in
soccer as participants can accumulate thousands of head
impacts per season. Furthermore, rules permit soccer players
to advance the ball using their heads (“heading”), and the
magnitude of these head impacts are comparable to football
and hockey [1]. This coupled with the lack of effective
headgear, represents a worst-case scenario compared to
American football or hockey.
Sensors mounted to the players’ heads provide detailed
information about the direction and magnitude of impact
exposures in real-time, and may enable choices about playing
time that will reduce the likelihood of injury. The paucity of
information relating specific impact exposures to head injuries
has made it challenging to develop strategies to reduce
concussions in sports. The purpose of this study is to delineate
the relationship between head impact exposures in youth
soccer players and brain health.
METHODS
Biomechanical head impact exposures & electrophysiological
(via electroencephalogram; EEG) data will be collected from a
large cohort of youth soccer players in the 2016 season. This
study will include six soccer teams (3 male, 3 female)
registered in the Ontario Player Development league (n=120).
Demographic information (age, gender), concussion history
and soccer experience will be provided by the child’s parent.
Head impact exposure will be measured using headbands
instrumented with sensors will measure head linear
accelerations and rotational velocities that players experience
with each impact (GForceTracker, Markham, Ontario,
Canada). Participants will wear the instrumented headband at
all matches and practices. Video recordings of each match will
be evaluated, to describe the context for the head impacts;
were the impacts due to ball, player or ground contact.

task under two conditions: 1) At Rest, 2) Submaximal
physiological stress induced by stationary cycling. Since
exercise can exacerbate concussive symptoms, we hypothesize
that this mild stressor may also help identify individuals with
subclinical deficits in attention. The Oddball task presents both
visual and auditory stimuli on a computer screen and
participants identify target stimuli (big blue circle) and inhibit
responses to standard stimuli (small blue circle, checkerboard).
EXPECTED RESULTS
Table 1 demonstrates pilot head impact data from heading
scenarios that players experience as a result from throw-ins, 25
metre kicks, and drop kicks. Seven trials of each heading
scenario were completed, and the average linear head
acceleration varied between styles and was as large as 28.33g.
Data analysis will focus on evaluating the relationship
between biomechanical head impact exposures and
quantitative measures of cognitive and brain function.
Exposure data will be related to measures of brain function
stratified by age, sex and head impact metrics. EEG data will
focus on the P3b event related potential, a subcomponent of
the P300 event related potential. It is expected players that
experience a high number of subconcussive head impacts
compared to controls (i.e. second string players) will
demonstrate similar P3b amplitude attenuation as concussed
athletes [2].
DISCUSSION AND CONCLUSIONS
The expected dataset will be well conditioned to evaluate
injury thresholds in youth soccer. By uncovering the
relationship between head impact exposures in soccer and
changes in brain function we expect it will be possible to
predict the likelihood of imminent injury and identify the risk
for specific players. Results from this study will help reduce
the rates of head injury in youth sports and produce evidencebased criteria for reducing mild traumatic brain injury from
repeated head impacts in sport.

REFERENCES
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International 10-20 system, 21 electrodes will be positioned on
[2] Wilson MJ et al. (2015). Effect of Repetitive
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Subconcussive Impacts on Electrophysiological Measures of
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Neuroscience System (eVox Neuroscience System, New York,
NY, United States) while the participant completes an Oddball
Table 1: Pilot head impact linear acceleration and angular velocity data from soccer heading scenarios.
Impact
Resultant Linear Linear
Linear
Rotation
Rotation
Rotation
Rotation
Type
Accel (g)
X (g)
Y (g)
Z (g)
X (deg/s)
Y (deg/s)
Z (deg/s)
Resultant
Throw In
17.04
-4.91
1.78
16.07
-1.57
634.4
-80.7
670.0
25m Kick
28.33
-10.27
1.11
24.11
49.29
-72.4
74.2
853.5
Drop Kick
25.14
-8.03
2.23
21.43
-78.14
603.4
-153.4
1052.5
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INTRODUCTION
The rugby scrum is a means of restarting play following a
minor rule infringement whereby eight players from each team
exert force on one another in order to win possession of the
ball [1]. The scrum poses a significant health risk to the
athletes, with more missed days due to injury per event than
the tackle, ruck, maul or any other rugby activity [2]. This may
be due to the high forces exerted in combination with flexion
of the spine, which has been cited as the most common
mechanism of injury [3].
Increased flexion of the spine has been associated with
reduced hip mobility [4] and quadriceps fatigue [5] in varying
physical tasks but have yet to be examined in the rugby scrum.
Therefore, the current study aims to determine if hip mobility
and quadriceps fatigue affect force output and spine posture
during the rugby scrum.
METHODS
Varsity and club level male rugby players (n=10) between the
ages of 18-30 underwent measures of active and passive hip
mobility for both flexion and extension range of motion in the
sagittal plane. Following this, each individual was
instrumented with electromagnetic motion markers along the
spine (Liberty, Polhemus, Colchester, Vermont) in order to
measure flexion/extension of the lumbar, thoracic, and cervical
spine regions.
Participants were then instructed to maximally push against an
instrumented (uniaxial force plate, Vernier, Beaverton,
Oregon) individual scrum machine five times using a voicerecorded cadence. Following this, participants performed a
wall sit to failure in order to induce quadriceps muscle fatigue,
and then returned to the scrum machine for another five trials.
RESULTS
Hip flexion range of motion was strongly correlated with
maximum impact peak force (figure 1) during the pre fatigue
trials (r = 0.77) and with average lumbar flexion angle during
the sustained push phase (figure 1) of the pre-fatigue trials (r =
0.67).
Regarding the affect of quadriceps muscle fatigue, average
cervical flexion was significantly higher in the post-fatigue
trials compared to the pre-fatigue trials during the sustained
push phase of the scrum procedure (F = 38.41, p = <0.001). In
contrast, lumbar flexion decreased during the post fatigue
condition (F = 4.12, p = 0.04). Thoracic angle did not vary
significantly.

Figure 1: Characteristic shape of scrum force data. The player contacts
the scrum machine with an initial impact peak followed by a sustained
push plateau.

DISCUSSION AND CONCLUSIONS
Following fatigue, the lumbar spine became more extended,
perhaps to reduce the strain on the fatigued quadriceps. In
order to compensate for this lumbar extension, the cervical
spine became more flexed potentially as a way to achieve the
position necessary to make contact with the scrum machine.
Hyper-flexion of the cervical spine has been cited as the most
common scrum injury in rugby players [1,3]. Therefore,
players may be at an increased risk of cervical spine injury
when experiencing fatigue during a game. A number of rule
changes have been implemented to reduce the frequency of
spine injuries but it should be noted that increasing muscular
fitness to reduce fatigue may contribute to reducing cervical
flexion as well.
Though these rules changes have reduced the magnitude of the
impact peak of the scrum [1] it still remains an important
component for initial momentum of the scrum. Given that
greater hip flexion mobility was found to be strongly
correlated with increased impact force, improving hip range of
motion may an also help improve scrum performance.
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INTRODUCTION
Since 2007, the Play and Stay campaign of the international
tennis federation aims to improve the first tennis experiences
and to retain more players. For each experience level, ball and
racket characteristics and court dimensions have been adapted
to improve the amusement and skills acquisition [1]. Despite
this recommendation, young players still choose their
equipment according to their idol [2]. This can be non-adapted
and affect the performance as well as the coordination and
joint constraints of upper limb that may increase the risk of
injuries. Young elite players may be the most exposed
population because they start to practice intensively in early
age to reach the professional level. However, the scaling tennis
racket adapted for each biological age is not defined yet.
The aim of this study was to a) identify racket profiles based
on the tennis racket characteristics; and (b) examine evolution
of these profiles across biological ages of young elite players
METHODS
Over four years, 93 players (35 girls and 58 boys, age: 8-14
years, height: 127-171 cm, mass: 23-57 kg, tennis exposure: 314 h) participated in this study. Specifically, 2 players
participated 4 times (i.e., 4 years), 12 participated 3 times, 28
twice and 51 once. Each year, the player’s age, height, leg
length and mass were measured, and used to estimate the
biological age [3], expressed as PHV-4, PHV-3, PHV-2 and
PHV-1 corresponding to 4, 3, 2, and 1 years before the
predicted age of peak height velocity (PHV). The racket
characteristics namely mass, centre of gravity, swingweight,
twistweight, racket stiffness ,string tension, and length were
assesed with a Racket Diagnostic Center (Babolat, Lyon,
France). A latent profile transition analysis (LPTA) approach
was used to (a) identify profile of racket based on the
aforementioned characteristics and (b) explore the evolution of
these profiles across biological age. All LPTA were done with
software Mplus 7.31 (Muthén & Muthén, Los Angeles, CA).
When several classes were defined, a statistical comparison
test was applied (P≤0.05).

RESULTS
The log-likelihood and the Bayesian information criterion, two
LPTA information criteria, indicated that there were three
classes (i.e., different racket types) at PHV-4 and PHV-3 and
two classes at PHV-2 and PHV-1 (table 1). Mass, racket
stiffness, centre of gravity, swingweight and twistweight were
significantly different parameters between classes (Table 1)
while string tension and length were no different.
DISCUSSION AND CONCLUSIONS
This study aimed to follow the racket parameters evolution
through the biological age. The main findings were that
rackets were mainly distinguished in mass, centre of gravity,
swingweight, twsitweight, and racket stiffness. At early PHV,
most of players used a racket with intermediate mass and
swingweight for their age, weak stiffness, and a centre of
gravity close to the handle. These characteristics may promote
the skill acquisition because a low mass and a low
swingweight may lead to a better racket control [1]. With the
increase in PHV and tennis experience, the racket mass,
stiffness, swingweight and twistweight increased and the
centre of gravity position closer to the head that may improve
the stroke powerful [2]. Future studies will focus on the link
between racket parameters and shoulder injuries as well as
strength and flexibility characteristics.
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Table 1: Mean ± standard deviation of tennis racket characteristics as function of biological age (PHV) and class
obtained with LPTA
PHV-4
PHV-3
PHV-2
PHV-1
C1
C2
C3
C1
C2
C3
C1
C2
C1
C2
n
4
38
51
35
7
51
47
46
12
81
Mass (g)
221a,b±8
262c±3
249±2
279a,b±3
258c±2
267±3
287a±2 277±2
305a±2
285±1
Centre of gravity (%)
49a±0
52c±1
49±0
51a±0
49c±1
51±0
50a±0
51±0
49a±0
51±0
-2
a,b
c
a,b
c
Swingweight (kg.cm )
150 ±6
244 ±10 205±4
294 ±3
230 ±14 257±3
302±5 305±5
308±3
304±2
Twistweight (kg.cm-2)
166a,b±4
265c±8
218±4
308a,b±3
228c±4
271±3
311±3 318±5
322±3
318±3
b
c
a,b
Racket stiffness
57 ±0
57 ±2
54±1
68 ±1
54c±5
59±1
68±1
67±0
66a±1
70±0
a, b and c are a significant difference between C1 and C2, C1 and C3, C2 and C3 respectively.
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INTRODUCTION

EXPECTED RESULTS

Rowing is a sport that is performed on the water. Because of
this, many data collection methods are impractical. Some
studies have attempted to overcome this difficulty by
instrumenting rowing boats or by using ergometers (dryland
rowing simulators). The information that can be collected from
an instrumented boat is limited and ergometers do not mimic
the rowing stroke perfectly especially sweep or single oar
rowing which involves a lean and twist during the stroke. In
order to overcome some of the challenges of collecting data on
the water an aerial drone was used to evaluate sweep rowers
on the water.

With regards to the first aim, it is expected that the drone will
be a useful tool for biomechanics and rowing research. With
regards to aim two, it is expected that the oar angles calculated
using the drone will be similar to the oar angles recorded in
previous studies that evaluated oar angles using potentiometers
on the boats [1]. It is expected that there will be some lateral
lean for each rower, but that the more experienced and
heavyweight rowers will lean further laterally towards the side
of their respective oar than the novice and lightweight rowers.
It is also expected that with increased lateral lean there will be
a greater shoulder rotation.

There were two aims for this study: the first being to evaluate
the use of drones as a biomechanics and rowing research tool;
and, the second was to evaluate the lateral movement of sweep
or single oar rowers over the duration of a stroke.

DISCUSSION AND CONCLUSIONS

METHODS
Approval from Transport Canada was received to fly the drone
in the requested locations. A DJI™ Phantom 3 Professional
(DJI Inc., Shenzhen, China) fitted with a high resolution
camera was used to capture the data. Athletes were recruited
from the University of Western Ontario Rowing team. Sixteen
women; eight lightweight (under 57kg) and eight heavyweight
rowers (over 57kg); and twenty-four men; eight lightweight
(under 72.5kg), eight heavy weight rowers (over 72.5kg) and
eight novice rowers (no prior rowing experience) participated
in the study. Each crew was recorded for a total of 15 strokes
at stroke rates of 20, 26 and 30 strokes/min. The drone was
flown at an altitude of approximately 15 meters, as close to
above the center of the boat as possible. At each stroke rate,
the three best strokes were selected to be analyzed. The videos
were analyzed by tracking four points on each rower and ten
points on the boat. A marker was placed on the stern of the
boat to be used as the origin of the x-y-coordinate system. The
x-axis in the video was then rotated to match up with the
longitudinal axis of the boat using a second marked point at
the bow of the boat. The oar angle, lean (lateral movement)
and shoulder angles were all calculated and compared between
boats.

Although data analysis is not fully completed, it is anticipated
that it will be finished before the date of the conference. If the
expected results, with regards to oar angles are observed, then
it will indicate that aerial drones are an effective research tool
for biomechanics and rowing. It will also provide additional
information about the sweep rowing stroke.
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INTRODUCTION
Resistance training is an established method to improve both
physical fitness and sport performance. Typically, fitness gains
are specific to the type of exercise performed [1]. Sportspecific resistance training (SSRT) can improve muscular and
joint coordination patterns to become more successful in sport.
One SSRT method is to add weight to the exercising limb.
During forward locomotion, ankle weights preserve gait
kinematics [2], increase muscular activity [3], and increase
metabolic demand [3]. In an attempt to transfer the beneficial
effects of lower limb loading to ice-hockey skating, skate
weights have been developed; however, their effectiveness as
a SSRT tool has not been scientifically evaluated.
Skating is a complex locomotive pattern. To prepare for
propulsion, skaters externally rotate their non-supporting thigh
and begin extending their hip and knee. When both skates are
in contact with the ice, the driving limb’s knee fully extends,
the hip hyperextends and abducts, and the ankle plantar flexes
[4]. These movements require large muscular effort at the hip
(flexors, extensors, and adductors) and knee (flexors and
extensors) for effective skating [5]. The goal of this study was
to examine the acute effects of a skate weight prototype
(Figure 1A; Pro Skate Weight, ON, Canada) on skating
kinematics, kinetics, and muscle activation during the
acceleration phase of skating on a synthetic ice surface. We
hypothesized that skate weights would increase muscle
activation [3], while maintaining skating kinematics [2].
METHODS
Ten experienced (AA to Ontario Hockey League) male hockey
players were recruited for this study. Eight EMG (Trigno,
Delsys, MA, USA) sensors were placed on the skaters’ right
lower leg, trunk, and back. A 15-camera motion capture
system (Oqus 400+, Qualisys, Sweden) recorded gross skating
kinematics of the lower limbs, pelvis, and trunk at 200 Hz.
When instructed, skaters accelerated over 8 metres on a
synthetic ice surface (4everice, PQ, Canada; Figure 1B).

Figure 1: A) Skate weight prototype. B) Synthetic ice surface.

Start positions were altered so that right foot landing and toe
off occurred on force plates embedded under the ice surface 46 metres from the start (FP-4060, Bertec, OH, USA). Four
non-randomized movement conditions were tested using a
skate weight prototype (Pro Skate Weight, ON, Canada): no
weight (baseline), light weight (0.9 kg/skate), heavy weight
(1.8 kg/skate), and no weight (recovery). Kinematic data were
analyzed using Visual 3D (v 5.0, C-Motion Inc., MD, USA).
All other calculations were performed using custom Matlab
software (The MathWorks Inc., MA, USA). Repeatedmeasures ANOVAs were used to compare changes in all
dependent variables with the skate weights.
RESULTS
The addition of the skate weights did not greatly alter skating
kinematics, averaging a 2.4° change per movement axis. No
changes in muscle activation occurred between load
conditions, despite larger vertical ground reaction forces (p =
0.021); likely due to the significant decrease in skating speed
(p < 0.001) between weight conditions (4.58 m/s, 4.48 m/s,
4.39 m/s, 4.56 m/s, respectively).
DISCUSSION AND CONCLUSIONS
The present study measured the acute effects of skate weights
on the acceleration phase of the skating cycle. In general, it
was determined that weighted skates resulted in slower skating
velocity, similar EMG activations, and minimal changes to
joint kinematics. It is possible that with more training, skaters
could maintain their skating velocity resulting in higher
muscle activation. It is also possible that long term training
with the weights could improve skating velocity when not
wearing them, as this has been observed previously with
weighted baseball bat training on swing velocity [6]. Based off
of the preservation of kinematics and self-reported comfort,
the Pro Skate Weight may be an effective SSRT tool.
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INTRODUCTION
Ice hockey players, particularly goaltenders, are
susceptible to intra-articular hip injuries. Goaltenders are at an
increased risk of these injuries [1], perhaps due to repetitive
drops into the butterfly position where they quickly drop to
their knees while internally rotating their hips to block the
lower half of the net. Recently, a study investigating the effect
of goaltender leg pad width on goaltender hip kinematics
observed that a “broken in” pair of goaltender leg pads
required significantly less hip internal rotation compared to
new goal pads of the same width [2].
This research had two objectives. The first was to
quantify goaltender hip kinematics, particularly hip internal
rotation, during butterfly movements in goaltender leg pads at
varying degrees of wear (time used). We hypothesized that
goaltender hip internal rotation at ice contact would be greater
in new leg pads compared to hip rotations in used pads.
Second, evaluate the relationship between hip internal rotation
and the hours of goal pad use. We hypothesized that hip
internal rotation, at ice contact, will decrease as hours of usage
increase.
METHODS
This was a longitudinal repeated-measures study with
10 local men’s league goaltenders ranging from 27-40 years
old. Prior to all testing goaltenders performed 15 body weight
squats and were given 5 minutes to familiarize and warm up
on the synthetic ice. Subject active and passive hip internal
rotation range of motion (ROM) limits were determined upon
the first visit to the lab. This provided a reference point for the
amount of hip internal rotation occurring during butterfly
movements. Initial testing evaluated 5 full butterfly drops and
recoveries in a control pair of goaltender leg pads (participants
own leg pads) and a new pair of goaltender leg pads. Follow
up tests, on the new goal pads, were conducted every 2 months
for 10 months. Goaltender hip kinematics were quantified
using an 11 camera high speed passive motion capture system
that recorded a verified custom-made reflective marker set [3].
A one-way repeated measures ANOVA was conducted to
identify the main effect of goal pad wear (hours used) on hip
internal rotation kinematics and a Pearson correlation was
conducted to evaluate the relationship between hip internal
rotation and the hours of use.
RESULTS
On average, the goal pads were used for
approximately 17 hours over each of the 2 month intervals. In
specific, the hours of wear for follow up 1, 2, 3, 4, and 5 were
15.8 ± 6.3, 34.0 ± 15.9, 47.7 ± 21, 64.6 ± 26.1, 83.9 ± 30.8
hours (mean ± 1 S.D), respectively. At the time of initial
testing the control goalie pads were 4.6 years ± 1.9 years old
(mean ± S.D). There was no main effect of goal pad wear on
goaltender hip internal rotation kinematics at ice contact
(p = 0.075). There was no apparent relationship between hip
internal rotation and the hours of goalie pad use (r = 0.104).

Figure 1: Each subject’s average peak internal rotation for the
control goal pad and each time point in the new goal pad, with
active and passive ROM limits. Subjects are arranged from
least to greatest hip internal rotation at ice contact in the
control goal pad condition with respect to their active ROM.
DISCUSSION AND CONCLUSIONS
The data suggests that goaltender hip kinematics,
particularly hip internal rotation, does not change as goal pads
break down. There was no main effect of goal pad condition
and there was only a weak relationship between hip internal
rotation at ice contact and hours of usage. Therefore, these
findings further support the theory that equipment may not
influence the probability of injury in these goaltenders.
The men’s league goaltenders tested in this protocol did not
exceed their active ROM to the same extent as junior
goaltenders [3], 30% vs ~64.2%, respectively. These average
differences are probably due to age, morphology, butterfly
technique and performance consistency. A limitation to this
work is that the effect of wear on goaltender hip kinematics
may occur outside our 10 months of follow up. Interestingly,
the hip internal rotations in the control (mean = 4.6 years)
condition were similar to all stages of wear in this study,
although the average of that equipment was 4.6 years old. This
further suggests that hip kinematics are not strongly influenced
by equipment.
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RESULTS
Figure 2 shows the simulated kinematics of joints HP, SH, EL,
and WR throughout the delivery as predicted by the (3)
optimal control objective functions; the experimental joint
kinematics are presented as arithmetic means ± standard
deviations over multiple deliveries.

METHODS
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A wheelchair curler was recruited from the Canadian
Paralympic Team. Total-body joint kinematics throughout the
delivery were experimentally measured with an inertial
measurement unit system (Xsens Technologies, Netherlands);
the translational stone kinematics were determined using video
feature tracking software (Xcitex, USA). A two-dimensional
multibody biomechanical model of wheelchair curling was
developed in MapleSim (Maplesoft, Canada) (Figure 1).
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Scientists have proposed that the human central nervous
system resolves kinematic redundancies during multibody
movements using optimal control theory [1]. An emerging
area of human movement science involves the biomechanics
and motor control of athletes with physical disabilities. To the
best of the authors’ knowledge, there has been no research
published regarding the motor control of Paralympic athletes.
The objective of this research was twofold: i) develop a novel
multibody biomechanical model of a Paralympic athlete with a
spinal cord injury, and ii) compare the simulated joint
kinematics from different optimal control objective functions
with those experimentally measured during wheelchair curling
in the interests of quantifying the motor control employed by
the Paralympic athlete.

algorithm was developed using GPOPS-II (RP Optimization
Research, USA). The algorithm determined the joint moments
throughout the delivery that minimized the sum of squared i)
joint angular velocities, ii) end-effector translational velocity,
and iii) joint moments, subject to equality and inequality
constraints. Simulated joint kinematics were computed from
the optimized joint moments via forward dynamics modelling.
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Figure 2: Simulated and experimental joint kinematics.
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There were minor correlations between the simulated joint
kinematics from the different objective functions and those
experimentally measured with the Paralympic athlete.
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Figure 1: Schematic of the multibody biomechanical model.
The model consisted of a torso (T), head-and-neck (H&N),
upper arm (UA), forearm (FA), hand (HD), delivery stick
(DS), and curling stone (S). The biological body segment
parameters were quantified through dual-energy x-ray
absorptiometry. The model also included a hip (HP), shoulder
(SH), elbow (EL), and wrist (WR), which were represented as
revolute kinematic pairs. The Paralympian’s maximum range
of motion about joints HP, SH, EL, and WR were
experimentally measured using a goniometer (Patterson
Medical, UK). A prismatic kinematic pair was used to model
the contact between the curling stone and ice. An optimization

This research sought to quantitatively evaluate how the central
nervous system of a Paralympic athlete coordinates multibody
movements notwithstanding kinematic redundancies. The joint
kinematics from different optimal control objective functions,
in conjunction with a multibody biomechanical model, were
compared with those experimentally measured during the
wheelchair curling delivery. None of the objective functions
under consideration adequately replicated the joint kinematics
(and thus motor control) of the Paralympian. Accordingly,
other optimization objective functions are being investigated.
REFERENCES
[1] Sha D and Thomas JS. (2015). An Optimisation-Based
Model For Full-Body Upright Reaching Movements.
Computer Methods in Biomechanics and Biomedical
Engineering 18; p. 847-860.
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INTRODUCTION
Classification is a process designed to ensure that the success
of a Paralympic athlete (or team) is determined by skill,
fitness and strategy as opposed to competitive disadvantages
of unequal impairments [1]. The current International
Wheelchair Basketball Federation (IWBF) classification
method places athletes on a scale ranging from 1-4.5 (most
limited to least limited) in 0.5-point increments[1]. Volume
of Action (VoA) is the limit to which a player can move
voluntarily in any direction, and forms the basis of the IWBF
classification system. Players with larger VoAs are classified
higher than those with smaller VoAs.
Centre of pressure (COP) measurements have been used to
quantify dynamic postural stability in patients with spinal
cord injuries. In this regard, the boundary outlined by the
COP during circular reaching tasks was smaller for subjects
with higher-level lesions of the spinal cord [2].
Accordingly, the purpose of this project was to determine if
a quantitative VoA measurement could discriminate between
athletes currently classified above and below 2.5 points
according to the current IWBF standards.
METHODS
11 males and 3 females (age 25 ± 5 years, Mass 70.13 ± 14.4
kg) currently enrolled in the National Wheelchair Basketball
Academy program were grouped into High Class (HC, n=6)
and Low Class (LC, n=8) players holding IWBF
classifications of 2.5 points and above, and below 2.5 points
respectively. The athletes were instructed to sit quietly for 30
seconds, and then leaned forward, backward, side to side and
diagonally by pivoting at the hip joints to trace a circle (Shin
and Sosnoff, 2013).
An in-ground force plate (Advanced Mechanical Technology
Inc., MA, USA) sampled raw analog force plate signals from
the reaching task at 1000Hz, which were converted to digital
signals in Qualisys Track Manager (Qualisys AB,
Gothenburg, SWE). The digital signals were conditioned
with a low- pass, fourth order Butterworth filter with a cutoff frequency of 6Hz and combined to generate a 2D COP
signal in a custom-written MATLAB (Mathworks, MA,
USA) program. The average of the first 30 seconds was used
to create a COP “origin” for quiet sitting, and the distance
and angle (relative to the horizontal) from the origin of all
subsequent COP values during the reaching task was
calculated.
The area bounded by the one degree incremental average of
the COP signal (Figure 1) yielded a cumulative area score
(FR-CA). This score was compared between HC and LC
groups using descriptive statistics (Microsoft Excel 2013,
Microsoft
Corporation,
Redmond,
WA,
USA).

FRONT
Figure 1: Sample COP data (red) for a single trial. Black dot
indicates the COP origin. FR-CA is the area bounded by the
red polygon.
RESULTS
Group

Mean
Standard
Range
FR-CA
Deviation
LC
13.64 mm2
10.99 mm2
2-31 mm2
2
2
HC
63.87 mm
12.4 mm
50-80.8 mm2
Table 1: FR-CA results for the LC and HC groups (mean,
standard deviation and range).
Overall, the HC group hard larger FR-CA scores than the LC
group. In fact, every HC athlete tested had an FR-CA score
larger than every LC athlete tested (Table 1).
DISCUSSION AND CONCLUSIONS
Clearly, the two groups are unique when it comes to FR-CA
scores, as the complete ranges for each group are different.
Since classification is based on VoA, this relationship was
expected given that athletes with lower lesions would
theoretically have more musculature available to use to both
move their COP and preserve balance. More quantitative
tests (such as the FR-CA) could be developed and refined to
assist in decreasing the potential of inter-classifier bias in the
assessment of function in Paralympic athletes. In this way,
the game can be validly levelled and true differences in
athletic ability will determine sport outcomes.
REFERENCES
[1] International Wheelchair Basketball Federation. (2014).
Official Player Classification Manual. (Ver. #1 2014).
Winnipeg, MB, CAN: IWBF Classification Commission.
[2] ] Shin, S. and Sosnoff, J.J. (2013). Spinal Cord Injury
and Time to Instability in Seated Posture. Archives of
Physical Medicine and Rehabilitation. 94: pp. 1615-1620.

A 3D VOLUMETRIC FOOT-GROUND CONTACT MODEL

1

Peter Brown1, John McPhee1
Systems Design Engineering, University of Waterloo, Waterloo, Canada, [pm2brown, mcphee]@uwaterloo.ca

INTRODUCTION
Foot-ground contact models are an important element in human
motion analysis, especially gait simulations. Ideally, a contact
model should be accurate enough to result in physiological
human motion and simple enough to keep simulation times low
(which is especially important if the model is to be used in an
optimisation or real-time application).
Volumetric contact has been proposed as an efficient contact
model which is more accurate than the commonly used point
contact models for compliant surfaces with a large area of
contact [1]. Foot-ground contact models using volumetric
contact have so far been restricted to 2D motion, and have
primarily used a contact model based on sphere-plane geometry
[2]. The goal of this work is to expand current volumetric
contact work by deriving the contact equations for ellipsoidplane geometry and developing a 3D foot-ground contact
model.
METHODS
Analytical equations for ellipsoid-plane contact were based on
the original 3D volumetric equations from Gonthier [1], with
the friction equations modified in order to better represent dry
friction. This was done by replacing the constant coefficient of
friction times velocity term (! ∗ #) in the equations with a
velocity-dependent continuous friction function [3].
A preliminary foot model has been made of five different 3D
ellipsoid-plane contacts to represent a bare foot in contact with
the ground (one at the heel, two at the ball of the foot, one at the
lateral edge, and one at the toe). This first model considers the
foot as a single rigid body. The model was made using
MapleSim (Maplesoft, ON, Canada).
To test the model, the pressure distribution from a gait
simulation was compared with experimental results. Data was
collected from a single gait trial using a HR Mat™ pressure
sensor (Tekscan, MA, USA). The model was driven by the
normal force at the centre of pressure calculated from the
experiment.
Model parameters were first chosen by hand to match the
experimental pressure distribution, and then optimised using the
MATLAB® (MathWorks, MA, USA) built-in fmincon function
with the following objective function:
-!
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where +$&' (,, ., /0 is the pressure measured in the gait
experiment at location (,, .0 and time /, and +!"#$% is the
pressure predicted by the model at the given location and time.

Figure 1: Maximum pressure throughout a step for the
simulated contact model and gait experiment
RESULTS
The optimisation was able to reduce the objective function
value from the initial guess chosen by hand by 70%. The
optimised results are compared with the experimental results in
Figure 1 (in order to give an idea of the pressure along the entire
foot, the maximum pressure experienced at each location
throughout the gait cycle is shown). Visual inspection shows
that the pressure distribution looks realistic throughout the
entire gait cycle.
The simulation of the contact model (consisting of one contact
period, around 1 second) took about 21ms to complete.
DISCUSSION AND CONCLUSIONS
The developed volumetric foot model has a realistic pressure
distribution during a gait simulation.
However, further improvements are still possible. It is planned
to add a toe joint to the model. Additional experiments
measuring more variables (including lateral contact forces and
foot displacement) can lead to a more complete parametrisation
and validation of the model.
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INTRODUCTION
Models of passive dynamic walking have traditionally used a
hybrid approach, where the single support phase is modeled in
continuous-time while the double support phase is modeled as
an instantaneous inelastic collision [3]. This allows for
analytical analysis but does not produce realistic ground
contact dynamics. Furthermore, hybrid models suffer from a
combinatorial explosion of events when extended to
quadrupeds, which is our future goal. Here we test whether a
fully continuous-time method, that uses a spring-damper
system to model ground contact, can well approximate
inelastic collisions by comparing the gait behavior of two
passive dynamic walkers, one using the traditional hybrid
approach and the other using our continuous time approach.

units of (L*g) where (L=1m)) from 0.05 to 0.25 by changing
ramp slope (ϒ) from 0.1 to 5.0º.
RESULTS
We found periodic walking and similar gait kinematics for
both models when the continuous-time model had high contact
stiffness and damping to approximate inelastic collisions.
They both increased their speed by maintaining step period
while increasing step lengths five-fold (Fig 2). At a particular
speed, the hybrid model had a slightly shorter step length,
shorter step period, and lower cost of transport, as predicted by
an extrapolation of the continuous-time model to theoretical
values of infinite contact stiffness and zero ground
compression (Fig 2). A 50-fold increase in spring stiffness
only resulted in a 5.8% reduction in step period and a 10.0%
increase in step length which indicates that gait behaviour is
not very sensitive to ground contact parameters.

Figure 1: The hybrid model has two degrees of freedom, leg
angles θ1 and θ2. The continuous model has two additional
degrees of freedom, the position of the torso Px and Pz, since
foot contact is not constrained to the surface of the ground.
The inset plot shows typical leg angle trajectories by both
walkers for two walking steps.
METHODS
We modeled the passive dynamic walkers in 2D using rigid
legs with point ground contact that are connected by revolute
joints to a point-mass torso. We used Dynamics Workbench
[2] to derive the equations of motion of the hybrid model
(Fig.1a) and implemented the model in Matlab. We modeled
the single support phase by integrating the equations of motion
forward in time, assuming the stance foot to be rotating about
a pin joint on the ground surface. Single support ended when
the swing leg contacted the ground. We then modeled the
support transfer as an instantaneous inelastic collision which
returned initial conditions for the next single support phase
[1]. We implemented the continuous-time model (Fig.1b) in
SimMechanics and Matlab. The ground contact model
orthogonal to the ground consisted of a linear spring and
damper while the tangential ground contact model consisted of
only a damper. We varied spring stiffness (k), expressed in
terms of ground compression as a percentage of leg length,
from 0.02% to 1% and set the damping coefficient (b) to
b=2* (M*k), where M is the mass of the walker. We varied
walking speed for the 2 models, (expressed in non dimensional

Figure 2: Change in step period and step length for variation
in walking speed (left panels) and ground compression (right
panels). The left and bottom axis are in non dimensional units,
while the right and top axis are in dimensional units.
CONCLUSIONS
We found that the continuous-time model can approximate
inelastic collisions and produce similar gait behaviour to the
hybrid model. We can use high spring damper coefficients to
match inelastic collisions or use low values to simulate
walking on more compliant ground. The continuous model
also has the advantage of being more readily implementable
for quadruped walkers, which is our next goal.
REFERENCES
[1] Donelan, J. M. et al. (2004). Mechanical and metabolic
requirements for active lateral stabilization in human walking.
J. Biomech. Vol 37(6); p. 827–835.
[2] Kuo, A.D. (1997). Dynamics Workbench. Custom
Software for Generating Equations of Motion. Ann Arbor:
University of Michigan.
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INTRODUCTION
Computational studies of the biomechanical response of the
femoral bone pre- and post-THR are important in predicting
the mechanisms leading to stress shielding deployment. In
1870, Wolff qualitatively described the adaptation of femoral
structures to mechanical stimuli by joint and muscle loading.
Many studies estimate the zone likely to develop stress
shielding by direct comparison of von Mises stresses pre- and
post- THR. Theses stresses, include however both normal and
shear solicitations and are, hence, a direct consequence of the
internal forces and moments spreading along the bone shaft.
An accurate estimation of the internal loading will help, thus,
elucidate the stress nature and intensity. The purpose of this
study is to describe the internal loads that act at various levels
of an intact and prosthetic femoral shaft subjected to joint and
muscles forces characteristic of walking activity.
METHODS
An intact three-dimensional (3D) CAD model of a proximal
femur was developed from series of CT-scan images of a left
healthy female donor. The prosthetic CAD model was
subsequently generated by sectioning the femoral head in the
intact model and accurately placing prosthesis in which its
CAD geometry has been inspired from a design of a
cementless commercial prosthesis. The bone tissues and
prosthesis constituting the FE models were all meshed using
hexahedral solid elements. Orthotropic and isotropic material
properties were assigned to the cortical and cancellous bone
tissues, respectively while ‘Ti–6Al–4V’ Titanium alloy was
chosen for the prosthesis material [1]. Loading conditions
characteristic of walking activity reported by Heller et al. [2]
were implemented in the forthcoming FE analyses considering
our subject’s body weight of 700N. A bonded contact was
adopted between the prosthesis and bone tissues while a fixed
boundary condition was set to the bottom surface of the
cortical bone segment. The internal forces and moments were
computed for the intact and prosthetic models at series of 35
equidistant planes, normal to the bone’s intramedulary canal
(see silhouette in the figure 1). At each resulting cross-section,
the internal normal force Fx, and bending moments My and
Mz were computed for all model constituents in a local
coordinate system. This coordinate system is characterized by
an origin set at the sub-section’s centroid and an x-axis normal
to the sub-section. The y-axis was further chosen normal to the
implant’s plane of symmetry and the z-axis inferred
accordingly. Static nonlinear analyses were performed using
Abaqus 6.14 FE software.
RESULTS
The prediction of the behavior for the normal force and
bending moments that cross the femoral cortical bone and the

prosthesis were displayed in the figures 1 and 2, respectively.
The computed shear forces and torsional moment, not
exceeding 10% normal force and bending moments, and thus
were not shown in the figures below. The prosthesis placement
has been shown to alleviate the internal loading applied to the
cortical bone except in the most distal segment. Proximally,
the bending moment My was found to be higher than Mz
reaching a maximum of 48N·m. In the distal zone, Mz took
the lead with a maximal value of 23.5N·m. While the normal
force was found to alternate from tensile to compressive
behavior along the bony shaft, all bending moments were
shown to have a same trend irrespective of the model
condition.

Figure 1: Normal force distribution along cortical bone
(pre/post-THR) and hip prosthesis (post-THR).

Figure 2: Bending Moments distribution along cortical bone
(Pre/post THR) and hip prosthesis (Post THR).
DISCUSSION AND CONCLUSIONS
The determination of the above-illustrated internal loadings in
the pre- and post-THR conditions helps establish a qualitative
and quantitative correlation between the internal solicitations
and the subsequent stress state eventually promoting stress
shielding in bone.
REFERENCES
[1] Caouette C et al. (2011). Proc Inst Mech Eng H Vol
225(9); p. 907-19.
[2] Heller MO et al. (2005). J Biomech. Vol 38(5); p. 1155-63.
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INTRODUCTION
High tibial osteotomy (HTO) is a surgical procedure intended
to reduce OA induced knee pain. Although there are numerous
HTO techniques, the medial opening wedge HTO (mHTO) is
one of the most common. However, there are a number of
complications associated with the mHTO such as lateral cortex
fractures during wedge opening. A recent technique that
employs a pilot hole at the apex of the surgical cut (Fig. 1A)
has been suggested to decrease the risk of fracture by
redistributing the bone strains during HTO opening. To date,
this method has not been thoroughly assessed. Therefore, the
purpose of this work was to develop a finite element model to
simulate the opening of a high tibia osteotomy.

contact. Validation occurred by calculating the percent error
between the predicted and experimental strain on the lateral
cortex.
Once validated, a second model was developed that
incorporated a 3.4mm pilot hole and average uni-axial strain
from the lateral cortex was compared to the no-hole model.
The simulation as described above was applied to the pilothole model.
RESULTS
The model was validated with an error of 4.17% and it was
confirmed that the simulated opening width was consistent
with that achieved experimentally. A 26.66% increase in the
average strain on the lateral cortex was experienced when the
pilot hole was included (Fig. 2).

A
Figure 1: A) Fluorscopic image of the surgical cut and application
of a pilot hole; and B) virtual position of the surgical cut
METHODS
A three-dimensional geometry of the tibia (Mimics®) was
developed from the CT scan of a cadaveric tibia. This was
exported to Solidworks™ where a virtual surgery was
performed. A 1.5mm cutting plane was made 4cm distal to the
medial tibial plateau and directed to a position 1.5cm below
the lateral tibial plateau (Fig. 1B) corresponding to the
position of the initial surgical cut made during an HTO (Fig.
1A). The model was then imported into ABAQUS where a
second order tetrahedral mesh was developed and material
properties were assigned on an element by element basis
(density and Young’s modulus) [1].
Experimentally, an HTO was performed on a cadaveric tibia
using an instrumented osteotome that recorded the force
required to open the wedge to 10mm. A uni-axial strain gauge
was applied to the lateral lateral cortex of the tibia and this
position was subsequently located on the model.
In silico, a 5N distributed load (as determined from the
experimental investigation) was applied to the medial aspect
of the tibial cortical bone simulating the bone-osteotome

Figure 2: Comparison of the strain distribution between A) the nohole and B) the pilot-hole model.
DISCUSSION AND CONCLUSIONS
This is the first finite element model that has been developed
and validated to predict the response of the lateral cortex
during the opening of a mHTO. When a pilot hole was
incorporated into the model the strains on the lateral cortex
increased and were less distributed suggesting an increase in
the risk of fracture. Further work is required to determine if
the characteristics of the hole (e.g., diameter, location) can be
optimized to reduce the risk of fracture.
REFERENCES
[1] Austman et al. (2008). The effect of the density-modulus
relationship selected to apply material properties in a finite
element model of long bone. J Biomech 41; p. 3171-3176.
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Introduction: The Functional Movement Screen
(FMS) is being used to identify personal risk factors for
athletic and occupational musculoskeletal disorders
(MSD) [1], but there have been limited attempts to
assess its psychometric properties. In the FMS, injury
risk is determined using a cumulative score (out of 21)
from 7 constituent tasks. The injury-predictive value of
the FMS has been evaluated in several review papers.
One concluded that the FMS predicts elevated injury
risk in certain populations including professional
football players, college basketball, soccer, and
volleyball players, and male marine officers [2].
Similarly, another review paper determined that a score
of ≤14 increased the likelihood of sustaining an injury
[3]. However, one review study does not support that
conclusion [4]. Although this tool is frequently used,
its efficacy and validity have not been well established.
The scoring scheme for the FMS assumes that the tasks
assess different elements of a single concept
(presumably ‘functional movement’). The validity of
the composite FMS score can be assessed using factor
analysis. We compared exploratory factor analyses of
three populations and evaluated the factor congruence
between the samples. If the composite score of the
FMS is a valid representation of movement
competency, then it should have one coherent
underlying factor.
Methods: A retrospective chart review was performed
on three previously collected datasets. These samples
were a healthy, general population (n=100), a group of
varsity athletes (n=101), and a group of active-duty
firefighters (n=397). The FMS in all datasets was
administered and graded using standardized
procedures by certified (general population sample)
and trained (athlete and firefighter samples)
practitioners. The general and athletic populations
were graded using video footage; the firefighter
sample was graded in real time. Factor extractions
were guided by parallel analyses, and interpretation
was facilitated by varimax rotations. Factor
identification was conducted separately in each
sample. Factor congruence was evaluated using a
combination of qualitative appraisal of the factor
solutions and Tucker’s index of congruence. The
factor loading matrices were compared amongst the
three samples and to published exploratory factor
analyses [1,5,6].

Results: The mean±SD composite FMS scores were
16.1±2.0 for the general population, 13.1±2.0 for the
varsity athletes, and 13.0±2.5 for the firefighters. We
observed a two-factor construction of the FMS in all
of our sample groups, which is similar to published
exploratory factor analyses [1,5,6]. Additionally, we
observed factor instability, low factor congruence, and
inconsistent factor structure in both our data and
previous studies.
Discussion and Conclusions: The purpose of this
study was to determine if the composite FMS score is
a valid measure of a single factor. Results of this study
(and earlier works [1,5,6]) question the internal validity
of the FMS, and suggest that the composite score
should not be used to identify risk of MSDs.
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0.994 (0.99981 in the toe region, and 0.995 in the failure
region).

The cervical spine is vulnerable to acute injury and the
development of chronic pain, often attributed to damage of soft
tissues from loading [1]. Computational models of this region
may be useful to gain insight into the loads placed on tissues in
injurious situations; however, accurate models of tissues are
required to ensure that they provide realistic force-deformation
predictions. Unfortunately, most models use phenomenological
ligament models that neglect behaviour in the failure region [1].
Therefore, the purpose of this investigation was to test whether
a mechanistic model of ligamentous tissue portrays behaviour
representative of actual ligament failure tests.
MODEL
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The model tracks the time-evolution of a population of collagen
fibres in a theoretical ligament, distributed by the amount they
are stretched (𝑥). This distribution of collagen fibres is assumed
to be normal with a mean 𝜇 and standard deviation 𝜎. Each
collagen fibre is treated as a linear cable with stiffness 𝑘. A
breaking function (𝐵(𝑥)) describes how quickly collagen fibres
will break if they are stretched by a given amount, 𝑥 , and was
assumed to be a step-function (𝐵(𝑥) = 𝐵 Θ(𝑥 − 𝑥 ),where Θ
is the Heaviside-step function).
METHODS
The model was fitted to an experimental average forceelongation curve reported in [2] for the Anterior Longitudinal
Ligament (ALL) using MATLAB’s built in non-linear least
squares fitting function (lsqnonlin). These curves were
obtained by loading ligaments from young cadavers (n = 21) to
failure while measuring elongation and force with strain gauges
and linear variable displacement transformers (LVDT)
(Omegadyne Inc. Model LC412-500), and averaging across all
specimens. The curves themselves are presented in [2].

RESULTS
The model agreed very well with experimental data (Figure 1;
parameters in Table 1), with a total RMS error of 14.23 N
(1.67 N in the toe-region, and 15.697 N in the failure region)
and a Pearson-Product Moment Correlation Coefficient of
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Figure 1: The model force-elongation curve versus that
obtained from experiment.
DISCUSSION AND CONCLUSIONS
This mechanistic model showcased behaviour reminiscent of
true ligaments being strained to failure; featuring toe and failure
regions that are consistent with the currently accepted
mechanisms which govern their shape. Future work could
incorporate viscous effects into the model, and validate it by
comparing model predictions to other loading conditions, for
instance cyclic loading.
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Table 1: Fitted Parameters derived from experimental data for the Anterior Longitudinal Ligament.
𝐵 (𝑠 )
1.39

12

𝜇 (mm)
−0.985

𝜎 (mm)
0.2941

𝑘 (N/mm)
136.7
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INTRODUCTION
Force depression (FD) is characterized by a decrease in steady
state isometric force following a shortening muscle action
when compared to a purely isometric contraction at the same
muscle length1,2. While average electromyography (AEMG) in
the FD state increase during submaximal contractions3, there
has been no change associated with root mean squared
electromyography (EMGRMS) in the FD state with maximal
voluntary contractions4 (MVCs). The aim of this study is to
identify the presence and magnitude of relative changes in
spinal and supraspinal excitation/inhibition which may
influence the maximal voluntary activation of muscle in the
FD state. Owing to the enhancement of muscle activity in
submaximal FD3, we hypothesize that FD will be accompanied
by elevated excitation at the spinal or supraspinal level.
METHODS
6 subjects (3 male) were recruited for the study. The
participant’s right foot was fixed to the lever arm of a
HUMAC NORM dynamometer. Participants were instructed
to dorsiflex the ankle maximally for a total of 7 seconds while
the dynamometer performed one of two movement protocols.
The FD protocol (protocol 1a and 1b) consisted of a one
second isometric phase at 140° (50° of plantar flexion; PF)
followed by a one second dynamic phase at 40°/sec and finally
a five second static phase at 100° (10° PF). The isometric
control (ISO - protocol 2a and 2b) was performed for 7
seconds at an ankle angle of 100° (10° PF) (Figure 1B). EMG
electrodes were used to record muscle activity at the tibialis
anterior and soleus muscles. Transcranial magnetic stimulation
of the motor cortex, electrical stimulation at the
cervicomedullary junction of the spinal cord and electrical
stimulation of the common fibular nerve were used to elicit
motor evoked potentials (MEPs), cervicomedullary motor
evoked potentials (CMEPs) and M-waves, respectively, to
elucidate the influence of the cortical, spinal and peripheral
neural excitability on maximal torque production. M-waves
and MEPs were delivered at the 5th and 6th seconds of
protocols 1a and 2a and CMEPs were delivered at the 6th
second of protocols 1b and 2b. Each protocol was performed 3
times for a total of 12 contractions.
RESULTS
An ~18% decrease in isometric torque (p < 0.05) was observed
in the isometric steady-state period 2.5-3s following isokinetic
shortening (Figure 1A). While MEPs followed a trend toward
larger values in the FD state (p = 0.16), M- waves, CMEPs and
EMGRMS did not change (p > 0.05) (Figure 1B).

Figure 1: A - Torque, joint angle and EMGRMS (50ms
window) during FD and ISO control trials. B - M-wave,
CMEP, EMGRMS (p > 0.3) and MEP (p = 0.16) in FD and ISO
control contractions.
DISCUSSION AND CONCLUSIONS
The trend toward larger MEPs in the FD steady-state as
compared with the purely isometric contraction may link FD
to a positive excitatory modulation at the level of the motor
cortex. This potential enhancement of cortical excitation may
be utilised as a strategy to compensate for the reductions in
force following shortening contractions. If this trend reaches
statistical significance, it may be concluded that increasing
cortical excitation cannot further activate muscle or counteract
reductions in isometric force during maximal voluntary
activation.
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INTRODUCTION
Due to their anatomical orientation, the major muscles
crossing the knee can effectively oppose external loads in the
sagittal plane. However, the roles of knee joint muscles in
supporting frontal and transverse plane loads remain unclear.
We have previously described the functional roles of these
muscles as joint stabilisers or moment actuators [1]. To
further elucidate this, we evaluated the capacity of individual
muscle activations to modulate internal joint moments during
weight bearing.
METHODS
A weight-bearing isometric force-matching task required 25
healthy adults (13 females) to modulate horizontal ground
reaction forces, thus eliciting various combinations of sagittal,
frontal and transverse plane internal net joint moments at the
hip, knee and ankle [1]. Activities of ten lower limb muscles
were measured with surface electromyography normalised to
maximum voluntary isometric contraction. To evaluate
individual muscle contributions to joint moments a partial
least squares regression model (XLSTAT, New York, NY) [2]
was used with internal net joint moments as the predictor
variables and individual muscle activation as the dependent
variable (only joints that a muscle crossed was included in the
respective model). A model’s accuracy of prediction was
assessed with R2 (R2<0.1 is very weak; 0.1<R2<0.3 weak;
0.1<R2<0.3 moderate; R2>0.5 strong). Standardized beta
coefficients (β) described the relative increase in muscle
activation with an increase in the given predictor moment of
1Nm/kg.
RESULTS
Despite a significant relative increase in activation with
increasing moment (β), the mono-articular vastii (VL and VM)
muscles had weak model-fit values (R2<0.1) indicating their

activation is unlikely to be predicted by internal net joint
moments (Figure 1). In other words, their activation is
considered independent of moment generation, and we classify
them to be general joint stabilisers.
In contrast, the bi-articular rectus femoris (RF) and
hamstring muscles (ST and BF) had strong model-fit values
(R2>0.5), therefore the relationship between individual
moments and muscle activation is more accurate than the
vastii. Hip flexion and knee extension had the greatest
contribution to RF activity; hamstrings were more associated
with hip extension (rather than knee flexion moments).
Adduction and external rotation of the hip and knee were also
important predictors of BF, while ST was predicted with
internal knee rotation. Rotation moments also significantly
predicted activation of the gastrocnemius.
DISCUSSION AND CONCLUSIONS
We have quantified the relationship between individual muscle
activations and internal net joint moments to elucidate the
functional roles of knee muscles. Our results demonstrate that
these roles are more complex than previously theorized and
activation is not necessarily dependent on anatomical
orientation. We suggest mono-articular vastii muscles activate
to brace the knee and create a rigid mechanical segment so that
moment actuators at the hip can modulate GRFs at the footground interface. The contribution of gastrocnemius and
hamstrings to knee joint stability may be more associated with
rotational support rather than antagonists of knee extension
moments. These new functional roles can help improve
rehabilitative/ preventative exercise programs.
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Figure 1: Standarized beta (β) coefficients of internal net joint moments for each muscle’s regression model. Model goodness-offit indicated with R2; β describes the relative increase in muscle activation (%MVIC) for a 1 Nm/kg increase in joint moment.
Filled bars indicate a significant positive effect of β with a 95% confidence interval. (ext= extension; flex=flexion; add=adduction;
abd=abduction; IR=internal rotation; ER=external rotation, Dorsi=dorsiflexion, Plantar=plantarflexion moments).
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INTRODUCTION
Muscle strength is the ability to generate force. Muscle power
refers to the rate of force development (i.e., force x velocity).
Deficiencies in muscle strength and power are principal
determinants of functional impairment in knee osteoarthritis
(OA) [1]. Quadriceps and hamstring peak isometric strength
were positively related to walking and stair-climbing
performance in knee OA [2]. Also, lower peak knee muscle
power was associated with poorer walking and stair-climbing
performance [3]. Yet, longitudinal research linking measures
of knee muscle outputs with declines in mobility performance
in clinical knee OA is scarce. This study aimed to determine
the extent to which changes in mobility performance over 2
years were predicted by knee muscle strength and power.
METHODS
Women with clinical knee OA completed knee muscle
strength and power analyses at baseline, as well as mobility
performance tests at baseline and follow-up. Strength and
power were assessed with a dynamometer. Participants
performed 5 repetitions of a 5 s maximum voluntary isometric
contraction (MVIC) for the quadriceps and hamstring, with the
knee in 60° of flexion. Then, 10 knee extension-flexion cycles
were executed between 0-90° of knee flexion with an applied
resistance equal to 25% of their measured MVIC peak torque,
eliciting isotonic contractions of the quadriceps and hamstring,
respectively. Time, torque, and velocity data were extracted
for each trial. Quadriceps and hamstring strength (Nm/kg) was
defined as the single highest peak knee extensor and flexor
torques, respectively, recorded during MVICs. Quadriceps and
hamstring power (W/kg) was defined as the single highest
peak knee extensor and flexor power values, respectively,
achieved during isotonic contractions. Mobility performance
was assessed with the Six Minute Walk Test (6MWT) and a
stair-climbing task. The 6MWT is a submaximal exercise test
that produces valid data in physical function assessments in
knee OA [4]. Participants walked at a self-selected speed for 6
minutes with the goal of travelling the maximum distance,
which was used as the test score. The stair-climbing task is a
recommended test in the evaluation of physical function in
knee OA [5]. Participants twice ascended and descended a 9step staircase (in separate bouts) as quickly as possible. Ascent
and descent times were recorded, and the mean duration for
each task was used as the test score. Change in mobility
performance was defined as follow-up minus baseline score.
Covariates were recorded at baseline. The physical function
subscale of the Arthritis Self-Efficacy Scale (ASES-FSE)
measured arthritis-specific self-efficacy, a key factor affecting
mobility performance in knee OA [6]. The Kellgren-Lawrence
grade, scored by an experienced radiologist, characterized
radiographic disease severity from coronal weight-bearing
radiographs. Baseline mobility performance scores were used
to control for physical functional status.

Multiple linear regression examined the extent to which the
dependent variables (change in mobility performance scores
over 2 years) were predicted by each of quadriceps strength,
hamstring strength, quadriceps power and hamstring power.
Each model was created in two steps. In step 1, the ASES-FSE
score, Kellgren-Lawrence score, and mobility performance
score at baseline were entered simultaneously as covariates. In
step 2, each predictor was added separately to the models to
examine the extent to which it explained variance in the
dependent variables over and above the covariates.
RESULTS
At baseline, the sample consisted of 38 women with a mean
(SD) age of 61.7 (6.3) y and BMI of 27.9 (5.3) kg/m2. Mean
follow-up time was 2.2 (0.3) y. Over this period, mean 6MWT
score improved (p<0.001); whereas stair ascent and descent
times were unchanged (p>0.05). For the dependent variable
change in 6MWT score, the covariate model yielded a
R2=0.40. The addition of quadriceps strength (p=0.025)
increased the predictive ability of the model (R2=0.49;
p<0.001). In contrast, the separate addition of hamstring
strength (p=0.072), quadriceps power (p=0.236) and hamstring
power (p=0.379) did not increase the predictive ability of
change in 6MWT score. Further, none of the independent
variables explained additional variability in change stair ascent
and descent times over 2 years (p>0.05).

Figure 1: Association between baseline quadriceps strength
and change in 6MWT score over 2 years.
DISCUSSION AND CONCLUSIONS
Quadriceps muscle strength was positively associated with
change in 6MWT score over 2 years in older women with knee
OA. These data suggest that greater quadriceps strength is
crucial to maintaining or improving mobility performance and
functional capacity longitudinally in women with knee OA.
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INTRODUCTION
Articular cartilage allows for smooth and frequent motion of
joints [1]. In the early stages of OA, cracks and fissures are
evident in both animal and human cartilage [2]. These cracks
are thought to play a crucial role in the development of joint
degeneration leading to OA. Therefore, understanding the
mechanisms of crack opening and fracture processes in
cartilage is an important component in studying cartilage
properties and behavior. Collagen fiber orientation in soft
tissues is a dominant factor in determining toughness of the
tissue and crack propagation upon mechanical loading [3].
Therefore, we investigated crack mechanics in mature and
immature cartilage. Mature and immature cartilages have
distinctly different collagen fibre structure and morphology
and therefore are an ideal way to study the effectrs of collagen
orientation on crack mechanics. We used a fiber reinforced
biphasic model to simulate experimental results that we
obtained in mature and immature cartilage. The purpose of this
study was to identify the possible relationship that exists
between fiber structure and orientations and crack shape and
defromation.
METHODS

- The FE model showed results similar to those observed
experimentally with a distinct neck region in the transitional
zone, where the collagen fibers are obliquely oriented.

Figure 1: Depth dependent fiber orientation in mature and
immature cartilage. (P) primary, (S) secondary.
Experiment

y
FE Model

Experiment: Mature (n=19) and immature cartilage explants
(n=25) with distinctly different collagen morphologies were
harvested from rabbits and pigs. A standarized (0.75mm) full
depth crack was produced in all samples. Following crack
production, mechanical compression was applied and samples
were fixed in the compressed state and prepared for histology.
Polarized light microscopy was used to detect crack shape and
collagen fiber orientation.
Finite Element Modeling: A fibril reinforced, biphasic model,
with depth-dependent material properties and fiber orientation,
was modified for this study [4]. Proteoglycans were modeled
according to Holmes and Mow [5]. The model was reinforced
with collagen fibers according to Wilson[4] . The orientation
of primary fibers along the depth of cartilage for mature and
immature cartilage was based on our experimental findings
(figure1). The loading protocol consisted of a 10% ramp
compression with a strain rate of 1 µm/s, followed by 200 s
relaxation. The crack opening and stress distribution around
the crack were analyzed in the mature and immature cartilage
model.
RESULTS
- In the experiments, cracks remained closed in the mature
cartilage samples while they opened in the immature cartilage
samples under compression loading.

z

Figure 2: Schematic representation of the crack opening
observed experimentally and with the FE model. z-direction
was magnified by 10x (Immature cartilage).
DISCUSSION AND CONCLUSIONS
- The differences in crack mechanics between mature and
immature cartilage were associated with differences in
collagen fibers orientation.
- Collagen fibre orientation in mature and immature cartilage
produce distinctly different crack mechanics.
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INTRODUCTION
Exercise is widely accepted as conservative treatment for knee
osteoarthritis (OA) [1]. Yet some evidence suggests loading
during activity may cause or worsen OA by damaging knee
articular cartilage [2]. To improve exercise approaches to knee
OA, it is imperative that we understand the in vivo response of
cartilage to load.
Magnetic resonance imaging (MRI) enables measurement of
cartilage composition using transverse relaxation time (T2).
T2 reflects water content and collagen alignment for each
voxel. T2 has been used to assess the acute compositional
changes in cartilage caused by loading, primarily focusing on
running [3]. Most work has used mean T2 or dichotomized
cartilage into layers, with 2 and 3 layers being the most
common [3]. One study (n=7) investigated the response of T2
to loading across all tissue depths from only 6 image slices [4].
The purpose of this study was: (1) to model all tibial cartilage
T2 across cartilage depth after 30 min of rest; and (2) to use
that model to determine the depth dependent response of T2 to
running.
METHODS
Fifteen healthy men (age 25.8±4.2 y; height 1.79±0.06 m;
body mass 75.8±9.7 kg) completed three study visits to obtain
biomechanics data and an MRI preceding and following
bicycling and running activities. Only data from the 15 min
running MRI visit was used in this analysis. MR images were
acquired using a 3T MR750 (GE Healthcare, MIL, USA) and
an 8-channel transmit/receive knee coil. Two sequences were
acquired pre and post activity: (1) sagittal multi-echo spin
echo (MESE); and (2) 3D sagittal T1 weighted, fat-saturated
fast spoiled gradient recalled (fSPGR).
T2 maps were created from MESE images, using a custom
module written for 3D Slicer which fit pixel intensities from
eight echoes to Equation 2: STE= PD * e^(-TE/T2) where STE
is the measured signal, PD is the intercept (proton density),
TE is the echo time (ms) and T2 the spin-spin relaxation time
(Figure 1). fSPGR images were segmented using an atlas
approach (Qmetrics, USA) and normalized distance maps
were created in a custom Python program. Normalized
distance of each voxel was calculated as DN = DB / TC, where
DN is normalized distance from subchondral bone, DB the
distance in mm from subchondral bone, and TC the minimum
cartilage thickness at that voxel, in mm. Segmentations were
overlaid on T2 and Distance maps, and T2 and normalized
distance were extracted for each tibial cartilage voxel.
To answer the first research question, a mixed effects model
was generated with T2 as the dependent and normalized depth
as the independent variable. Various functions and covariance
structures were investigated to determine the optimal fit.
Model fit was compared using the likelihood ratio test.
Assumptions were assessed including heteroskedasticity, and
normality of the residuals using a histogram. To address the

second research question, the same model was used to fit the
post activity data. Resulting models and the fixed component
of the model’s 95% confidence intervals were plotted together.
RESULTS
The best model to describe the pre activity data was a mixed
effects model where the dependent variable was natural log
transformed and a cubic spline with cut points at a normalized
distance of 0.1, 0.3, 0.5, 0.7, and 0.9 was used (Table 1).
Distance of 0.1 and 0.9 represented cartilage adjacent to
subchondral bone and at the surface, respectively. The best fit
was achieved with a random slope and intercept, and an
unstructured covariance matrix. Upon visual inspection it was
evident that T2 shortened in the superficial 20% of cartilage
(Figure 1).

Figure 1. Fitted lines and 95% confidence intervals of tibial
T2 over the range of normalized cartilage depths preceding
(blue) and following (gray) running. Distance 0 is adjacent to
subchondral bone; 1 is cartilage surface.
DISCUSSION AND CONCLUSIONS
In healthy men, running shortened superficial tibial cartilage
T2. Upon visual inspection, a trend towards longer T2 in deep
cartilage was observed. It is likely that this change was not
significant due to our limited sample size. These findings
support previous studies that found a decrease in superficial
and increase in deep T2 when images were acquired during
static lower limb loading [5]. Future research into the depth
dependent response of cartilage to activity in OA is needed.
Table 1. The resulting mixed effects model used to fit pre
activity T2 with respect to normalized cartilage depth.
Independent variables include cubic splines between depths
0.1-0.3, 0.3-0.5, 0.5-0.7, 0.7-0.9. The model included 47876
observations and 15 groups and had a χ2 p<0.0001
Parameter type
Fixed effects

Random effects

Parameter
Intercept
Spline 1 (0.1-0.3)
Spline 2 (0.3-0.5)
Spline 3 (0.5-0.7)
Spline 4 (0.7-0.9)
Intercept
Distance

Coefficient
3.60
-1.24
6.33
-13.05
4.74
.02
.05

95% Confidence Interval
3.51 3.68
-1.41 -1.07
5.69 6.97
-14.93 -11.16
2.38 7.09
0.01 0.05
0.03 0.11
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INTRODUCTION
The risk of falling increases from 30% in healthy older adults
to 50% in an OA population [6], and more often occurs during
dynamic tasks [4]. This may impact women more as healthy
females have a higher incidence of falls [5].
Differences in strength and muscle activation patterns are
present between sexes [1]. These factors will affect the
biomechanics of the lower limb and may cause kinematic and
kinetic differences in activities of daily living (ADL) between
males and females. Squats are an everyday dynamic task,
essential for using the toilet and provide a good indicator of
functional ability. Given that squats require strength,
coordination, and stability, they may also identify individuals
with OA who are at increased risk of falling. Despite being an
essential ADL, it is unclear what the kinematic and kinetic
differences are between sexes in an OA population during a
squat. The purpose of this study was to characterize
differences in peak sagittal and frontal hip and knee flexion
angles and moments, between male and female older adults
with osteoarthritis and healthy older adults during a squat.
METHODS
27 participants with knee OA [14 female (FOA); 14 male
(MOA)] and 25 healthy [13 female (FOC); 13 male (MOC)]
participated in this study. Three two-legged squats, at a selfselected pace, were recorded at 1000 Hz, with each foot on a
separate force platform (FP4060-08, Bertec). The squat trial
began when the subject was at maximum knee extension and
returned back to full knee extension, to normalize data as a %
of the squat cycle. Peak sagittal and frontal hip and knee
flexion angles and moments, were determined for the
affected/dominant and limbs.
Marker trajectories were captured at 200 Hz with a ten-camera
infrared Vicon motion analysis system. Lower limb kinematic
and kinetic data were collected and filtered in Vicon Nexus 1.8
with a 4th order low-pass zero-lag Butterworth filter at 15Hz.
Dependant variables were analyzed using two-way betweengroups ANOVAs (Sex X Joint affect; α = .05) to characterize
differences in squatting strategies.
RESULTS
The FOA group exhibited significantly smaller hip abduction
angle than the FOC group. Significant differences in knee

adduction angle and internal hip adduction moment and
flexion angle were also found between the MOA and FOA
groups. The FOC group displayed decreased internal hip
adduction moment versus the MOC group. The FOA group
also showed significant differences in internal knee abduction
moment and flexion angle from the MOA and FOC groups.
No significant differences were found between the MOC and
MOA groups.
DISCUSSION AND CONCLUSIONS
Squatting identified decreased range of motion at the hip and
knee in the FOA group compared to their healthy controls,
where the OA males did not. This indicates a heightened
mobility deficit in females with knee OA. The OA males also
implemented a more hip dominant strategy, compared to the
OA females. This decreases knee loading [3] and may have
allowed males to increase peak knee flexion by using a more
efficient squatting technique.
Increased load on the medial knee compartment may be a
consequence of decreased hip abductor activity [2]. Our FOA
group has weaker hip abduction and knee extensor torque
compared to our FOC group [1]. This is reflected in the
decreased ability to produce hip joint moments in the FOC,
further reduced in the FOA group.
Altered muscle activation with decreased strength while
employing a more abducted knee position will affect the
ability to recover balance in a fast and timely manner and may
help explain the increased risk of falls in females [4] and
further in the OA population [6].
Our results indicate that interventions should aim to improve
hip strength in order to increase functional range of motion.
This may allow females to use a hip dominant squat strategy
thereby reducing loading on the medial knee compartment and
slowing OA progression [2].
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Table 1: Average peak sagittal and frontal plane angles (°) and moments (N*m/kg) for hip and knee. Internal adduction and extension
moments and angles are represented by positive values. Data are presented as mean with standard deviation. Significant differences
between ^ FOC and MOC, ᶧ FOA and FOC, * FOA and MOA (p >.05).
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INTRODUCTION
Motor units are recruited according to Henneman’s size
principal and at maximal recruitment there is a mix of highthreshold and low-threshold motor units activated. As adults
age their muscle tissue begins to atrophy primarily in the type
II muscle fiber types [2]. Previously it has been shown that
this morphological change can result in a change in the muscle
activation pattern [1]. That study found that there was
significantly greater decrease in entropy in young men when
increasing contraction intensity from 20% to 65% [1].
However, the difference in the spatial distribution between
young and old at maximal voluntary contraction has not been
previously examined. The purpose of this study was to
determine if there is a difference in spatial distribution of
electrical activity, as quantified by entropy and coefficient of
variance, in the Vastus Lateralis between young and old males
and females using high-density electromyography.
METHODS
Twelve young male (22.2+/-1.6 years), 6 young female (20.8
+/- 1.0 years), 6 old male (70.3 +/- 3.3 years) and 6 old female
(69.8 +/- 3.4 years) volunteers performed three maximal
voluntary isometric knee extensions. Contractions were five
seconds in duration with two minutes of rest in between each
contraction. Torque was recorded using an isokinetic
dynamometer (Cybex) and surface electromyography (EMG)
data was collected using a wireless high-density EMG with
32-channel electrode grid (Trentatdue, OT Bioelettronica,
Italy). Amplitude was estimated using the root mean square
(RMS) calculated for each channel for the contraction that had
the highest torque. Entropy and Coefficient of Variation (CoV)
were used to quantify distribution of the power of all of the
channels. The 32 RMS values at the time point (one-second
interval) with the majority of the peak RMS were used for
further processing. The RMS values for each channel were
used to calculate the entropy (E=∑ pLog2(p), where p is the
normalized power of each channel) and the CoV.
RESULTS
While there were differences in strength between groups
(Figure 1), there were no statistical differences between any of
the groups for entropy or coefficient of variance (Table 1).

Figure 1: Average torque for each group. * indicates
significant difference between age and sex groups (p<0.01).
Y=young, O=old, M=male, F=female.
DISCUSSION AND CONCLUSIONS
There was no difference in the spatial distribution of electrical
activity of the Vastus Lateralis between young and old or
males and females during maximal voluntary isometric knee
extension. This was contrary to the findings of Watanabe et al.
(2012), however that work studied submaximal contractions.
The entropy values found in this work were slightly lower than
those reported by Watanabe et al. (2012), while CoV values
were similar in range. Surprisingly, while strength differed
between both age and gender groups, spatial differences were
not significantly different across groups suggesting that spatial
distribution may only be one contributing factor to the
differences in torque. Further research including a larger range
of submaximal contractions and an MVC may provide further
information of the impact of muscle morphology on spatial
distribution. Understanding this relationship will provide
valuable information regarding age-related changes in muscle
characteristics.
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Table 1: Average entropy and coefficient of variance (CoV) for each group with standard deviation. There were no
significant differences between groups (p>0.05)
Group (n)
Entropy
CoV
Young Males (12)
4.80 (0.14)
0.28 (0.11)
Old Males (6)
4.86 (0.08)
0.22 (0.07)
Young Females (6)
4.78 (0.13)
0.29 (0.10)
Old Females (6)
4.85 (0.12)
0.21 (0.10)
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INTRODUCTION
Osteoarthritis (OA) is considered to be the most prevalent
chronic joint disease, and one of the most common sources of
pain and disability in older adults [1]. OA most commonly
affects the knee. Knee OA is associated with decreased leg
strength, depressive symptoms, pain, and impaired mobility
[2]. Decreased muscle strength and depression are also
strongly associated with frailty [2]. Frailty is a
multidimensional medical syndrome that is common in the
elderly. The worldwide prevalence of frailty ranges from 6.9%
to 42.6% [1]. Despite their similar features, little work has
examined the relationship between knee OA and frailty. The
aim of this study was to: 1) identify the presence of frailty in a
sample of postmenopausal women with knee OA; and 2)
investigate the relationship between knee extensor strength
and frailty among these participants. As a secondary goal, we
investigated the relationships of depressive symptoms, pain,
and mobility with frailty.
METHODS
This cross-sectional study included 31 postmenopausal women
with symptomatic knee OA. Presence of frailty was identified
using the Fried Frailty Phenotype tool. The physical frailty
phenotype consists of: (i) self-reported weight loss, (ii) selfreported exhaustion, (iii) self-reported decreased physical
activity, (iv) decreased grip strength and (v) slow gait speed
[3]. Grip strength was measured using a Jamar dynamometer;
the average of 3 repetitions for each hand were used for
classification. Gait speed was recorded for a standard 15-foot
walk. Persons who met at least 3 criteria were considered to be
frail, those who met 1-2 criteria were considered to be pre-frail
and those who met none were considered to be not frail [3].
Peak knee extensor strength elicited during a maximum
voluntary isometric exertion (60° knee angle) was measured
using an isokinetic dynamometer (Biodex System 2, Shirley,
NY) and normalized to body mass. Depressive symptoms were
quantified using the Centre for Epidemiological StudiesDepression Scale. Pain was measured using the Knee Injury
and Osteoarthritis Outcome Score (KOOS). Mobility was
assessed using the Timed up and Go (TUG). Pearson
correlation (Sidak corrected) and regression were used to

identify the relationships of frailty with strength, as well as
depression, pain and mobility.
RESULTS
Thirty-one postmenopausal women consented to participate
(66.7 [8.5] years, BMI 30.4[5.5] kg/m2). Of the 31 included
participants, 54.8% were classified as not frail, 41.9% as prefrail and 3.2% as frail. Table 1 shows the relationships
between frailty and knee extensor strength, as well as the
secondary outcomes. There was no relationship identified
between strength and frailty. However, frailty shared a strong
relationship with depression; a moderate relationship with
mobility; and no relationship with pain.
DISCUSSION AND CONCLUSIONS
Despite their young age, half of these women with
symptomatic knee OA were classified as either pre-frail or
frail based on their Fried Frailty score. As well, depression and
mobility were demonstrably associated with frailty. Previous
studies have suggested pre-frailty might be a better target for
screening and implementation of early interventions [1].
Therefore, identifying a strategy to improve mobility and
depressive symptoms in women with knee OA may slow the
progression of physical deterioration associated with frailty.
Future studies should assess preventative measures, such as
the promotion of physical activity in older adults with knee
OA.
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Table 1: Pearson correlations between frailty and the primary and secondary measures.
Significant correlations are bolded (Sidak corrections are considered significant if p <0.005)
Outcome Measure
Correlation
Sidak Corrected P value
Strength (Extensor Peak Torque)
-0.0914
0.9999
Depressive symptoms
0.6961
0.0001
Pain (KOOS)
-0.4449
0.1150
Mobility (TUG)
0.5025
0.0390
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INTRODUCTION
An estimated 400 000 ACL injuries occur annually in North
America [1]. These injuries are traumatic to an individual and
can result in long-term health consequences, limiting their
return to activity levels prior to injury. It is imperative to
understand the roles that muscles play in knee stabilisation in
an injured population, to aid conservative rehabilitation
programs aimed at returning individuals to activity levels prior
to injury.
METHODS
36 ACL-deficient (ACLd; 18 females) and 32 healthy controls
(CON; 17 females) performed an isometric weight-bearing
force-matching protocol [2]. Participants stood with their test
foot in a ski-boot fixed to a force platform (AMTI, Watertown,
USA) and controlled an onscreen cursor representing
immediate feedback of the magnitude and directions of their
ground reaction forces (GRF). They were required to reach 12
randomly appearing targets corresponding to 60% of their
maximum effort at varying anterior-posterior and mediallateral GRFs.
GRFs directions and magnitudes were recorded using a force
platform; 3D motion was captured using a Vicon 10-camera
motion
analysis
system
(Nexus,
Oxford,
UK).
Electromyography (MQair, Marq Medical, Denmark) were
recorded for the rectus femoris (RF), vastus lateralis (VL), and
medialis (VM), biceps femoris (BF), semitendinosus (ST),
tensor fascia lata (TFL), lateral (LG) and medial
gastrocnemius (MG), gluteus medius (GMed), and adductor
muscle group (ADD).
Watson-Williams tests (α =.05) were used to identify
differences in group mean directions of each muscle’s activity
(ϕ). Independent t-tests (α =.05) were used to compare group
mean activation magnitudes (XEMG) and variances about the ϕ
(SI) of each muscle (SPSS, IBM, Armonk, USA). Using
activation symmetry, ϕ, XEMG, SI and EMG polar plots (Figure
1), the muscles were classified into 3 roles; general stabiliser,
moment actuator and specific joint stabiliser [2].
RESULTS
All muscles had asymmetrical activations in both ACLd and
A

B

CON, with the exception of the VL and VM in the CON
group. The VL and VM displayed different roles between
ACLd and CON; the vastii were specific joint stabilizers for
ACLd and general stabilizers for CON. The remaining
muscles had the same role in both groups; TFL, RF, LG and
GMed were moment actuators; BF, ST, MG, and ADD were
specific joint stabilisers.
The ST was significantly different in ϕ between ACLd (ϕ =
269.91o) and CON (ϕ = 279.55o). The MG was significantly
larger in XEMG between ACLd (XEMG = 9.5 %MVIC) and CON
(XEMG = 5.7 %MVIC). The ST and GMed were significantly
smaller in SI between ACL (ST = 0.57, GMed = 0.39) and
CON (ST = 0.65, GMed = 0.51).
DISCUSSION AND CONCLUSIONS
The CON vastii muscles had symmetrical activations about the
polar plot origin and were classified as general joint
stabilisers. The ACLd vastii had asymmetrical activations
opposite the reported moment arm orientation (MAO) [3],
classifying them as specific joint stabilisers. Previous work
shows that healthy individuals employ the vastii muscles as
general stabilizers [2]. The vastii [4] and the MG [1] have both
been suggested to help protect the ACL from increased strain
by increasing compression of the knee joint. These findings
were supported by this study, as observed by the altered
activation of the VL, VM and MG in ACLd individuals. The
ST and GMed had the same role in both groups; however
ACLd had lower SIs implying more variation in activation
patterns during posterior and medial GRFs, for the ST and
GMed, respectively.
These results demonstrate that ACL injuries lead to altered
roles of lower limb muscles in attempting to stabilise the knee
joint while weight-bearing. The adaptive and protective roles
of these muscles should be considered for ACL injury
rehabilitation programs.
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Figure 1: EMG polar plots of A) VL, B) ST, and C) MG for ACLd and CON groups. Outer numbers represent target location angle ( o); inner
numbers represent normalised EMG magnitude. Black and white triangles display ϕ for ACLd and CON, respectively, for asymmetrical
activation patterns. Grey triangles display mean MAOs [3].
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INTRODUCTION
100,000 anterior cruciate ligament reconstructions are
performed annually with upwards of 14% failing [1] because
of non-anatomic graft placement and failure of graft
incorporation. To the authors knowledge, there is no
experimental method capable of imaging and non-invasively
measuring the mechanical properties of the ACL and graft
under varying fixations and loading protocols; this has
contributed to sub-optimal reconstruction methods. Therefore,
the purpose of this research was to develop and validate a
novel micro-CT compatible knee joint motion simulator that
can be used to non-invasively quantify the mechanical
behaviour of the ACL and reconstruction grafts.
METHODS
The joint simulator consists of an actuating platform that fixes
the tibia to a 6 degree-of-freedom load cell while a flexion jig,
rigidly mounted to the CT-scanner bed, immobilizes the femur
(Fig. 1) centering the knee in the scanner’s 10cm axial field of
view. With this design, 30˚ of passive flexion can be achieved
in addition to active control over anterior translation, valgus
rotation, internal rotation, and axial compression.
Physiologically relevant loads were applied to a knee joint
surrogate (2.54cm solid rubber tubing) while micro-CT scans
were taken using a standard imaging protocol (16s anatomical
scan at 120 kVp and 20mA). Teflon beads were inserted into
the surrogate to qualitatively assess the effect that motion
would have on micro-CT image quality. Each axis was tested
separately with individual load targets applied (Table 1) and
each load was applied five times. The average percent error
between the actual and target loads was calculated across the
five trials to assess simulator validity, while coefficients of
variations (CV) were calculated between the five trials to
assess repeatability.
RESULTS
All axes were capable of achieving the target loads with less
than 5% error (Table 1) with the greatest error occurring in
anterior translation. Except for axial compression, CVs of less
than 10% were reported. Although there was poor contrast
between the Teflon beads and the rubber tubing, there did not
appear to be any material or motion artifact. As a result of the

Figure 1: A micro-CT compatible simulator interacting with
the CT scanner showing the application of the active loads.
poor contrast, an additional image was obtained of a
composite knee model internally rotated, that further
illustrated image quality (Fig 2).

Figure 2: Micro-CT image of a composite knee joint
DISCUSSION AND CONCLUSIONS
The novel joint simulator accurately and reliably applied the
loads while high quality images were acquired. Although
generally repeatable, the high CV associated with axial
compression is most likely a result of low surrogate stiffness
along this axis and it is anticipated that additional tuning
protocols will address this issue. It is expected that the
simulator will be further validated with cadaveric specimens.
Independent axis actuation facilitates a wide range of potential
loading patterns and future investigations utilizing the
simulator will determine the effect of different ACL
reconstruction characteristics on soft tissue and bone responses
that have not been possible to quantify to date.
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Table 1: Percent errors and coefficient of variations (CV) for each of the load axes
Anterior Translation (10N) Valgus Rotation (8Nm) Axial Compression (10N) Internal rotation (5Nm)
Percent Error
4.95
1.09
3.78
-0.01
CV (%)
2.64
0.36
10.18
1.21
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INTRODUCTION
Tibial torsion is a measure of the diaphyseal rotation of the
tibia. At ten years of age, the mean thigh-foot angle is
approximately 10° external with a normal range of ±20° [1].
Abnormal internal tibial torsion has been linked to an
increased knee adduction moment in pediatric populations [2]
and adult populations with knee osteoarthritis [3]. This
increased adduction moment may be important because
excessive loading can contribute to mechanical degradation of
the joint. However, the adduction moment does not
differentiate contributions from muscle, passive soft tissue
structures, or compressive joint loads. Compressive loading of
the knee joint can be estimated using computational
modelling. Therefore, the purpose of this pilot study was to
estimate medial and lateral knee joint contact forces in
pediatric subjects with varying degrees of tibial torsion using a
computational musculoskeletal model.
METHODS
Six subjects (three male, three female) referred from the
orthopaedic pediatric clinic at Hotel Dieu Hospital in
Kingston, Ontario provided informed consent to take part in
the pilot study. Subjects were between ten and twelve years of
age and recreationally active. Two subjects were referred with
internal tibial torsion (15° and 28°) and two with external
tibial torsion (24° and 22°). Two subjects without lower limb
abnormalities (1° and 2° internal) served as the control group.
Each subject performed overground walking trials at a selfselected speed, while ground reaction force and marker
trajectory data were recorded.
Knee joint moments and contact forces were estimated using
OpenSim (Stanford University, California, USA) and custom
software written in Matlab (The Mathworks Inc.,
Massachusetts, USA). The OpenSim gait2392 model was
modified to include medial and lateral knee contact locations
for resolution of medial and lateral compartment contact
forces [4]. Tibial torsion was modeled by changing the
orientation of the ankle joint about the long axis of the tibia to
match subject-specific measurements. Muscle forces and net
moments about the medial and lateral contact points were
calculated in OpenSim using the computed muscle control and
inverse dynamics tools. The medial and lateral contact forces
were calculated as those needed to balance the moments about
the contact locations in frontal plane of the tibia. The
contributions from muscle forces and the inverse dynamics
moments to the contact forces were isolated.
RESULTS
Subjects with internal tibial torsion displayed increases in knee

adduction moment of 0.15±0.03 Nm/kg and medial contact
force of 0.30±0.05 BW throughout the mid-stance phase of
gait, compared to subjects in the control group (Figure 1). The
increase in medial contact force was accompanied by a
0.20±0.15 BW decrease in the lateral contact force. These
changes were attributable to the inverse dynamics moment.
Subjects with external tibial torsion showed a 0.60 BW lower
medial contact force at 30% of the gait cycle and a 0.38 BW
larger second peak contact force, relative to the control group
(Figure 1). The increased second peak contact force was
primarily due to the muscle forces, and the greatest increase
was from the medial gastrocnemius. Opposing contributions
from the inverse dynamics moment (increased) and muscle
forces (decreased), resulted in a minimal change in the first
peak contact force, relative to the control group.

A
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Figure 1: (A) Mean external knee adduction moment
normalized by body mass. (B) Mean medial knee contact force
normalized by bodyweight.
DISCUSSION AND CONCLUSIONS
Subjects with internal tibial torsion had a higher knee
adduction moment and medial knee joint contact force
throughout mid-stance. Subjects with external tibial torsion
had higher second peak medial contact force. The contact
forces predicted by the model for the control subjects were
similar to those presented in literature [4]. The differences in
muscle force contributions to contact force between the three
groups suggests that tibial torsion affects lower limb muscle
behaviour during gait. Based on the results of this pilot study,
we aim to further investigate the relationship between tibial
torsion and lower limb mechanics through a clinical study.
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VS. STRENGTH COMPARISONS
Aiden B. Hallihan, Kenneth A. Seaman & Jeremy W. Noble
Faculty of Kinesiology, University of New Brunswick, Fredericton NB, Canada, Jeremy.Noble@unb.ca

Limited research exists on biomechanical comparisons for
power and strength training of the barbell squat. Traditionally,
strength training uses heavier loads (>80% 1RM) and power
training uses lighter loads (<75% 1RM). Lifting heavier may
increase the risk of sustaining a lower body injury [1,2]. Power
squatting has been proven to be a safe, more effective
alternative [3]. The purpose of this study is to investigate
strength vs. power training from a biomechanical perspective
to analyze the cumulative load at the hip and knee. We
hypothesize that power training will result in decreased
angular inpulse (cumulative loading) at these joints when
compared to traditional strength training methods.
METHODS

RESULTS
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Ten participants (20.6±1.17 years, 5M & 5F, Height = 1.71±
0.12m, Body Mass = 71.9±12.8kg) with a minimum of 1 year
of resistance training experience, including the barbell squat
were involved in this study.

Figure 1: Average extensor angular impulse of the hip and
knee Joints from one repetition from each condition. The error
bars indicate standard error. The asterisk indicates that there is
a significant difference between conditions for that measure.

A total of 3 visits to the lab was required. The first session
consisted of 1RM testing. To analyze kinematic data retroreflective markers were placed on joint centres on the left side
of the participant. Barbell squat performances were recorded
with a digital video camera (1080P), with a frame rate of 60
frames/s. Participants left foot was on an AMTI (Watertown
MA) force plate (sampled at 1000 Hz). The net power
produced during each repetition was also recorded with a
linear position transducer (Tendo Power Analyzer, Slovakia).

Kinematic data were similar between all conditions; however,
the squats were performed significantly faster in the Power
condition (p < 0.05). The peak power detected by the position
transducer was also significantly greater in the power
condition when compared to the strength conditions (p < 0.05).

Participants performed 2 sets of 4 barbell squats in three
different conditions: Power (75% 1RM with an emphasis on
speed during the upward phase of the squat), and Strength75
(75% of 1RM with a traditional tempo) and Strength85 (85%
of 1RM with a traditional tempo).
Marker data were digitized with a semi-automated process
with free software (Kinovea – www.kinovea.org), and then
analyzed with custom MATLAB software. Ground reaction
force and kinematic data were synchronized via an optical
signal using the MATLAB software. Standard 2D inverse
dynamics were used to determine joint moments and powers at
the hip, knee and ankle joints throughout each set. Cumulative
loading of the hip and knee joints was assessed by determining
the net extensor angular impulse of each repetition. Peak joint
moments and the work done by the hip and the knee were also
determined in each condition. Discrete measures were
analyzed with a mixed model ANOVA (SPSS V23, IBM),
with sex and condition as factors.

The net extensor angular impulse was significantly less at both
the hip and knee joints in the Power condition when compared
to the strength conditions (p < 0.05) (Fig 1), although there
were no significant differences in the peak moments that were
produced between the conditions.
DISCUSSION AND CONCLUSIONS
This study provides preliminary evidence that using a powerlifting strategy may reduce the cumulative exposure to loading
at the hip and knee joints during a barbell squat. This training
strategy may reduce the chance of developing joint injuries
while still providing a similar stimulus for strength training.
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INTRODUCTION

RESULTS

Walking is an integral part of everyday life. Although
commonplace, walking is a complex movement that requires
specific 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]. Uneven
terrain is an input that can complicate the control of gait.
Control can be further complicated if a subject carries a small
load in one of their hands. The purpose of this study was to
examine how hip muscles stabilize the trunk during walking
over an uneven surface both with and without an added load.

Select results of trials conducted over even terrain with &
without a load in the right hand are presented as follows.

METHODS

Following contact, activity of the right TA and PL are also
increased (25.1 mV and 20.18 mV respectively) as compared to
unloaded trials. Following heel contact in later trials, the
activity of the right TA and PL were also decreased as compared
to earlier trials.

Study Design: Fourteen university aged individuals (3 female)
were recruited to perform a series of walking trials over flat
(FLAT) and uneven terrain (UT). UT was simulated by a 15°
wedge that was either directed inward towards the sagittal plane
(UT-IN) or outwards (UT-OUT). Each participant conducted
thirty walking trials that were divided among the following
three conditions: 60% FLAT, 20% UT-IN, and 20% UT-OUT.
Another thirty trials were completed where the participant
carried a load (~10% of Body Mass) in their right hand.

During the swing phase of the right leg, the activity of the left
GMd increased (159.9 mV) while walking with a load (Figure
1). In later trials, the left GMd still had increased activity during
the swing phase of loaded walking but was decreased from
earlier trials (159.1 mV to 50.3 mV). The right GMd was never
activated more the left GMd. In fact, right GMd activity was
reduced in later trials when compared to unloaded trials.

Kinematics: Infrared light-emitting diodes (IREDs) were placed
on the HAT, pelvis, leg, shank and foot of the participant.
Active motion capture of the IREDs was provided by a bank of
six Optotrak cameras (NDI, Waterloo, Ontario, Canada)
Kinetics: For each trial, the ground reaction forces of the
participant were collected using four force plates (AMTI,
Watertown, MA, USA). The three forces and three moments of
a particular plate and the participant’s kinematics were used to
calculate their kinetics.
Electromyography (EMG): Muscle activation was determined
through the surface EMG (Bortec, Calgary, AB). Eighteen
electrodes (Ambu, Glen Burnie, MD) were placed on nine
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.

Figure 1: Comparison of muscle activity of the left and right
GMd between unloaded and loaded trials over even ground.
DISCUSSION AND CONCLUSIONS
This data set suggests that the left hip muscles are more active
during loaded walking to prevent falling to the right side. This
increased activity subsides as more trials conducted possibly
indicating a learning response. Furthermore, increased activity
right TA and PL during the early trials indicates an importance
in ankle stability following heel contact.
REFERENCES
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INTRODUCTION

RESULTS

Poor dual-task performance has been linked to falls risk in
older adults [1]. As older adults walk through their daily
environments, they are often required to perform additional
cognitive tasks to complete daily goals in an efficient and
timely manner. It is therefore important to understand how
older adults allocate attentional resources when asked to
simultaneously perform a cognitive task while negotiating
through a complex environment, and, in a related manner,
evaluate the potential efficacy of training programs to improve
dual-task performance [2]. The purpose of this project is to
implement a dual-task training program in community
dwelling older adults, and to examine if dual-task training
during unobstructed walking would translate into increased
dual-task performance during obstacle avoidance. Previous
work in our lab with younger adults has shown that following
a 3-week long dual-task training protocol, young adults
produced more cautious and consistent obstacle stepping
strategies (e.g. greater clearance values and less variable foot
placement). We therefore hypothesized that a short duration
dual-task training protocol would induce similar
improvements in healthy older adults, causing them to adopt a
more cautious obstacle crossing strategy that could potentially
reduce their risk of falling.

Preliminary results (N=8) indicate that neither the Training nor
Control groups significantly altered obstacle or cognitive task
performance from Visit 1 to Visit 2. For demonstration
purposes, Figure 1 shows minimum lead foot clearance (MLC)
for all participants for Visit 1 and Visit 2. Note that no clear
trend for changes in performance were observed in this
measure. Other outcome measures resulted in similar findings.

METHODS
Thirty older adult participants (age ≥ 65 years) will be
recruited for the study (8 have completed the study thus far).
All participants are community dwelling older adults, and free
of any neuromuscular or perceptual impairments that would
affect performance of the dual-task training or tests.
Participants first completed a laboratory baseline testing
session (Visit 1) of the dual-task test (auditory Stroop task +
obstacle crossing). Following Visit 1, participants were
assigned to either a training (N=6) or control (N=2) group for
3 weeks, followed by a follow-up testing session (Visit 2).
Training occurred twice a week for 30 minutes, and involved
continuous unobstructed walking while performing various
cognitive tasks (e.g. backwards counting, N-back test)
During laboratory Visits 1 & 2, cognitive task accuracy and
response time were analyzed. Kinematic data were collected,
and outcome measures analyzed were: walking velocity,
takeoff and landing distance, and minimum lead and trail foot
clearance.

Figure 1: Minimum lead foot clearance over the obstacle for
all 8 participants on Visit A and Visit B. Trained subjects are
1-6 (solid lines), and control subjects (7 & 8) are dashed lines.
DISCUSSION AND CONCLUSIONS
Preliminary results indicate that contrary to our findings with
young adults, a 3-week concurrent walking and cognitive task
training protocol does not induce a safer obstacle crossing
strategy in healthy older adults. A similar crossing strategy
was maintained for all older adults for all experimental trials,
which may indicate that this type of training does not alter
obstacle crossing performance for our task. Given that no
changes were observed following training, it is possible that
older adults were not able to shift attention to the postural task
to cause performance changes, similar to previous work done
examining explicit prioritization in dual-task situations [3].
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AVOIDANCE BEHAVIOURS OF OLDER ADULTS WITH SINGLE AND DOUBLE PLANAR OBSTACLES
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INTRODUCTION
Previous research assessing preferential foot placement
when avoiding a single planar obstacle found the
emergence of three selection strategies to guide foot
placement: 1) placing the foot in the plane of progression;
2) choosing to take a longer step over a shorter step; and 3)
selecting a medial rather than lateral foot placement [1].
All of these alternate foot-placement choices coincide with
a minimal foot displacement from one’s normal footfall
location to maintain forward progression. [1,2]
The most important source of sensory input when planning
and executing obstacle avoidant behaviours is vision,
which is primarily used prior to the moment of toe-off [3].
Successfully adapting locomotion relies on both the
amount and the timing of vision. The purpose of the
current study was to examine the dominant foot placement
responses of older adults while avoiding one or two
consecutive planar obstacles placed along the path of
progression and to observe the effect of varying the
amount of visual information available prior to avoidance.
METHODS
Participants (N=8, age=74.5) were instructed to walk along
a 13m long path at a self-selected pace towards a goal.
Participants were asked to avoid one or two planar
obstacles if present, otherwise walk normally towards the
goal. Planar obstacles (15cm by 70cm) were projected
from a ceiling mounted data projector onto the ground
when the participants either: 1) were in steady state
locomotion (i.e. after 4 steps); or 2) were 2 steps away
from the first obstacle (i.e., delay).
The obstacles were projected in line with the plane of
progression such that the first and second obstacles
appeared where the left and right footfalls would naturally
occur (O1 & O2) respectively. Participants performed 40
randomized trials; 20 no obstacle, 5 with the first obstacle
presented during steady state, 5 with the first obstacle
presented delayed, 5 with two obstacles presented during
steady state, & 5 with two obstacles presented delayed.
RESULTS
All participants maintained consistent foot placement
strategies amongst themselves throughout the entirety of
the study. Variability arose between participants and not
within participants. During the single obstacle avoidance
trials, a medial step was the dominant behaviour chosen for
both the steady state and delayed presentations (i.e., 79%
of steady state trials and 79% of delayed trials)...

When avoiding two consecutive planar obstacles, the
participant’s elicited one of two-avoidance strategies; 1)
double crossover (i.e. decrease step width & step medially
for both obstacles) or 2) steering (i.e. maintain step width
& step medially then laterally or vise versa). The dominant
foot placement strategy was the double crossover, observed
in 67.5% of the trials when the obstacles were presented
delayed. However, when the obstacles were presented in
steady state, no dominant strategy emerged. A steering
behaviour was exhibited more frequently than the double
crossover (i.e., 57.5% vs. 42.5% of the trials respectively).
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Figure 1: The percentage of trials in which a double
crossover avoidance strategy was observed (i.e. MM), and
those in which a steering (i.e. ML or LM) avoidance
strategy was observed for both presentation conditions.
DISCUSSION AND CONCLUSIONS
The results from this study are consistent with previous
research, when presented with a single planar obstacle;
even older adults prefer to step medially along the plane of
progression to maintain forward momentum regardless of
obstacle presentation condition (i.e., steady state or delay).
When the older adults were forced to avoid two planar
obstacles on-line (i.e., delayed condition), the double
crossover avoidance dominated, suggesting participant
chose to maintain forward progression over increasing
stability (i.e., widen BOS). However, when older adults
had time to plan their avoidance (i.e., steady state), they
chose to step medially for the first avoidance (progression)
but the second step may have been dependent on stability
during the first step such that instances with better stability
led to a second medial step whereas poorer stability led to
a lateral step to regain stability. Further analysis will
determine the legitimacy of this hypothesis.
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DOES AN AUDITORY DISTRACTION AFFECT GAIT ADAPTATION TO A SPLIT-BELT TREADMILL?
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INTRODUCTION

RESULTS

On a daily basis, we must adapt the way we walk to our
surroundings in order to avoid falling. A split-belt treadmill,
capable of driving each leg a different speed, allows for the
study of locomotor adaptation to a symmetry perturbation.
Healthy adults are capable of quickly adapting their gait
patterns to the asymmetry induced by a split-belt treadmill as
well as “de-adapting” their gait patterns back to normal [1]. A
visual distraction alters how healthy adults are able to adapt
back to normal walking from a symmetry perturbation induced
by a split-belt treadmill [1], however it is not yet understood
how the duration or frequency of an auditory distraction affects
the efficiency of adaptation. This project aimed to understand
how an auditory distraction affects our inherent ability to adapt
locomotion to our environment. It was expected that the
addition of an auditory distraction would create larger step
assymetries, and require participants to take more steps before
they are able adapt their gait both to the limp produced by the
treadmill and back to their normal walking pattern.

All participants increased spatial and temporal step asymmetry
with the onset of adaptation (p<0.05). Spatial step symmetry
did not return to baseline by the end of the adaptation period
(p<0.05; See Figure 1). Preliminary results indicate the
presence of auditory dual-task did not alter spatial step
symmetry, time to adaptation or time to de-adaptation to normal
gait (p>0.05).

METHODS
Five groups of healthy adults (n=29, 23.3±3 years) walked on a
split-belt treadmill for 24 minutes (Table 1). The first 5-minutes
were spent walking at each subject’s typical walking speed.
Throughout the middle 14 minutes, the belt driving the
dominant leg decreased to one third of the original walking
speed (Adaptation Phase). During the Adaptation Phase, the
experimental participants simultaneously completed an
auditory n-back distraction task while the control group did not.
Experimental participants received one of 4 conditions: First
Half (FH), Second Half (SH), Intermittent or Complete,
referring to the time periods where the n-back task was
administered. FH, SH and Intermittent participants all received
8 minutes of the distraction task while Complete participants
received 14 minutes. For all participants, both belts returned to
their original speed for the last 5 minutes (De-Adaptation
Phase) The main outcome measures (step symmetry, time
required to reach step symmetry,) were analyzed during
adaptation and de-adaptation phases.

Figure 1: Example of Single Subject Spatial Step Symmetry.
DISCUSSION AND CONCLUSIONS
Spatial gait adaptation to the split-belt treadmill did not occur
within the adaptation period with or without an auditory
distraction. All participants were able to return to their baseline
gait pattern within the de-adaptation period. The use of an
auditory n-back distraction task requires further investigation
into its effects on locomotor adaptation.
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Table 1: Protocol Setup. 4 groups received the auditory n-back task (hatched areas). Shaded areas represent walking only.
PREPATORY
(0-5 Minutes)
Control
Complete
First Half
Second Half
Intermittent

ADAPTATION (Split-Belt)
(5-19 Minutes)

DE-ADAPTATION
(19-24 Minutes)
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INTRODUCTION

RESULTS

Previous research has demonstrated that there is a distinct
relationship between aging and instability. The somatosensory
system plays a significant role in balance control in
conjunction with vision and the vestibular system [1].
Evidence has shown that manipulation of the
mechanoreceptors on the plantar surface of the foot has a
direct effect on balance control. By manipulating these
receptors with hypothermic anesthesia and vibration,
researchers are capable of simulating the effect of sensory
modification on healthy individuals, in order to understand the
role that plantar-surface sensation has in adapting to
perturbation during gait [2, 3].

The results of this study indicated significant differences
between the three conditions for onset timing of the Tibialis
Anterior in regards to the experienced perturbation (F=6.85,
p=0.028). Futhermore, a statistical trend was observed within
the Rectus Femoris muscle between conditions for onset
timing in response to the perturbation experienced (F=4.36.
p=0.067). Further analysis of muscle magnitude and force
plate profiles are currently underway

METHODS
This study had 14 healthy young adults (mean age 23.07
(±2.43)). Within this study, participants were asked to walk
the length of an 8-meter platform at a comfortable speed.
Participants were required to walk with reduced, enhanced and
normal levels of somatosensory information of the plantar foot
surface. Prior to walking across the platform, the participants
underwent baseline sensitivity tests on the soles of the feet
using Semmes-Weinstein monofilaments as well as a
customized vibration device. The participants were seated with
the customized vibration device within converse shoes, with
the vibration device located at the 1st metatarsal and the heel.
This test determined the perceived threshold of vibration for
each participant in order to calculate the white noise level for
the enhanced level of somatosensory information (determined
to be at 90% of perceived threshold). During walking trials the
participants travelled along a raised platform that had 4
sections in which removable where foam squares were placed
to provide either a stable or unstable situation when stepped
upon. Located underneath three of these squares were three
force plates (OR-6-2000 (AMTI, Waterdown, MA)). In order
to prevent learning bias the location of the foam, as well as the
direction of the perturbation was randomized. Participants
were perturbed in either the anterior or lateral direction.
Electromyography (AMT-8 (Bortec, Calgary, Alberta)) was
used to analyze changes in muscle activity within the
Gastrocnemius and Tibialis Anterior of the right lower limb,
and the Rectus Femoris, and Biceps Femoris muscles of the
left lower limb. Three-dimensional motion analysis was also
used to capture observable changes in gait (Optotrak, NDI,
Waterloo, Ontario).

DISCUSSION
Initial results of this study suggest that there is significant
relationship between muscle activity and the cutaneous
mechanoreceptors within the plantar surface of the foot when
the plantar surface is manipulated. In particular, effects of
these manipulations can be observed in both the perturbed
limb, as well as the trail limb. As such, further investigation of
this data will assist in understanding any reflexive activity
occurring, along with any potential changes within the force
profile during the perturbations.
REFERENCES
[1] Qiu, F., Cole, M. H., Davids, K. W., Hennig, E. M., Silburn, P. a,
Netscher, H., & Kerr, G. K. (2012). Enhanced somatosensory
information decreases postural sway in older people.Gait & Posture,
35(4), 630–5. doi:10.1016/ j.gaitpost.2011.12.013
[2] Perry, S. D., Santos, L. C., & Patla, A. E. (2001). Contribution of
vision and cutaneous sensation to the control of centre of mass
(COM) during gait termination. Brain Research, 913(1), 27–34.
doi:10.1016/S0006-8993(01)02748-2
[3] Priplata, A. a, Patritti, B. L., Niemi, J. B., Hughes, R., Gravelle,
D. C., Lipsitz, L. a, … Collins, J. J. (2006). Noise-enhanced balance
control in patients with diabetes and patients with stroke. Annals of
Neurology, 59(1), 4–12. doi:10.1002/ ana.20670
[4] Priplata, A., Niemi, J., Salen, M., Harry, J., Lipsitz, L., & Collins,
J. (2002). Noise-Enhanced Human Balance Control. Physical Review
Letters, 89(23), 238101. doi:10.1103/ PhysRevLett.89.238101
[5] Menant, J. C., Steele, J. R., Menz, H. B., Munro, B. J., & Lord, S.
R. (2009). Rapid gait termination: effects of age, walking surfaces
and footwear characteristics. Gait & Posture, 30(1), 65–70.
doi:10.1016/j.gaitpost.2009.03.003

ACKNOWLEDGEMENTS
This work is supported by NSERC DG and CFI/OIT grants.
Special thanks to Katrina Protopapas, Katia McDougall, Colin
Kirst, Markee Litva, and Elizabeth McLeod for their
assistance
with
this
study.
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INTRODUCTION

Thus, the aim of this study is to determine center of mass
(COM) movement quality, as measured via a smoothness
metric, during stair descent in older adults. We hypothesized
that older adults would show a decreased COM movement
smoothness compared to younger adults during walking that is
amplified by stair descent. Assessment of COM movement
smoothness in stair descent may help identify older adults at
risk of falling and could improve fall prevention programs.
METHODS
Twenty older (74 ± 6 years, 162.7 ± 8.5 cm, 71.6 ± 17.4 kg)
and twenty younger (25 ± 4 years, 171.4 ± 8.6 cm, 70.5 ± 11.0
kg) adults performed stair descent on a four-step staircase and
level walking trials. Data collection procedures are described
elsewhere [4]. The COM position obtained from marker data
was used to compute jerk (third time derivative of position). A
log-normalized dimensionless jerk metric (ηLDJ) was used to
assess smoothness, with increasing positive values related to
greater sub-movements and considered less smooth [3]. All
calculations were performed in Matlab (v2012a, The
Mathworks, Inc., Natick, USA).
A mixed Analysis of Variance (ANOVA) with betweensubject factor group (young, old) and within-subject factor
task (walking, stair descent) was performed on the dependant
variable (ηLDJ) to assess a group × task interaction. Follow-up
simple main effects tests were analysed via unpaired t-tests
(SPSS v21, IBM Corp., Armonk, USA). No corrections for
multiple testing were performed (significance set at α = 0.05).
RESULTS
A significant group × task interaction (p = 0.008) lead to
follow-up tests revealing increased ηLDJ only during stair
descent for older adults (p = 0.016). No significant differences
were found between groups during level walking (Fig. 1).
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ηLDJ

Stair descent is a complex task that requires some precaution
be taken by older adults in order to avoid potential injury [1].
This cautious gait strategy may be characterised as unsmooth,
or lacking the fluidity of healthy, coordinated movement
patterns [2]. Although smoothness measures have successfully
quantified movement quality in other contexts [3], they have
not been applied to stair descent.
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Figure 1: Log-normalized dimensionless jerk (ηLDJ) of the
center of mass movement across tasks and groups. Significant
group simple main effect (★) shown.
DISCUSSION AND CONCLUSIONS
This study revealed that older adults performed stair descent
tasks with a less smooth movement pattern than younger
adults; however, contrary to our hypothesis, both groups
performed similarly during level walking. The results suggest
that the more complex task of stair descent is more sensitive to
gait differences than level walking in otherwise healthy older
adults. Future study of gait smoothness in older adults during
activities of daily living is warranted in order to help elucidate
upon and intervene on fall risk in at-risk populations.
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INTRODUCTION
Obesity is considered a risk factor for knee osteoarthritis (OA)
due to its influence on gait biomechanics [1]. For instance,
obese individuals display greater ground reaction forces (GRF)
[2] and loading rates [3] compared to normal weight
individuals. The heel strike transient (HST) is a characteristic
of the vertical GRF that is indicative of a high rate of loading
[4]. The HST may provide a dichotomous method for
identifying individuals at greater risk for knee OA
development. However, methodology for identifying the HST
is inconsistent, and may yield contradictory results. Therefore,
the purpose of this study was to examine the influence of
identification method on the incidence of a HST during
overground walking gait in obese young adults.
METHODS
15 obese (males = 7, age = 21.2±1.9 years, body mass index =
33.5±4.3 kg/m2, preferred walking speed = 1.09±0.26m!s-1)
were recruited for this study. Ground reaction force (GRF)
data were sampled at 1000Hz while participants walked
barefoot at a standardized speed (1 m/s). Participants walked a
distance of 3m prior to contacting the force plate and were
required to take at least 2 steps following contact with the
force plate to limit deceleration. Gait speed was monitored via
infrared timing gates placed over the force plate 1.2m apart.
Trials were considered acceptable if participants made full
contact with the force plate with their dominant limb without
noticeably altering their gait, and were within ±5% of the
standardized speed. 10 trials were collected for each subject.
GRF data were low-pass filtered at 75Hz (zero-phase lag 4th
order Butterworth). We identified the HST using 2
dichotomous methods previously reported by Radin et al.[5],
and Hunt et al.[5], respectively. Radin et al. [6] identifies a
HST by assessing the magnitude of the peak vertical GRF
immediately following ground contact and the subsequent
local minimum, and trials where the ratio of these magnitudes
exceeded 1.2 were classified as having a HST (Figure 1). Hunt
et al. [5] classifies a trial as possessing a HST if the difference
in these magnitudes was at least 0.5% of the peak GRF during
the first 50% of the stance phase. Additionally, Hunt et al. [5]
limit the analysis to the second 50% of the GRF upslope
(Figure 1). An individual was classified into the HST group if
it was identified in ≥6/10 trials. McNemar’s test (χ2) was used
to evaluate the influence of identification method on the
number of participants classified as having a HST.
RESULTS
An association was observed between identification method
(Hunt et al. vs. Radin et al.) and the number of participants
classified into the HST group (2/15 vs. 8/15, χ2(1) = 7.5,
p=0.016).

Figure 1: A - magnitude of the GRF peak following ground
contact; B - the impending local minimum. The Radin method
identified a HST if A/B ≥ 1.2. The Hunt method, identified a
HST if the difference between the magnitudes (A-B) was ≥
0.5% of the peak GRF during the first 50% of the stance phase
(C), but A and B were only evaluated during the second 50%
of the GRF upslope (i.e. after the dotted line).
DISCUSSION AND CONCLUSIONS
These findings indicate that HST identification method
drastically influences the ability to identify the HST during
walking in obese adults. Furthermore, the Hunt et al. [6]
method does not adequately identify the HST during walking.
This is likely due to the notion that this method ignores a HST
occurring during the second 50% of the GRF upslope. Future
longitudinal studies are necessary to determine the influence
of the HST on knee OA development.
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INTRODUCTION
The Functional Capacity Evaluation (FCE) is an evaluation
tool used in the return to work process to guide treatment and
decision making. Historically, maximum capacity is
determined via subjective individual perception of maximum
abilities, but when body mechanics are considered by an
evaluator, the FCE is more objective and reliable [1].
Kinematic strategies have been investigated during FCEs but
almost exclusively for the floor to waist lift [2]. Other FCE
tasks lack descriptions of motion at varying levels of intensity
that would allow evaluators to compare patient movements to
determine if a safe maximum capacity has been reached. The
purpose of this study was to determine kinematic differences
between intensity levels of two common FCE tasks.
METHODS
Upper limb and torso kinematics were collected from 30
healthy, young adults (15 males, 15 females) while performing
two FCE tasks. The overhead lift consisted of 4 sets of 5
increasingly intense lifts (25%, 50%, 75%, 100% of 5 rep
maximum), while the overhead work consisted of
manipulating nuts and bolts overhead to exhaustion.
Mean, maximum, and minimum values were calculated for
clinically relevant joint angles. Mean and maximum resultant
segment velocity was also calculated and each variable was
tested with a two-way ANOVA that considered interactions.
RESULTS
During the overhead lift task, both maximum torso flexion and
maximum torso extension increased (p<.05) from the 25%
load to the 100% load by 5.17° and 10.5°, respectively (Figure
1).

Humeral flexion angle at the start of the lift also increased by
an average of 11.7° from the lightest to heaviest load (Figure
1). In addition, segment linear velocity of the torso increased
from the lightest to heaviest set, while the velocity of all arm
segments had an inverse relationship with load (p<.05).
In the overhead work task, torso extension, humeral flexion
and axial rotation, and wrist extension all increased with time
(p<.05). Humeral axial rotation had the largest change of an
average of 13.9° decrease in external rotation for both arms.
Finally, mean segment velocity also increased for all
segments, ranging from increases of 23%-82%.
DISCUSSION AND CONCLUSIONS
Increasing intensity during the overhead lift and overhead
work tasks influenced kinematic variables. Torso extension
increased in both tasks, and arm movement strategies and
postures featured compensations, including increased humeral
flexion and humeral internal rotation. These observable
changes can be used by evaluators to more reliably determine
safe maximum capacities for each patient [2], improving the
evaluation process for the return to work process.
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Figure 1: Torso flexion/extension angle (left) and right humeral flexion angle (right) change from initial for the waist to
overhead lift. For the torso angle, the decreasing minimum values reflect increasing torso flexion, while increasing maximum
values demonstrate increasing torso extension. For the humerus, only minimum flexion angle changed with load.

HUMERAL ABDUCTION ANGLE ALTERS MAXIMAL PUSH/PULL STRENGTH IN FEMALES
Alan C. Cudlip, Alberto C. Pagano, Clark R. Dickerson
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INTRODUCTION
Human strength assessment is an important prerequisite for
establishing population norms in order to design machines and
workplaces that accommodate strength across the working
population. If task requirements exceed muscle strength,
overexertion or injury may result. Horizontal pushing and
pulling constitute 50-75% of all manual materials handling
tasks [1]. Generally, maximal push and pull strength is
evaluated based on vertical distance from the floor, and not
with regard to humeral abduction angle [2], which confuses
the origins of strength differences, including sex effects.
Scaling strength predictions based on humeral abduction angle
can help to identify conditions that may create high demands
for females, and thus reduce overexertion injury potential.
METHODS
20 females (22.9± 2.4 years; 1.66 ± 0.06 m tall; 62.3 ± 6.3 kg)
completed maximal pushes and pulls at five angles – 0, 30, 60,
90, and 120° of humeral abduction (Figure 1). Exclusion
criteria included self-reported upper limb or low back pain in
the past 12 months. 3D motion capture was tracked using 8
VICON MX20 optoelectronic cameras (VICON Motion
Systems, Oxford, UK) at 50Hz. Reflective markers were
placed on bony landmarks of the upper extremity and torso.

RESULTS
Main effects of force direction and humeral abduction existed
(p=0.0025 and 0.0001, respectively), but there was no
interaction effect. Push exertions generated more force
(238.24N vs. 221.56N). Humeral abduction angles of 90° and
120° had lower forces than lower angles (p=0.0001, Figure 2),
with no differences between 0, 30 and 60° humeral abduction.

Figure 2. Humeral abduction angle altered maximal force
output (p=0.0001). Post-hoc differences are marked by letters.
DISCUSSION AND CONCLUSIONS
Increased force in maximal push exertions compared to
pulling exertions agrees with previous research [3]. The
maximal pull force estimated in this research exceeds previous
research by ~80N [4]. Prior reported lower force magnitudes
are likely due to foot stance constraints, as they required
standing with feet together. Increasing forces were produced at
lower abduction angles for both pushing and pulling. Higher
force outputs have been reported when work heights are near
waist height [3]. Maximal force decreased by ~35% at higher
abduction angles, and both the magnitude and spatial location
of hand forces should be considered in task design, especially
for female workers. Future research incorporating concurrently
collected motion capture data will be used to quantify local
joint moments to describe biomechanical task demands.

Figure 1. Body position for 0° (left) and 90° (right).
Each trial lasted 7s, consisting of a maximal push or pull
exertion performed while maintaining the specified humeral
abduction angle, a power hand grip, and free foot placement.
Each condition was completed twice in a random order. If the
force outputs of the two trials were not within 15%, a third
trial was collected and the closest two trials were averaged to
determine the individual’s force output. A repeated measures
ANOVA determined effects of force direction and humeral
abduction angle on maximal force.
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INTRODUCTION
Normative kinematic profiles exist for lower limbs [1]. Due to
the complexity and non-repetitiveness of arm movements,
well-characterized analogous profiles for upper limbs are
scarce [2]. Additionally, it is unknown what characterizes
“normal” variability for complex upper limb tasks for a control
population and whether this variability changes with aging.
Since many brain disorders are characterized by movement
impairments, fluctuations in movement variability following
injury may indicate motor recovery. Hence, it is important to
quantify bilateral kinematic upper limb profiles in controls to
form a nominal set for evaluation of impaired injury-induced
movements. This study attempted to characterize bilateral
normative kinematic profiles and variability during complex
task performance and determine if movement variability
changes due to aging.
METHODS
Fifty right-handed healthy participants (29 young (YA); 21 old
(OA) participated. Bilateral upper limb motions were captured
at 60 Hz with an optoelectronic motion capture system (Vicon,
Oxford, UK). Forty-five reflective markers were placed on
anatomical landmarks of the upper limb and trunk according to
International Society of Biomechanics (ISB) standards [3].
Individuals performed two tasks: 1. No tool/object present [i.e.
slicing an imaginary loaf of bread with imaginary knife] and 2.
Tool present [i.e. performing the movement while holding the
tool]. Each task was performed 6 times. Euler angles, position,
and velocity for each joint (shoulder, elbow and wrist) were
quantified. Subsequently, grand means for each limb, age
group and task were generated for each joint. Inter-subject
variability was defined as the deviation in shape from the
grand mean of that group for each joint. Intra-subject
variability was defined as the deviation in shape between trials
performed by a person. Three-way mixed measures Conover’s
ANOVA with within subject factors HAND (right, left) and
CONTEXT (tool, no tool) and between subject factor AGE
(young, old) examined differences in intra- and inter- subject
variability for each joints, with significance set at p < 0.05.
RESULTS
Hand differences existed for shoulder flexion (F = 4.213, p <
0.046), such that non-dominant limb in OA had larger
deviations in shape for both tasks. Additionally, shape
deviation was reduced in YA when using a tool relative to no
tool present only for dominant limb. The shape of movement
was different for elbow flexion (F = 6.878, p < 0.012) and
shoulder flexion (F = 9.312, p < 0.004), such that performing
the task with no tool was had higher deviations in shape of
movement mean in both groups. Intra-subject variability
analyses revealed higher variability in shoulder flexion for the

dominant limb in YA, while the use of dominant and nondominant limb in OA was characterized by the same amount
of shape deviation (F = 4.433, p < 0.041). The addition of the
tool reduced variability in elbow flexion for OA, but did not
change variability in YA relative to no tool condition (F =
16.912, p < 0.0001).

Figure 1: Mean shape of movement for dominant limb
shoulder flexion in YA (A) and OA (C) when tool is present
and their respective deviations in shape (younger: B; older: D).
DISCUSSION AND CONCLUSIONS
This is a first attempt at quantifying normative kinematic
profiles and variability associated with dominant and nondominant upper limb complex task performance in able-bodied
individuals. Overall, aging is associated with increased
variability. The non-dominant limb consistently had higher
shape deviations. More interestingly, variability in the nondominant limb increased with age, suggesting that the agerelated motor control decline may affect right-hemisphere
functions to a greater degree than left-hemisphere processes
[4]. Somatosensory cues, such as the addition of the tool,
provide more feedback on movement performance; and hence,
constrain the movement reducing the variability in elbow and
shoulder flexion. Quantifying variability in movement has
implications in the evaluation of individual progress during
rehabilitation.
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INTRODUCTION
Ultrasonography is a relatively simple and inexpensive
musculoskeletal imaging modality that has demonstrated
comparable sensitivity and specificity to magnetic resonance
imaging (MRI) for diagnostic purposes [1]. Apart from its
clinical use, researchers have used ultrasound to measure the
dimensions of the supraspinatus tendon and acromiohumeral
distance as a means of estimating the risk of mechanical
subacromial impingement [2, 3]. While similar measurement
procedures are used, standardized techniques for quantifying
supraspinatus tendon thickness do not exist. Further, due to the
small dimensions of both the subacromial space and the
interposed supraspinatus tendon [2, 3], minor inaccuracies can
have large implications for injury risk assessment. The aims
were: (1) to define if transverse and longitudinal ultrasound
transducer orientations yield consistent supraspinatus tendon
measurements and (2) to identify if these techniques have
comparable repeatability.
METHODS
This study represents further analysis of a previously partially
reported data set [2]. Thirty-one right handed men (25.0 ± 3.5
y; 1.8 ± 0.1 m; 83.6 ± 13.9 kg) with no clinical abnormalities
on ultrasound participated in this study. A Toshiba Aplio XU
(Toshiba Medical Systems Corporation, Japan) ultrasound
system with a 7-14MHz linear transducer set to 14MHz was
used to measure the supraspinatus tendon thickness. Tissue
measurements of the right shoulder were captured using both
transverse (short axis) and longitudinal (long axis) transducer
orientations. Participants were seated with their right arm
extended and hand placed on the ipsilateral hip [2, 3]. Tissue
thickness measurements were captured at 5, 10 and 15mm
lateral to the biceps tendon hyperechogenicity. In a transverse
view, all three measurements were performed on a single
freeze frame image. For the longitudinal view, the three
locations were estimated with individual images captured at
each position. For all images, the supraspinatus tendon
thickness was measured perpendicular to the tendon from the
articular cartilage of the humerus to the peribursal fat and
bursal capsule. Measurements were performed by an
experienced ultrasound technologist (>30 y experience). Intrarater reliability was assessed on a subset of participants (n=9).
Intra-class correlation coefficients (95% confidence interval)
were used to determine the agreement between average and

individual (at 3 locations) transverse and longitudinal
measurements, as well as their repeatability.
RESULTS
There was excellent agreement between tissue thicknesses
captured using the two transducer orientations. The average
tissue thickness of the three individual locations was 5.3 ±
0.8mm transversely and 5.4 ± 0.8mm longitudinally, with an
ICC of 0.93 [0.86-0.97]. Measurements at each location were
also highly agreeable with ICCs ranging from 0.86 to 0.94
(Table 1). However, intra-rater reliability demonstrated
consistently lower repeatability for the transverse technique
than the longitudinal technique, with agreement lower at the
5mm measurement location in particular (Table 1).
DISCUSSION AND CONCLUSIONS
Despite variations in measurement technique, transverse and
longitudinal images of the supraspinatus highly agreed.
Interestingly, intra-rater reliability analysis revealed that the
longitudinal technique was more repeatable, despite this
method requiring the technologist to estimate measurement
locations and move the transducer. As tears often occur at the
anterior region of the supraspinatus tendon [4], the lack of
repeatability at the 5mm position suggests that a longitudinal
measurement may be the better orientation, despite transverse
being more common. Overall, the high agreement observed
between average measurements reinforces previously
published procedures [3] which recommend reporting the
average tissue thickness obtained from multiple (three)
measures. It also suggests that comparisons of subacromial
tissue thickness reported across studies are plausible. Future
work should evaluate the true accuracy of these measures (i.e.,
compared to MRI), the inter-rater reliability (i.e., technologist
variability) and other published measurement locations, which
have varied from 5 to 30mm in the literature.
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Table 1: Intra-class correlation coefficients [95% confidence interval] for supraspinatus tissue
transverse and longitudinal transducer orientations, including intra-rater reliability.
Average
5mm
10mm
Transverse versus Longitudinal (n=31) 0.93 [0.86-0.97] 0.86 [0.70-0.93] 0.94 [0.86-0.97]
Intra-Reliability, Transverse (n=9)
0.87 [0.37-0.97] 0.47 [0.00-0.88] 0.94 [0.72-0.99]
Intra-Reliability, Longitudinal (n=9)
0.98 [0.90-1.00] 0.96 [0.83-0.99] 0.97 [0.87-0.99]

measures using
15mm
0.93 [0.85-0.97]
0.89 [0.53-0.98]
0.95 [0.77-0.99]

INFRASPINATUS ISOLATION DURING EXTERNAL ROTATION AT VARYING DEGREES OF
ABDUCTION: A SURFACE EMG ANALYSIS
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INTRODUCTION
External rotation (ER) exercises are commonly prescribed for
shoulder injury prevention and rehabilitation [1], and are
primarily intended to target the infraspinatus (INFRA) due to
its role in inferior humeral glide and prevention of subacromial
impingement [2]. However, ER also recruits the posterior
deltoid (PD), which contributes to superior humeral glide and
subacromial impingement [2]. The purpose of this study was
to determine the angle of humeral abduction (ABD) that
results in the greatest INFRA isolation during shoulder ER,
using a ratio of INFRA to PD activation (INFRA/PD) as our
measure of isolation. We hypothesized that INFRA isolation
would be the greatest between 15 to 30 degrees of ABD.
METHODS
10 healthy participants (5 female & 5 male) aged 21 ± 0.67
years were recruited from the Dalhousie University student
population via posters displayed on campus. Following a
standardized warm-up, participants performed 7 consecutive
repetitions of dynamic ER at 7 different angles of frontal plane
humeral ABD (15o increments from 0o to 90o). The order of
ABD angles was randomized between participants. Exercises
were performed using a cable system with resistance
normalized to participants’ body mass (3%). Trials were paced
such that the concentric and eccentric phases of each repetition
lasted 1 second. ABD angle was maintained throughout the
repetitions using triangular closed-cell foam braces placed
between the humerus and torso. Surface EMG (Bortec
Biomedical, AB, Canada) data for repetitions 2-6 were
collected from participants’ INFRA, supraspinatus (SUPRA),
middle deltoid (MD) and PD on their dominant side. EMG
data were processed offline using Matlab (MathWorks, MA,
USA). Data were de-trended to remove DC offset, band-pass
filtered (5-500 Hz), full-wave rectified and low-pass filtered
(4th order 3Hz Butterworth) to create a linear envelope. Data
from the ER trials were then normalized to maximum
voluntary isometric contraction (MVIC). INFRA/PD ratios
were calculated using both peak and average muscle
activation. Separate repeated measures ANOVAs were used to
compare both peak and average activation of each muscle and
INFRA/PD ratios across ABD positions.
RESULTS
As shoulder ABD angle increased, average muscle activity of
INFRA decreased (p<0.01) while PD and SUPRA activity
increased (both p<0.01). Similarly, peak INFRA activity
decreased with increasing ABD angle (p<0.01) while PD and
SUPRA activity increased (p<0.001, p<0.05 respectively).
ABD did not have a significant effect on average or peak MD
activity (p>0.05). Average INFRA/PD activation ratio

decreased as angle of ABD increased (p<0.001) (Figure 1), as
did peak INFRA/PD activation ratio (p<0.01). Both average
and peak INFRA/PD activation ratios were highly correlated
with ABD angle (r=0.95, r=0.94 respectively).
INFRA/PD Activation Ratio
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Figure 1: Ratio of average INFRA to PD activity during ER,
with the shoulder at varying degrees of ABD (r = 0.95).
*= Significantly different from 0 degrees ABD (p<0.05).
DISCUSSION AND CONCLUSIONS
Our data suggest that ER performed in increasing amounts of
shoulder ABD results in decreased INFRA activity, while PD
and SUPRA activity increase. The data also showed a
significant inverse relationship between ABD angle and
INFRA/PD activation ratio. These results may be explained by
changes in muscle moment arms as ABD angle increases. The
PD moment arm is greatest in 0o ABD and gradually decreases
as ABD increases [3], which could explain the increase in PD
activation with ABD. The INFRA moment arm has been
shown to increase rapidly from 0o to 20o ABD followed by a
plateau [3], which could account for the initial decrease in
INFRA activation observed with ABD. Based on these results,
we suggest that ER exercises should be performed in 0o ABD
when INFRA isolation is of importance. Since we did not find
a significant difference in INFRA isolation between 0o and 15o
ABD, the use of a rolled towel under the humerus, as
recommended by some clinicians [2], may allow for increased
patient comfort without adversely affecting INFRA isolation.
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INTRODUCTION
Incidents of slipping during walking have been identified as a
major contributor to falls and fall-related injuries [1]. Past
research examining neuromuscular mechanisms used to regain
balance following a slip identified critical contributions from
both the upper and lower limb [2,3]. The magnitude of arm
and stepping responses has been previously reported in the
literature [2,3,4] however we and other researchers have noted
that the nature of these responses is quickly attenuated by
young adults following forward perturbations of the support
surface, with the largest responses occurring with initial
exposure [3,5]. The purpose of this study was to examine
examine the nature of these adaptations in both gait parameters
and upper limb responses to repeated slip exposure.
METHODS
Six healthy young adults (3 males, 3 females) aged 20-22 were
instrumented with reflective markers placed on the head arms
& trunk to facilitate estimates of the center of mass of these
segments (COMhat) in addition to markers on the feet used for
gait parameter calculations (100 Hz OptitrakTM Corvallis, OR).
Two quiet standing trials and 14 walking trials were collected
on a 5 m robotic platform (Shelley Automation, Cambridge
ON). Two baseline-walking trials were completed before and
after a set of 10 walking trials where the subject was informed
of the possibility of support surface movements. During these
10 trials, a pseudo-randomized design was implemented; the
first and last trial consisted of a forward motion of the support
surface. In between, additional trials were randomly presented:
4 forward, 1 left, 1 right, and 2 no perturbation trials.
Participants were instructed to start walking from a
predetermined position and were asked to continue walking
regardless of any floor movements. Perturbations (acceleration
= 3.00 m/s2; peak velocity = 0.316 m/s; displacement = 0.150
m; elicited at 10% of body weight) were elicited after heelcontact (applied vertical force = 10% body weight) of the
dominant foot onto a piezoelectric force plate (AMTI, Inc).
Data was windowed from heel contact (HC) of the perturbed
step to HC of initial recovery step. Right and left upper arm
angles (relative to right horizontal; Fig 1), step length, step
width and gait velocity (pelvis COM position/time) were
calculated to examine upper arm and gait adaptations to
perturbation exposure, respectively.
RESULTS
Preliminary data suggests a progressive increase in gait
velocity towards baseline values with repeated exposure to
perturbations (Baseline: 1.22 ± 0.18 m/s; First: 0.93 ± 0.30
m/s; Middle: 1.11 ± 0.12 m/s; Last: 1.13 ± 0.14 m/s). Aside
from the first trials effects observed in step length, no
considerable trends were noted in step width and length.

Additionally, representative data suggests a rapid adaptation
for shoulder flexion (Fig 1).

Fig 1. A representative plot of upper arm angle (ϴUA) for a
single subject during unperturbed baseline gait and following
slip recovery (after first, middle and last perturbations). Data
was windowed from heel contact (HC; 0%) of perturbed foot
to HC (100%) of the initial recovery step.
DISCUSSION AND CONCLUSIONS
Preliminary analyses suggests that slip exposure progressively
reduces changes in arm angles towards those observed during
normal walking, suggesting that upper limb adaptation to slips,
although rapid, occurs over a number of trials rather than
within the first trial. These large first trial arm responses are
possibly the product of cortical reflexes rather than a strict
startle response [7]. This attenuation may also relate to
increased forward momentum after perturbation onset, as
reflected by gait velocity during periods of recovery; increased
forward momentum would theoretically reduce the necessity
for forward COM displacement by the arms [3]. Future
analysis will focus on extracting detailed information from the
data regarding how upper limb strategies prevent a loss of
dynamic stability during perturbed walking [8].
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INTRODUCTION
Upper trapezius (UT), medium trapezius (MT), lower
trapezius (LT) and serratus anterior (SA) are main muscles
responsible for scapular stabilization and their appropriate
synergistic action is critical for the normal shoulder
biomechanics during humeral lifting movements [1]. Shoulder
disorders such as impingement syndrome and pain were
associated with a diminished electromyographic activity of LT
and SA and excessive activity of UT [2, 3] and several studies
have been addressing specific exercises to be performed
during rehabilitation programmes in such conditions. [3,4,5].
However, evaluating the human movement in asymptomatic
individuals may also collaborate for the assessment of possible
compensation in dysfunction condition as well as for the
development of treatment protocols and preventive activities
[6]. Therefore, the aim of this study was to investigate whether
changes in scapular muscles activity in asymptomatic subjects
happens in a balanced way when performing a reaching task in
different heights.
METHODS
Ethical approval was obtained from Research Ethics
Committee of Clinical Hospital of Ribeirao Preto, Medical
School of University of Sao Paulo (protocol number
777.193/2014). Twenty-four healthy subjects (5 men, 19
women; mean age±SD, 19.8±1.7; all right dominant)
participated in this study. They had no history of injury or
trauma in the upper extremity. Muscle activity was measured
using surface EMG (TrignoTM Wireless System, Delsys,
USA), collected at a sample rate of 2000 Hz. Data from UT,
MT, LT and SA were recorded. The skin was prepared by
shaving and cleaning with alcohol, in accordance with
SENIAM project [7]. Sensor placement of UT, MT and LT
was performed according to SENIAM [20], while sensor
placement of SA was performed according to Perotto [8].
EMG data were normalized as function of activation peak and
the integrated EMG (iEMG) for each muscle was computed
and used for subsequent analysis. Functional task consisted in
performing a reaching simulation in two different heights. The
first one being held with an object to be reached on the table in
front of the volunteers (THR), and the second one held with
the object positioned on a box with 50 cm high, positioned
over the same table (OHR). Each task was performed 3 times,
but only the third attempt was considered, due to the influence
of the learning effect. Comparison was made between the
average electromyographic activity of each muscle between
each task, and statistical analysis was performed using a t test
and the significance level was set as p<0.05.
RESULTS
The average values of muscular activity (iEMG) during the
table height reaching were 63.9±21.2µV for UT, 69.2±24.2µV
for MT, 50.1±22µV for LT and 91.2 ± 22.7µV for SA, while
during the overhead reaching they were 88.9±24.2µV for UT,

66.8±21.6µV for MT, 59.5±25.9µV for LT and 85.6±22.9µV
for SA. Statistical analysis has identified a significant increase
(p < 0.05) of UT electromyographic range, what did not
happen with the other muscles. In addition, both MT and SA
presented a decrease of electromyographic activity, though
without statistical significance (Figure 1).

Figure 1: Differences in average muscle activity of scapular
muscles in each task. *=p<0,05. THR= table height reaching;
OHR= overhead reaching.
DISCUSSION AND CONCLUSIONS
The aim of this study was to evaluate how muscular activity
from scapular muscles changes in asymptomatic individuals
when performing a reaching task at different heights, since it is
known that the imbalance of such muscle is often associated
with shoulder dysfunctions, especially with regard to
movements of humeral elevation [1,2]. Our findings suggest
that this imbalance is a common condition, and not necessarily
exclusive of individuals with some dysfunction, which could,
however, act as a predisposing factor. The proper choice of
exercises to restore the balance of these muscles during the
rehabilitation process has been widely discussed on literature
[3,4,5]. Nevertheless, the fact that this imbalance is present in
asymptomatic individuals suggests that the application of these
same exercises should be conducted also in a preventive
manner. In conclusion, asymptomatic individuals may also
present unbalanced muscle activity of the scapular stabilizer
muscles when performing overhead flexion motion.
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INTRODUCTION
Workers in maritime industrial environments continuously
derive cues from sensory modalities such as vision, vestibular,
audition, and proprioceptive systems to make decisions in
harsh motion environments. While the potential risks to
workers who perform physical occupational tasks in maritime
environments, such as MMH tasks, have previously been
studied [1,2], there is limited information pertaining to the
effects of motion on the performance of a cognitive task.
The purpose of this study was to examine the effects of motion
on performance of a Search and Rescue (SAR) vigilancedemanding task.
METHODS
Twenty-four participants (11 male, 13 female) between the
ages of 20-40 years, performed a maritime search and rescue
task, on a Fast Rescue Craft (FRC) simulator mounted on a 6
degree of freedom (6-dof) motion platform (Moog
6DOF2000E) (Moog Inc. East Aurora, New York). The
platform produced motions that simulated wave motions.
Participants completed three, 5-minute SAR scenarios that
varied in sea state (wave height) and speed of vessel. Route 1:
10kts, sea state 0 (low speed, low motion); route 2: 10kts, sea
state 5 (low speed, high motion); route 3: 35kts, sea state 2
(high speed, low motion). During all the trials, participants
stood unsupported on the platform while being instructed to
identify objects on the surrounding 270-degree visual display.
Objects to be identified by participants were: two people, a
sailboat, another team FRC, and other debris in the water, such
as a life ring. A wireless hands-free microphone which
communicated in real-time was used to record responses.
Percentage of correctly identified targets was calculated for
each trial. Homogeneity of variance was not found; therefore,
Friedman’s non-parametric test was used in subsequent
analyses. Wilcoxon signed rank test was used for post-hoc
analysis.
RESULTS
The results indicate that the greatest percentage of correctly
identified targets was in the low motion, low speed trial. The
lowest percentage of correctly identified objects was in the
low motion, high speed trial (Figure 1).

Figure 1: Average of correctly identified objects between
motion conditions. ‘*’ Indicates statistically significant
differences between groups (p<0.05).
DISCUSSION AND CONCLUSIONS
The degradation of simulated SAR task performance observed
with increased vessel motion and speed are potentially
indicative of the increased cortical demands required to
maintain postural control as vessel motion increased. In an
effort to ensure upright stance was maintained participants
may have had to divert cortical attention away from the SAR
task. These results suggest that SAR task performance may be
negatively impacted when performed in high sea or weather
states. This may, in turn, lead to an increased likelihood of
human error. Future research will examine how experienced
SAR technicians perform in these simulated environments in
an effort to better understand how these results relate to reallife performance of a SAR task
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Weapon Recoil and Muzzle Movement: Evaluation of Shooter Biomechanics
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INTRODUCTION
The Canadian Armed Forces (CAF) has a need to understand
shooter response to firearm recoil to improve shooter safety
and performance. Literature characterizing weapon recoil
exists [1], but there is little consideration to human response to
this event (felt recoil). A pilot experiment was conducted [2]
to develop data collection methodology and to obtain
preliminary data about shooter anthropometrics, posture,
centre of mass and moments of inertia, with the aim of
informing the configuration of a mechanical fixture (Fig.1d).
This fixture is a mechanical analog of a shooter, representing
shoulder movement in the Anterior/Posterior (A/P) direction
and trunk flexion/extension and axial twist. To systematically
examine the influence of anthropometry and shooter posture
on recoil and inform the development of the mechanical
fixture, a subsequent study was conducted to determine massspring-damper (MSD) properties of the shooters’ shoulder and
trunk.
METHODS
Seven experienced shooters (75.5kg±16.1kg; 1.72m±0.10m)
from the CAF were recruited to shoot a limited number of
rounds from various postures (sitting, kneeling, and standing
bladed and square “combat” stance). Four levels of recoil
(4.39-61.46J) were presented using two different firearms and
three types of ammunition. High contrast markers were placed
on bony landmarks on the shooter to create relationships
(vectors) that would relate human segments to analogous
segments of the mechanical fixture. Two high speed cameras
(Photron FASCAM SA5, San Diego, CA, USA) captured
motion in the sagittal and transverse planes (Figs.1a and b).
Motion data was analyzed using ProAnalyst (Woburn, MA,
USA). Spring (k) and damper (c) properties were determined
by analyzing motion (Fig.1c) in the time and frequency
domain.
RESULTS
To date, analysis has been conducted for the low and high
recoil conditions in the seated posture. Shooters were
categorized into three models: small (representing the 5 th %ile:
66.2kg, 1.65m), medium (50th %ile: 80.4kg, 1.76m) and large
(95th %ile: 96.4kg, 1.87m). Trunk flexion/extension damper

properties increase from the small to the large model for the
low and high recoil conditions; spring properties increase from
the small to the large model in low recoil, but not with high
recoil (Table 1). Overall, comparing shooter spring constants
and damping coefficients illustrated high inter-subject
variability; demonstrating a need for an increased sample size.

a

b

b

c

d

Figure 1. Motion capture in the (a) Transverse view and (b)
Sagittal view; (c) ProAnalyst® output of shoulder A/P
movement; and (d) Schematic of the mechanical fixture.
DISCUSSION AND CONCLUSIONS
Spring and damper properties developed from this study will
provide a validated range of data to inform the configuration
of the mechanical fixture. The ability to adjust spring and
damper components to reflect different characteristics of a
shooter will provide a more analogous representation of felt
recoil with the intent of eventually representing a wide range
of the CAF population. Next steps include completing the
MSD analysis for the two remaining recoil conditions (9.14J
and 23.09J) and the three remaining postures.
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Table 1: Spring (k) and damper (c) comparison between Low (4.39J) and High (61.46J) recoil with Coefficient of
Variance (CV); categorized into three models (small, medium and large) based on shooter anthropometry.
Shoulder AP Movement
Trunk Flexion/Extension
Trunk Axial Twist
Model Recoil
k (N/m)±CV
c (Ns/m)±CV
k (Nm/rad)±CV
c Nms/rad)±CV
k (Nm/rad)±CV c (Nms/rad)±CV
Low
1466.19±7%
55.52±26%
167.70±9%
0.98 ±11%
122.53 ±26%
1.53 ±29%
small
High
1585.80±25%
50.38±31%
116.53±79%
1.79 ±15%
254.98 ±7%
0.80 ±12%
Low
1337.54±6%
50.08±60%
282.09±23%
5.33 ±64%
429.71 ±57%
5.67 ±96%
medium
High
1990.79±35%
41.79±13%
324.24±48%
2.10 ±56%
377.15 ±52%
1.72 ±45%
Low
1584.13±34%
42.81±87%
456.55±36%
6.86 ±81%
309.91 ±22%
4.25 ±31%
large
High
1335.89±7%
68.96±11%
175.42±10%
4.72 ±52%
519.38 ±31%
3.40 ±17%

TO GYRO OR NOT TO GYRO: DATA PROCESSING ALTERNATIVES
FOR OCCUPATIONAL POSTURE ASSESSMENT WITH INERTIAL SENSORS
Aaron M Kociolek*, Muhammad I Khan, Catherine M Trask
Centre for Health and Safety in Agriculture, University of Saskatchewan, Saskatoon SK, Canada, *a.m.kociolek@usask.ca
RESULTS

Demand for quantitative occupational exposure assessment
has resulted in small, data-logging sensors that have sufficient
battery life to measure posture and movement for a whole
work shift. Such devices using accelereomtery / inclinometery
have been utilized to assess working postures in many
industries [1]. More recently, inertial sensors have been
developed that incorporate triaxial accelerometers, gyroscopes,
and magnetometers, providing improved accuracy for posture
assessment. Unfortunately, environments with ferrous sources
including vehicles or tools interfere with magnotometers such
that inertial sensors’ native software cannot process the data.
To address this, Schall et al. proposed a ‘complementary
method’ combining accelerometer and gyroscope data from
inertial sensors [2]. However, their method appeared to filter
out low-speed movements typical in many sectors, including
agricultural work. Our study aimed to develop an alternative
processing method for assessing posture with inertial sensors
that preserved these movements.

Due to compounding integration errors, gyroscopes alone were
subject to substantial bias, but the combined gyroscope /
accelerometer method reduced drift and bias over the
measurement period (Figure 1).

METHODS
Trunk posture was assessed using a single inertial sensor
(I2M, NexGen Ergonomics, QC, Canada) mounted to the chest
over the manubrium with an elastic strap at 64 Hz. The
development/testing dataset was comprised of 99 work-shift
measurements collected during agricultural tasks.
The processing method was designed to fulfill the following
criteria: calibrate for mounting/placement offset; maintain
sensitivity to enable assessment for a diverse range of tasks,
including work involving slow movements; limit crosssensitivity error originating from moving or vibrating
machinery; minimize gyroscopic drift and related integration
bias in long-term measurements.
Gyroscope signal bias was found to be dynamic, and therefore
was continuously reassessed throughout the measurement
period. For each 5-second epoch, a range of potential biases
(±5 deg/s in increments of 0.025) were added to the gyroscope
signals, and subsequently integrated over time to calculate
trunk postures. Root-mean-squared differences (RMSDs)
were then calculated between these iterations (i.e. proposed
postures from the gyroscopes) and posture calculated by an
accelerometer only method; the gyroscope-based posture
iteration that minimized RMSD was written to a file. This was
performed for all 5-second epochs, with a 2.5 s sliding frame
of reference. Resulting de-biased postures were summarized
into commonly used summary metrics: Amplitude Probability
Distribution Function 10, 50, 90 and % time spent moving
slower than 5 deg/sec [3].
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Figure 1: Trunk angle measured with gyroscope only and the
combined gyroscope-accelerometer method.
DISCUSSION AND CONCLUSIONS
Accelerometers provide a consistent baseline with limited
drift, but are subject to noise when vibration is present in the
environment (common in many occupational settings).
Gyroscopes are not vulnerable to interference from vibration,
but may display substantial drift and bias, especially over a
workday. The combined processing method presented here
uses the respective advantages to mitigate the disadvantages,
while still maintaining sensitivity to slow movements that
would be lost with previously suggested high-pass filtering
[2]. Although the method is far from a perfect measure of
posture, the combined approach (and mitigation of respective
disadvantages) is preferable to the accelerometer-only
methods that are still commonly applied in occupational
assessments [1], and provides an option for shift-long
measurements of diverse tasks in challenging environments.
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ERGONOMICS SOFTWARE PACKAGES DO NOT ACCURATELY ESTIMATE
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INTRODUCTION

METHODS
Fifteen university age females completed two data collections.
One determined the eight different JASs of the shoulder and
elbow of each participant (4 axes x 2 directions), as per Stobbe
[2]. The other measured their MAS for 24 conditions (4 hand
locations x 6 force directions) and modifications were made to
ensure the wrist and forearm moment demands were minimal,
such that only the elbow and/or shoulder could be the limiting
joints. The equations used in 3DSSPP v6.0.5 (University of
Michigan) were reverse-engineered so that MAS could be
estimated using each participant's own strength data, in an
effort to afford the best possible estimates. Comparisons were
made between the individual MAS values, and the software
prediction, across each of the 24 conditions.
RESULTS
Even with the use of individual strength data, the software had
very high errors when predicitng MAS values (mean and RMS
errors of -29.7 N and 74.3 N, or -22.0% and 54.9% of the
mean MAS, respectively) (Figure 1). Errors ranged from
-241.3 to 266.1 N.

MAS from Ergonomics Software (N)

Most occupational tasks involve efforts at the hand, and
manual arm strength (MAS) is often the limiting factor.
Ergonomics software is used to estimate the moments required
about each of the 3 axes at the shoulder, 1 axis at the elbow
and often up to 3 axes at the wrist/forearm. Moments are then
compared to joint axis strength (JAS) estimates for a
percentage of the selected population. Biomechanics software
was first developed for ergonomics, using 2D models in the
1980s (eg. WatBak, 2DSSPP) and evolved into the 3D models
that are used today (eg. 3DSSPP, Jack, Delmia, Santos etc).
Unfortunately, while decisions have been made for countless
jobs, based on these software packages, there is very little
research to validate their MAS estimates. Garg & Chaffin [1]
performed such an analysis, and the results were not
encouraging. Across 37 one-armed conditions, with 72 male
participants, the mean and RMS differences between the
predicted and measured mean MAS were -45.3 N and 140.3 N,
respectively. However, that study did not consider the wrist
and forearm as a limiting factor and strength data were not
available for the participants. Thus, the purpose of our study
was to evaluate the validity of MAS values, predicted with the
same approach as a popular ergonomics software package, but
when incorporating participant-specific data and minimizing
the demands on the wrist and forearm.
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Figure 1: Scatterplot of measured and software-predicted
MAS values (n = 15 participants x 4 hand locations x 6 force
directions = 360).
DISCUSSION AND CONCLUSIONS
The results demonstrate very poor validity of the MAS
estimates from the approach used by most ergonomics
software packages. These findings were consistent with those
of Garg & Chaffin [1]. Ergonomics software packages make
two important assumptions when predicting MAS. This first is
that the strength about one axis of the shoulder, is independent
of the other two axes. This assumption was recently shown to
be highly questionable [3]. The second assumption is that the
effect of a rotation about one shoulder axis, on shoulder
strength, is independent of the effects of rotations about the
other two axes. This is not likely true either, given the
complexity of the muscles acting about the shoulder [3].
Practicing ergonomists need to be aware of these findings
when using current software packages to make decisions
regarding the acceptability of manual arm strength demands.
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INTRODUCTION
Research suggests that human performance and risk
of injury, including fall risk, is negatively impacted
by moving environments [1]. This research, however,
does not account for the fact that individuals often
must maintain balance while performing work related
task in these environments. While performing a
manual materials handling (MMH) task in a moving
environment has been examined [2], there is
relatively little research examining how cognitively
demanding tasks are impacted. Such research has
important implications related to both falls risk and
human factors errors in those doing cognitive-based
tasks. Therefore, the purpose of this study was to
evaluate the influence of task demands on balance
control and lower body muscle activation.

performance of the arithmetic task was not affected
by motion, time to complete the track task was
significantly increased in the simulated moving
environment (Figure 1).
a)

b)

METHODS
Fourteen participants (8 male, 6 female) with no prior
experience in marine environments performed three
tasks: a MMH lifting task, an arithmetic task and a
visual tracking task. The lifting task required
participants to lift a 7kg box to and from a table. The
arithmetic task had participants responding to
arithmetic questions, while the third task required
tracking a target on a computer screen. Two trials of
each task were completed – one while the person was
stationary and the other while individuals were
exposed to wave-like motion produced using a
MOOG 2000E motion platform.
A Delsys wireless EMG system was used to record
muscle activation bilaterally from five lower limb
muscle and erector spinae. Arithmetic task
performance was based on percentage of correct
answers, while visual tracking task was scored based
on the time to completion. Paired t-test were used
assess differences in task performance.
RESULTS
Data analysis is ongoing. Preliminary results suggest
that motion increases muscle activation while lifting
but has no effect on activation levels during
arithmetic or visual tracking tasks. While

Figure 1: a) Arithmetic task performance unaffected
by motion b) Tracking task performance significantly
greater in motion trials.
DISCUSSION
Results from the lifting trials are consistent with
previous literature done in this area. The lack of
effect of arithmetic and tracking tasks on muscle
activation suggest that postural stability was not
adversely affected by these tasks. These results will
be confirmed by more detailed analysis of number of
steps taken during trials which is currently being
completed. The effect of motion on cognitive task
performance indicates that the tasks were
differentially affected by motion, while the negative
impact on tracking task performance suggest possible
performance related issues in workers required to
perform similar tracking jobs as part of the daily
work.
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ON THE INVESTIGATION OF GAIT OVER AN UNEVEN INSTRUMENTED BRICK WALKWAY
Philippe C. Dixon1,2, Jack Dennerlein1,3 Jeffrey M. Schiffman2
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INTRODUCTION
With the world’s aging population, falls have become a major
public health concern. Although there are intrinsic changes
leading to falls in older adults, environmental hazards cannot
be overlooked. Studies have associated outdoor uneven
surfaces (e.g. uneven sidewalks) with falls [1, 2], suggesting
that extrinsic modifiable factors could reduce outdoor falls;
however, gait in these environments was not quantified.

Thus, the aim of this study is to demonstrate how to construct
an uneven pedestrian walkway for the assessment of gait
within a standard biomechanical laboratory. The surface will
be used to quantify real-world gait perturbations and may lead
to a better identification of populations at risk of falling, aid in
the design of fall prevention programs, and provide guidance
for urban planning decisions and maintenance.

METHODS
An uneven brick surface was conceived with the following
constraints: (1) simulate a real-world uneven pedestrian
walkway, (2) challenge gait stability while minimizing trip
risk, (3) maintain a manageable size, and (4) include force
plates in order to compute joint kinetic quantities. Walkway
prototypes with various surface irregularities were designed
and qualitatively assessed in Matlab (v2014b, The Mathworks,
Inc., Natick, USA) using “Director”, the virtual threedimensional environment of the Zoosystem [5].

RESULTS
The final uneven brick surface includes a random distribution
of antero-posterior (40%) and medio-lateral (40%) brick
angular rotations created using cylindrical dowels of diameter
0.7, 0.9, 1.3, and 1.6 cm, each randomly placed beneath one of
the four brick edges. The remaining 20% of the bricks are laid
flat (Fig. 1 a, b). It was possible to securely place the force
plates onto an existing rail structure and isolate the plates from
the brick walkway (Fig. 1 c), resulting in expected ground
reaction force (GRF) profiles (Fig. 2). Moreover, the surface
was built in sections, allowing the quick insertion of a control
surface (flat bricks, not shown) between trials.

(a)

(b)

(c)

Figure 1: (a) Virtual and (b, c) physical uneven walkways.
Ground Reaction Forces (N/kg)

Biomechanical studies have shown that gait over uneven [3] or
multi-surface terrains [4] result in kinematic adaptations in
older adults, but it is unclear if similar adaptations are found
on more ecologically valid uneven pedestrian walkways.
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Figure 2: Vertical (V), medio-lateral (M-L), and anteroposterior (A-P) GRF for a single trial on the uneven walkway.
DISCUSSION AND CONCLUSIONS
We built an instrumented uneven brick walkway in a
laboratory setting. Further testing will determine if GRF can
be used to compute joint kinetics. Also, sensitivity of the
surface to age differences requires exploration.
ACKNOWLEDGMENTS
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COMPARING LIFTING TECHNIQUES AMONG UNTRAINED WORKERS, TRAINED
WORKERS AND TRAINERS
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Normalized Moments (Nm/H-W)

INTRODUCTION: In spite of investing numerous
resources for training workers, musculoskeletal
disorders are still the most common type of injuries in
Ontario workplaces1. There is an accumulating body
of literature and instructions around the task of lifting
suggests that improvement of the lifting technique
could lead to reduced risk of injuries2,3,4. However,
there is also some evidence suggesting that training is
generally ineffective5,6,7. The objective of this study is
to compare the kinetics and kinematics of lifting and
lowering techniques among untrained and trained
workers as well as trainers. Untrained persons are
those who have never been taught how to lift a load
properly from the ground. Trained persons are those
who have got some sort of training, for their work or
during their physical activities (gym), to lift a load
from the floor. Trainers are persons who are
experienced lifters and conduct training for others to
lift a load properly. Also, to compare the three
categories with two methods developed by the
biomechanics and ergonomics lab at Ryerson
University (Method 1 and 2), Figure 1.
METHOD: 196 healthy volunteers participated in
this study at Partners for Prevention Conference
(2015). Two digital camcorders were placed
approximately 10 feet away from participants at 90
degree angle. Participants completed questionnaires
and instructed to lift and lower a 10kg load from the
floor to the elbow height. 3DSSPP software was used
to analyze the extracted picture from the videos at the
point of lifting and lowering. ANOVA was used to
evaluate the impact of gender and training on the
kinetics of various body joints. 65.3% and 79.6% of

0.16

Method 1

Method 2

participants did not lift and lower, respectively, as
they indicated on the questionnaire.
RESULTS: Differences in joint moments between
the three categories were insignificant. 93% of the
participants used their knees and ankles suggesting
that the focus of their training is the spine rather than
all body joints including knees and ankles. 46% of
participants used Squat Lifting Technique, which
puts 50%, 30% and 96% more moments on shoulders,
knees and ankles, respectively, when compared to
Method 1 and Method 2 lifting techniques, Figure 1.
DISCUSSION AND CONCLUSIONS: When two
other methods that biomechanically involve all the
body joints (Method 1 and Method 2) in lifting was
compared with the current existing practices, the
result demonstrated (Figure 1) that the participants put
33%, 7%, and 45% more moments on the shoulders,
knees, and the ankles respectively in order to keep the
spine at the right posture. Newly developed and
widely accepted lifting styles are recommended for
proper manual material handling. In addition, new
training methodologies should be developed to help
both trainers and trainees understand how all the body
joints and body segments should work together in
order to handle the loads.
REFERENCES:
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Figure 1. Average moments of various body segments. The moments are normalized
based on individuals body weight and height.

EFFECT OF SEX AND AGE ON GLUTEUS MEDIUS ACTIVATION AND HIP BIOMECHANICS DURING
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INTRODUCTION
Anterior cruciate ligament (ACL) injuries are one of the
most common knee injuries sustained in sport. Non-contact
ACL injuries, classified as injuries that are not sustained by
a direct blow to the knee, account for upwards of 70% of
all ACL injuries [1]. Moreover, females are 2-8 times more
likely to sustain a non-contact ACL injury compared to
males after the onset of puberty [2]. Identification of risk
factors that contribute to non-contact ACL injuries are
imperative to mitigate the devastating effects of this injury
through effective injury prevention and rehabilitation
programs. Joint biomechanics and muscle activation
patterns proximal to the knee joint influence kinematics
and kinetics directly at the knee joint due to the kineticchain nature of the lower extremities. Specifically, hip
internal rotation and adduction (primary movements
controlled by the gluteus medius) have been reported to be
linked to knee valgus, which is an identified risk factor for
ACL injuries [3].
The purpose of this study was to examine the effect of sex
(male versus female) and age (early versus post-pubescent)
on gluteus medius activation patterns and hip joint
biomechanics during double leg drop jump landings, a
high-risk maneuver that puts athletes at risk of ACL injury.
METHODS
A comprehensive protocol has been developed within the
John MacIntyre motion Laboratory of Applied
Biomechanics (mLAB), enabling longitudinal data to be
collected for the purpose of identifying non-contact ACL
injury risk factors. Elite level court and field athletes (males
n=10, females n=10) participated in the present study and
they were recruited from Acadia University varsity
programs and local youth sport organizations. Of the males,
5 were categorized as early pubescent (young) (age = 11.6
yr ± 0.9) and 5 categorized as post-pubescent (old) (age =
20.8 yr ± 1.5). Similarly, 5 females were categorized as early
pubescent (young) (age = 10.8 yr ± 0.8) and post-pubescent
(old) (age = 19.6 yr ± 2.3). A double leg drop jump followed
by a maximum vertical jump protocol was used to analyze
gluteus medius activation patterns, hip joint angles and hip
joint moments (normalized to body weight) using 16
wireless electromyography electrodes, a 12-camera motion
capture system and 3 force platforms. A 2-way between
subjects ANOVA was used to test for age (early pubescent
versus post-pubescent) and sex (male versus female) effects.
Multiple Bonferroni corrected pairwise comparisons were
performed on the data when an interaction effect was
identified for a particular measure.
RESULTS
Early and post-pubescent females exhibited greater mean
gluteus medius muscle activation compared to their male
counterparts in the right hip throughout the stance or ground
contact phase between the drop jump landing and maximal
vertical jump (Figure 1B).

Additional significant findings included sex differences in
joint angles and moments, specifically at the right hip.
Compared to males, the female cohort demonstrated
decreased internal hip rotation angles or greater external
rotation angles throughout the stance phase of the landing.
Females also experienced greater right hip flexion moments
during the 200 msec post contact phase of landing compared
to males. For both hips, the post-pubescent athletes
experienced greater hip extension moments throughout
stance compared to the early pubescent athletes.

Figure 1: Muscle activation patterns (% MVIC) for the left
and right gluteus medius of early and post-pubescent male
and female athletes during pre-, post- and stance phases of
the drop-jump landings.
DISCUSSION AND CONCLUSIONS
These findings suggest that this specific and small group of
post-pubescent females may be displaying favorable
neuromuscular and biomechanical charactertics (increased
glut med activity and reduced hip internal rotation angles at
the right hip) that have been suggested in the literature to be
potentially protective towards non-contact ACL injuries. By
continuing to research mechanisms of non-contact ACL
injuries pertinent to sport specific conditions and
maneuvers, a more comprehensive understanding of the
risks involved can be gained. Further research must be
conducted on maneuvers such as cutting and jumping while
continuing to compare differences between sex, age,
movement anticipation, and the effect of limb dominance,
thereby facilitating the enhancement of prevention and
rehabilitation programs alike.
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INTRODUCTION
Mean signal intensity (MSI), which reflects fluid content in
structures on MRI images, has been employed to capture
interverterbral disc (IVD) response to loading. However, MSI
is a scalar quantity and thus unable to provide information
about the direction of fluid movement. The signal intensity
weighted centroid (SIWC), which is the arithmetic mean of the
signal intensity of all the pixels in a region of interest (ROI),
reflects the location of free water distribution within a ROI.
The SIWC can monitor displacement of fluid in the ROI.
Applying traction forces to the IVDs is thought to reduce
intradiscal pressure and allows water molecules to be
reabsorbed into the disc. Our ongoing literature review shows
that compression is thought to have the opposite effects. This
study aimed to determine the effects of compression and
traction loading on the MSI and the location of the SIWC of
L4-L5 and L5-S1 IVDs.
METHODS
This study was approved by the Health Research Ethics Board
at University of Alberta. Ten participants (24±10yrs, 77±14
kg) with chronic low back pain lay in a supine position for 20
minutes before the first scan. The lumbar spine was then
loaded with 50% body weight for 20 min. and imaged in
compression and then traction, respectively. Lumbar discs of
L4L5 and L5S1 were analyzed on mid-sagittal T2 map MRI
images (5 mm thick, 0.5X0.5 mm pixels, from 5 T2 echos TR
2500, TE 17-125) using custom software in Matlab. The rater
was blind to the loading conditions. For each level, The MSI
and SIWC were calculated. Maximum signal intensity
variations in the neighbouring structures were used to
automatically segment each disc from adjacent tissue. The X
(ant-post) and Y (cephalocaudal) - coordinates of the SIWC
were
calculated
using
XSIWC=(ƩXiSIi)/ƩSIi
and
YSIWC=(ƩYiSIi)/ƩSIi equations [1]. The location of the SIWC
was normalized relative to the geometric centroid of L2
vertebra in the unloaded condition. A repeated measure of

analysis of variance with least significant difference post-hoc
comparisons was done to compare loading conditions.
RESULTS
No significant difference in MSI was observed among
different loading conditions at both levels (Table). At both
levels, no significant difference was observed among different
loading conditions for the Y coordinate. The location of the X
coordinate significantly differed among loading conditions. It
shifted posteriorly during both loading conditions (Table). At
the L4L5 level, a significant difference was observed between
all loading conditions (Table). At the L5S1 level, differences
were significant between unloaded and traction, as well as
compression and traction (Table).
DISCUSSION AND CONCLUSIONS
Measurement of the MSI before and after both compression
and traction loading indicated that disc fluid content does not
change significantly under short-term loading conditions. In
contrast, the anterior-posterior location of the SIWC was able
to capture fluid redistribution posteriorly during loading. Such
changes are likely due to changes in the motion segment
angles and in the internal disc pressure under loading
conditions. Under compression, the disc fluid content and
height are reduced, while the lordosis angle is increased,
which may explain the posterior shift of the fluid disc.
Coordinates of the SIWC provide a more sensitive
measurement of fluid distribution when studying the behavior
of the disc in vivo under loading conditions.
REFERENCES
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2010;11:189-2474-11-189.
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Table: Mean signal intensity (MSI) and coordinates of disc signal intensity weighted centroid for loading conditions at each level.
Unloaded*

Compression*

Traction*

ANOVA
P-Value

L4L5 MSI

134.9 ± 7.8

134.3 ±7.7

135.6 ± 8.4

L5S1 MSI
L4L5 X

127.1 ± 7.2
507.8 ± 5.7

119.2 ± 7.7
493.6 ± 7.1

L5S1 X

522.3 ± 7.9

L4L5 Y
L5S1Y

Level

0.97

P-Value
Unloaded vs.
Compression
0.85

P-Value
Unloaded vs.
Traction
0.85

P-Value
Compression
vs. Traction
0.08

117.2 ± 7.5
478.4 ± 7.4

0.20
0.06

0.28
0.04

0.14
0.01

0.34
0.02

516.5 ± 7.7

493.4 ± 8.5

0.06

0.48

0.00

0.01

613.1 ± 12.1

571.6 ± 22.3

564.2 ± 23.1

0.36

0.16

0.15

0.68

665.7 ± 16.9

649.4 ± 20.7

641.2 ± 20.7

0.76

0.56

0.46

0.61

*Mean ± Standard Error

MODELLING LATERAL HIP IMPACTS: CHARACTERIZING INPUT PARAMETERS AND COMPARING
ACCURACY ACROSS MODELS
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while a soft measuring tape and skinfold calipers were used to
INTRODUCTION
Fall-related lateral impacts to the hip have commonly been
characterize individual body geometry and composition.
modeled as a simple single-degree-of-freedom (SDF) massParameters were identified for each model using individual
spring (MS) model. However, these models predict impact
body size and composition characteristics, and experimental
characteristics less accurately for experimental participants
data. Models were simulated within MapleSim (Version 6.4,
outside a body mass index (BMI) range of 21-24 kg/m2 [1],
ON, Canada), using g=9.81 m/s2, initial vertical displacement
and provide limited insight into how individual geometric and
of 0.05m.
material characteristics influence mechanical likelihood of
injury. Inclusion of a damper (Voigt, VG), distributed contact
RESULTS
(Hertzian, HZ), or both (Volumetric, VO), may result in
Model parameters did not differ (all p>0.05) between sexes
model predictions which can include individual geometric and
and STT groups. Accuracy of peak force prediction (MaxE)
viscoelastic soft tissue properties (Figure 1).
differed between models (F=9.287, p=0.001), with a
significant model-sex-STT interaction. High-STT males had
significantly higher errors than all other interaction groups
except mod-STT males. MS had lower error than all other
models. Accuracy in prediction of time to peak force (TTP)
was not significantly different between sex (F=1.05, p=0.317)
or STT groups (F=1.34, p=0.283). Errors in peak force
prediction were positively correlated (p<0.05) with waist-hip
ratio (WHR) for MS, HZ and VO. Except for STT and thigh
circumference with VO TTP, no individual characteristics
were correlated with TTP errors. Height, weight, hip
circumference, pelvis dimensions, and skinfolds of the
abdomen and suprailiac region were not related to any model
parameters or model errors.

Figure 1: Model schematics and general normal force
formulae for the models investigated.
The objective of this study is to characterize the parameters for
MS, VG and sphere-plane HZ and VO models of the pelvis
during a simulated lateral hip impact. The secondary goal is to
determine how these properties, and the errors associated with
each model, differ based on sex, soft tissue thickness (STT)
group, or individual characteristics.
METHODS
Twenty-six participants (12 male, 14 female, mean (SD) 26.0
(4.9) years) consented to participate. Participants underwent
lateral pelvis release trials in quasi-static (QS) and dynamic
(~0.6 and ~1 m/s) modes, which involved the lateral aspect of
the hip impacting a force plate (AMTI, MA, USA). Pelvis
motion was tracked using 3D motion capture (Optotrak Certus,
NDI, ON, Canada). During the QS trials, the pelvis was
incrementally lowered (<5mm/min) using a turnbuckle
produce a negligible-velocity scenario. During the dynamic
trials, an electromagnet is suddenly released from a height
associated with the specified impact velocity. Trochanteric
STT was measured via ultrasound (SonoSite, Inc., WA, USA),

DISCUSSION AND CONCLUSIONS
While parameters did not differ between participants, specific
model performance varied between sex-STT interaction
groups. Different model or parameter selection strategies may
be required to improve model accuracy for each group.
Positive correlations between WHR and MaxE for MS, HZ
and VO suggest that contact of the abdomen in high-WHR
participants may violate the assumptions of these models.
Model performance could be improved via analysis of how the
loads are distributed in the contact plane between the pelvis
and floor. Alternative geometry, such as cylinder-on-plane
may more accurately represent the contact mechanics of a
faller than sphere-on-plane. More work is required to
determine the optimal parameter selection balance between
model performance and implementation in individual-specific
fracture models.
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A MATHEMATICAL MODEL OF TOE BLOOD PRESSURE DURING CYCLING
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INTRODUCTION
Previous studies have shown that limb movements could
potentially increase arterial blood pressure during shoulder
motion[1], walking [2] as well as during cycling[3].
Furthermore, a recent study showed an increase in toe arterial
blood pressure (TBP) while cycling at a higher frequency[4].
The aim of this study was to establish a preliminary model to
evaluate the orthostatic and movement-related contributions to
the increase in TBP seen during cycling.
METHODS
Two participants (1 male, 1 female) pedalled on a VELOtron
Dynafit PRO cycle ergometer (Racer Mate® Inc., Seattle,
WA) at either 50 or 90 revolutions per minute (RPM). The
external power was controlled and the resistance was set so the
participant’s heart rate was equivalent to 60% of their agepredicted maximal heart rate. The participants cycled for five
minutes once their heart rate attained a steady-state.
Kinematic data was collected by placing active markers on the
right side of the participant over six bony landmarks:
acromion, greater trochanter, lateral epicondyle, lateral
malleolus, calcaneus, and the fifth metatarsal. A Certus camera
system (Northern Digital Inc., Waterloo, ON), using the NDI
first principal software, recorded the 3D location of the
markers during the trials. The data was recorded at 200 Hz and
low-passed filtered (4th order Butterworth with zero-lag). Joint
angular velocities were calculated for the hip, knee and ankle.
Lastly, the position of the heart was estimated as 67.4% of the
position vector from the greater trochanter to the acromion.
Toe blood pressure (TBP) was measured using a PortapresTM
Model-2 (Finapres Medical Systems BV, USA). The
participants wore the blood pressure cuff on their second toe
during cycling and rest periods. The sampling rate for TBP
was 2000 Hz. The data acquisition was synchronized using a
TTL pulse that triggered both data acquisition system.
The orthostatic and movement-related components of each
segment of the model were estimated for every kinematic
sample with the following equations:
Orthostatic Pressure=Blood Density*Height*g
Movement Pressure= Blood Density* 0.5*r2* 2
Blood density= 998.23 kg/m3; Height = vertical distance from
the heart to the toes (m); g= -9.81 m/s2; r= limb segment
length; = joint angular velocity. The movement pressure was
estimated for the lower limb segments and summed to estimate
the movement-related contribution to TBP.
RESULTS
Some of the characteristics of the TBP can be explained by
this preliminary model (Figure 1; percentage range: 41.855.2%).

Figure 1: Example of a comparison between the measured
TBP, the estimated orthostatic component, the estimated
movement component, and total model, for participant 1
during the 90RPM condition.
Our model calculation shows that movement-related pressures
are increased with the increase in cadence (Table 1). However
this increase does not explain the total increase recorded at the
toe.
Table 1: Mean Pressure (mmHg) for each model component
Model
50RPM 90RPM 50RPM 90RPM
(P1)
(P1)
(P2)
(P2)
TBP
139.5
159.4
124.6
148.0
Model
70.2
74.2
70.6
74.0
Orthostatic
67.7
66.7
68.3
66.3
Movement
2.5
7.5
2.5
7.9
DISCUSSION AND CONCLUSIONS
Our model shows that the orthostatic component contributes
more to the model pressure than the movement component.
However, the movement-related component contribution does
increase with the increase in cadence.
Our model finds comparable values for the movement-related
component found in our previous study[4].
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INTRODUCTION

RESULTS

Mechanical loads play an important role in intervertebral disc
degeneration and back pain. Since direct measurement of spinal
loads is not possible, biomechanical musculoskeletal models
are recognized as accurate alternative tools. Nonetheless,
realistic simulations of back muscles with curved trajectory
during forward bending tasks and of intervertebral discs with
spatial beam elements require special considerations that have
often been overlooked. In particular, we aim here to investigate
the effects of wrapping contact forces in curved muscles and of
position of beam elements when simulating spinal discs on the
trunk muscle forces and spinal loads in flexion tasks.

The placement of discs and wrapping algorithm markedly affect
muscle forces and spinal loads; estimated L5-S1 compression
and shear forces alter from the reference case (0 mm) by as
much as 15% and 50%, respectively (Figure 1a). Neglecting
muscle wrapping is a valid option only at small trunk flexion
(<30o) while it over-estimates compression (by 66%) and shear
(by 80%). Moreover, overlooking contact forces reduces spinal
loads by 33% in compression and 112% in shear (Figure 1b).

We have developed a nonlinear finite element subject-specific
musculoskeletal model of the trunk with 126 muscle fascicles
[1]. The model is driven by measured rotations at different
vertebral levels (T11 to S1). Each intervertebral disc is
simulated by a shear-deformable beam element with nonlinear
load-displacement properties. Here, we offset the anteriorposterior position of these beams at 2 mm intervals from 6 mm
anterior to 8 mm posterior from its reference position [1].
Global thoracic fascicles of iliocostalis and longissimus run
from the thorax to the pelvis and wrap over spinal structures in
between [1]. To evaluate the simulation of curved extensor
muscles, three distinct algorithms are considered: 1- full
wrapping with curved trajectories and associated contact forces
at wrapping points [1], 2- geometric wrapping with curved
trajectories but no contact forces, and 3- no wrapping where
muscles are simulated as straight lines with no contact forces.
In all forgoing cases, spinal loads are computed during the trunk
flexion from upright standing to 90o flexion.

(a)
Offset=-6mm
Offset=-4mm
Offset=-2mm
Offset=0mm
Offset=2mm
Offset=4mm
Offset=6mm
Offset=8mm

Changes in loading and posture during daily activities affect the
joint kinematics and instantaneous center of rotation [2] which
highlight the importance of accurate positioning of beams that
simulate spinal segments. Posterior shift in these beams reduces
lever arms of muscles but increases that of external loads
causing higher spinal loads. Consideration of both curved
trajectory of global thoracic extensor muscles and wrapping
contact forces at wrapping points are crucial especially in larger
trunk flexion. Moreover, for accurate results, single-level free
body diagram models should evaluate the orientation of
muscles at the plane of cut and not based on its insertion points.
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Figure 1: L5-S1 compression for different (a) disc offset values (negative: anterior) with respect to the reference case [1] and (b)
wrapping algorithms of extensor thoracic muscles in forward flexion from upright standing (0o). Anthropometric parameters of the
model were set at sex=male, body height=173 cm, body weight=75 kg and age=42 years.
100
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INTRODUCTION
Excessive loads on spine are important risk factors for the low
back pain that is among the most prevalent and costly
musculoskeletal disorders. In vivo measurements of spinal
loads via intradiscal pressure and instrumented implants are
invasive and limited while biomechanical models are
recognized as robust and accurate alternative tools. Existing
models rarely use scaling algorithms to take proper account of
anthropometric differences in simulated subjects. In addition,
these algorithms lack physiological justifications. Thus, we aim
here to develop an generic (imaged-based) subject-specific
musculoskeletal model of the trunk and investigate spinal
biomechanics in different physical activities.
METHODS
We extensively updated an existing kinematics driven finite
element model [1] by adding a new deformable disc T11-T12
(on top of T12-S1 discs), extending the muscle architecture and
introducing a novel scaling method. The anatomy of abdominal
muscles was also refined and intersegmental muscles added. By
using image-based regression equations [2,3] and the
conventional beam theory, the muscle architecture and
nonlinear disc properties were scaled. For validation, we
compared the computed spinal compression with measured
intradiscal pressures (IDP) [4] via a novel compressionrotation-IDP regression equation developed for this purpose.
Available recorded EMG signals [1] were also used to validate
predicted muscle forces in different activities (e.g., flexion,
lateral bending, holding loads in front and on sides while
standing, trunk strength in flexion, extension and torsion). In
each task model parameters (i.e., age, body height, body weight,
BMI, and sex) were varied based on the subject [1,3].

Compression (N)

3000

RESULTS
Correlation coefficients (0.98 for IDP and 0.91 for muscle
activities) along with low errors (0.14 MPa for IDP and 13.9%
for muscle activities) point to the accuracy of the model and the
proposed scaling algorithm. Computed spinal loads are affected
much more by changes in the body height and body weight than
in the sex and age (Figure 1).
DISCUSSION AND CONCLUSIONS
In the present study, we developed and validated an automated
and image-based scaling algorithm, and demonstrated that
subject-specific parameters (especially body weight and body
height) could significantly affect spinal loads. Trunk models
should hence utilize proper scaling algorithms if accurate
prediction of spinal biomechanics is expected.
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Figure 1: Compression (left) and shear (right) forces in the L5-S1 disc at 50o trunk forward flexion with 5 kg in hands. The subject
age was set here at 35 years (F: female; M: male; BH: body height; BMI: body mass index).
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INTRODUCTION
Spinal fusion is assumed as a major surgical treatment for
intervertebral disc (IVD) degeneration [1]. However, lack of
mobility of the fused level was reported in clinical studies,
which may lead to increase abnormal pressure in adjacent
segments and eventually accelerate degeneration of the
adjacent tissues [1]. To avoid such excessive changes in
biomechanical pressure imposed by fusion, artificial implants
have been used as an alternative treatment [1]. The effect of
design of prosthesis on the biomechanical behavior of cervical
spine was not yet thoroughly studied. Depending on the
permitted degrees of freedom, artiﬁcial disc prostheses have
been categorized as constrained, semi-constrained or
unconstrained. In this study, two common categories of semiconstrained and unconstrained disc prostheses were selected.
For finite element (FE) evaluation of disc designs, Bryan disc
prosthesis (Medtronic Ltd., Memphis, TN, USA) and
Discocerv disc prosthesis (Scient’x Alpha Tech) were chosen
as unconstrained and semi-constrained disc prostheses,
respectively.
Keywords: Spine, biomechanics, finite element method, disc
prosthesis.
METHODS
A nonlinear finite element model of cervical segment C5–C6
was developed using computed tomography data of a young
normal spine. The capability of intact model in generating
physiological movements was validated by comparing the
results of range of motion (ROM) with literature considering
the flexion, extension, lateral bending, and axial rotation.
Then, to investigate the kinematic influence of design of disc
prosthesis on spine, Discocerv disc prosthesis and Bryan disc
prosthesis with semi-constrained and unconstrained design
were chosen and inserted in C5-C6, respectively (Figure 1).

(a) flexion, and extension

(b) lateral bending

(c) axial rotation

Figure 2. Moment–rotation for (a) flexion/extension, (b) lateral
bending, and (c) axial rotation of intact and the implanted models of
C5-C6, compared with [2].

(a)

(b)

RESULTS
Resulted variations in ROM were compared with the intact
model (Figure 2). The greatest reduction in ROMs of the
implanted model with Bryan occurred, in order, in flexion,
axial rotation, lateral bending, and extension by about 20–40%
at the implanted level. However, for the implanted model with
Discocerv, ROM is reduced about 1% in extension, and
increased about 8%, 4%, and 1% in flexion, lateral bending,
and axial rotation, respectively.

(c)

Figure 1. FE model of (a) cervical motion segment; and detailed
implanted C5-C6 with a: (b) Bryan; and (c) Discocerv disc
prosthesis.

DISCUSSION AND CONCLUSIONS
In conclusion, our results suggest that ROMs of a semiconstrained artiﬁcial disc with an upward shifted COR
resembles the intact model of spine more than an
unconstrained disc prosthesis (Figure 2).
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INTRODUCTION
The human musculoskeletal system is an overly redundant and
highly nonlinear dynamic system, with time delays and motor
noise. Such a system is a nightmare for control engineers. Yet,
the central nervous system (CNS) manages to control the body
movements precisely, efficiently, and even in the presence of
external disturbances and other uncertainties. How the CNS
does that is still unanswered. Different theories have been
suggested to describe the mechanisms by which the CNS
controls the motion. Among them are the theories of
Equilibrium Point [1], Muscle Synergy [2], and Minimal
Intervention [3]. There are numerous studies supporting each
of them, but no general theory has yet to provide a
comprehensive answer.
METHODS
Muscle synergy has been proposed as a way to simplify the
control signals descending from the CNS. According to this
theory, the CNS activates the muscles by combining bundles
of activation, where each bundle contains a number of muscles
with fixed relative activations. In our research, we provide
computational tools to investigate the requirements and
validity of muscle synergy theory, from an engineering point
of view. We argue that mechanical constraints (in the
environment and within the body) as well as the nature of the
task play an important role during efficient control of
movements. More specifically, we argue that the CNS has
learned multiple sets of muscle synergies, each of which is
employed during execution of a certain type of task.
We suggest that different tasks are distinguished by the task
space variables that need to be controlled. For instance, if the
intended task is elbow flexion, the task space is the elbow
rotation, and the actively controlled variable is the elbow joint
angle. In this case, the CNS is probably not concerned with the
position of the hand. However, during the task of hand
reaching to mouth, the variable that is actively controlled by
the CNS is the hand position, for which a three-dimensional
task space must be defined. Although similar sets of muscles
are activated to perform the two tasks, the mechanical
(A)

requirements of the task are different, which may imply
different control strategies (and hence muscle synergies).
We propose a motor control model with a hierarchical
structure (Figure 1(A)): the high-level controller deals with
trajectory planning at the task space, and decides on the task
space acceleration (aref) required to perform the action. The
low level controller translates this reference task space
acceleration into muscle activations using the associated
muscle synergies. Each muscle synergy produces an
acceleration vector in the task space, and all these vectors form
a basis set that spans the task space. Therefore, any desired
acceleration vector can be decomposed into the basis set. The
corresponding coefficients can be used to combine the
synergies to generate the desired task space acceleration. In
other words, this method replaces the computationally heavy
nonlinear optimization with a fast vector decomposition to
solve the muscle force-sharing problem.
RESULTS
In Figure 1(B) we have provided simulation results of motion
control musculoskeletal arm, when the hand moves 20 cm
upwards from a resting position. The model has three degrees
of freedom in the task space (3D position of hand), and one
extra degree of freedom (elbow motion) which is left
uncontrolled. The synergy-based framework produces nearoptimal results, with 90-95% reduction in computation time.
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Figure 1. (A) The synergy-based framework for motion control. (B) The simulation results. The hand starts to move upwards at t=0.5 s.
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RESULTS
The optimization performed on the 10 participants
(Participants 1 – 10 in Figure 1) resulted in an RMSD of
22.99% MVC (Figure 2). Ideal F and R coefficients were
determined to be F = 0.0182, and R = 0.00885. Testing these
coefficients on the remaining two participants (participants 11
and 12) resulted in an RMSD of 2.17% MVC. Overall (across
all 12 participants), there was an RMSD of 21.01% MVC.
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METHODS
We recruited 12 right-hand dominant male participants
(weight: 76.4 ± 8.5 kg, height: 177.9 ± 6.8 cm, age: 21.9 ± 1.1
years) for a study to examine kinematic adaptations to
simulated industrial work, before and after a fatigue protocol.
Participants were free of MSDs in the past 6 months. All
protocols were approved by the University research ethics
board and participants provided written informed consent.
Participants competed a simulated work protocol, and
immediately performed a maximum voluntary contraction [3].
A fatigue protocol was then completed, consisting of 20
repetitions of forward glenohumeral flexion from 0° (at side)
to 90° of elevation, followed by a 60 second isometric hold at
45° of glenohumeral flexion. A weight was held by the
participant during this task, consisting of a 25% MVC load.
This protocol was repeated until failure. The time to failure
was recorded, and another MVC was immediately performed
to determine the amount of force loss as a result of the fatigue
protocol. The decline in MVC force between the pre and postfatigue protocol MVCs was used as the fatigue level (for
example – if the participant went from a 100% MVC to an
80% MVC, they had a fatigue level of 20%).
The 3CMGMU predicts the proportion of motor units that are
active (MA), fatigued (MF) and at rest (MR), given a force
demand. Rates of fatigue and recovery are described by
coefficients of F and R, which can be modified to be joint
specific [4]. To match experimental data, the decline in MVC
for each participant that was calculated after the first 20 cycles
was used to represent the proportion of motor units, which
were fatigued (for example, a decrease of 15% MVC
represented a 15% fatigue level). In the model, MF was set to
this fatigue level. If MVC forces did not decline after the
simulated work, a value of 0 was used for MF. The proportion
of motor units, which were at rest (MR), was set to 1 – MF.
The proportion of active motor units (MA) was set to 0.

To determine the optimal F and R coefficients for this task, 10
participant’s MVC values and endurance times from the
fatiguing task were input to the fatigue model, and the root
mean squared difference (RMSD) was calculated between the
experimental and predicted fatigue level. To account for the
greatest amount of variability in test subjects, the average
endurance time was calculated for all participants, and the 10
furthest from the mean were used to determine optimal
coefficients.

Final MVC Value (% of MVC)

INTRODUCTION
Muscle fatigue has been associated with injuries, decreased
work quality, and reduced worker productivity [2]. Digital
Human Models (DHMs) are used to conduct ergonomics
analyses of jobs prior to their release to the assembly line.
Recently, fatigue models have been investigated for inclusion
into DHMs.
The Three Compartment Model for Muscle Fatigue
(3CMXFL) was adapted to increase physiological fidelity
(3CMGMU)[3], and assess fatigue accumulation during complex
force-time histories completed using isometric hand grip. To
accurately assess fatigue using a DHM, the fatigue and
recovery rates of specific joints must be known. The purpose
of this study was to examine fatigue prediction using the
3CMGMU for a repetitive fatiguing task involving flexion of the
shoulder.

0
1

2

3

4

5

6
7
8
Participant

9

10

11

12

Figure 1. Experimental and predicted MVCs following a fatigue
protocol. The first ten participants were used to determine the optimal
F and R coefficients to input into the fatigue model, and the
remaining 2 participants (11 and 12) were used to test the model.

DISCUSSION AND CONCLUSIONS
This study applied the 3CMGMU to complex force time
histories of shoulder activation. Compared to previous
research, the shoulder was more fatigable than the muscles of
the forearm, and there was greater error between predicted and
experimental fatigue levels. This may be due to the more
complex nature of the shoulder complex with respect to
isometric hand grip tasks. Future work will examine how this
fatigue model can be integrated into DHMs.
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INTRODUCTION
Despite evidence demonstrating clinical benefits of upright
positions such as squatting during childbirth [1], the majority
of deliveries in Canada occur in recumbent positions most
convenient for the care provider [2]. Further insight into the
mechanics of upright birthing positions may promote natural
delivery under complicated circumstances for which medical
interventions, such as forceps or Caesarean delivery, have
traditionally been recommended. Our objective was to develop
a preliminary computational model of the pelvic region to
determine the effects of variations in joint loading in different
postures on musculoskeletal alignment.
METHODS
A three-dimensional model of the pelvic region (L5 vertebra,
left and right ilia, sacrum, coccyx, and proximal segments of
left and right femurs) was constructed from computed
tomography (CT) scans obtained from the Visible Human
Project female dataset [3] using MimicsTM segmentation
software (Materialise, Belgium); parts were then imported into
a multibody dynamic simulation package (RecurDynTM,
FunctionBay Inc., Seoul, Korea). Hip joints were modeled as
spherical joints at the centre of each femoral head, while the
lumbosacral joint was restricted to sagittal plane motion only.
Sacroiliac and pubic symphysis joints were left unconstrained.
Torques used to actuate the simulation at the lumbosacral and
hip joints were determined using standard motion analysis
techniques during a single squatting trial. Two force platforms
(AMTI, Watertown, MA) and 14 optical cameras (Oqus 400;
Qualisys, Gothenburg, Sweden) captured pilot data that were
analyzed using an inverse dynamics approach in Visual3D (CMotion Inc., Germantown, MD).
RESULTS
Joint reaction moments calculated from a female subject
(height = 1.83 m, mass = 73 kg) during a single squatting trial
pilot study are listed in Table 1. When used to actuate the
pelvic model, these torques resulted in sacral nutation and an
increase in pubic symphysis width. Pelvic outlet dimensions
increased in both frontal and sagittal planes (e.g. bituberous
diameter and distance from the sacrococcygeal joint to the
symphysis pubis [4] as shown in Figure 1).
Table 1: Static position and peak dynamic moments [Nm]
calculated at hip and lumbosacral joints during squatting.
Hip
Lumbosacral

Extension
Adduction
Extension

Static

Dynamic

60
40
115

80
50
150

Figure 1: Frontal and sagittal views of computational model
showing direction of relative movement of pelvic bones in
squat position. (Solid and wireframe figures show neutral and
rotated positions, respectively.)
DISCUSSION AND CONCLUSIONS
A computational simulation of the pelvic response to hip and
lumbosacral joint moments during squatting has demonstrated
an increasing outlet of the skeletal structures of the birth canal;
this could potentially facilitate passage of the foetus. These
results are consistent with data in the literature; in particular,
Reitter and colleagues [4] similarly found an increase in both
anterior-posterior and transverse plane pelvic outlet
dimensions as measured by magnetic resonance imaging when
comparing upright with supine positions. The substantial
increase of peak moments during dynamic motion would
furthermore enhance this effect.
By evaluating the effect of posture on the pelvic system from a
biomechanical perspective, we can suggest that benefits of
upright positioning likely extend beyond gravity acting on the
foetus to advantageous maternal joint loading that could open
the outlet of the birth canal. This proof-of-concept model
confirms that further development of this computational
simulation is worth pursuing.
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INTRODUCTION
Valgus knee rotation is described as excessive medial collapse
of the knee joint and can be commonly observed during the
barbell back squat [1]. This type of lower extremity
misalignment has been shown to increase knee joint loading,
which can lead to an increased risk of injury [2]. Anterior
cruciate ligament tears as well as patellofemoral pain syndrome
have been linked to changes in frontal plane knee angle [3].
Placing a band around the distal end of the thigh may act as a
proprioceptive coaching aid to minimize this behaviour during
squats [1]. Therefore, the purpose of this study was to investigate
the effects of the TheraBand™ loop on kinematics and muscle
activity of the lower extremity during a standard barbell back
squat in both trained and untrained individuals.
METHODS
8 trained and 8 untrained males participated (180.5 ± 5.3 cm;
83.2 ± 11.9 kg; 23.3 ± 1.8 years). Participants performed a 5minute bike warm-up prior to performing 2 barbell back squat
conditions: 1) 3 repetition maximum squat (3RM) and 2)
bodyweight load (BW) for repetitions to failure. Both conditions
were performed over two sessions, a control session (unaided
squat) and a band session (TheraBand™ loop placed around distal
thighs). All conditions and sessions were randomized, with rest
provided between conditions and at least 48 hours between
sessions. 3D kinematics were measured using rigid bodies,
consisting of infrared markers attached bilaterally to the midsegmental regions of the thorax, pelvis, foot, shank and thigh (3D
Investigator, Northern Digital Inc., Waterloo, Canada) and
sampled at 50 Hz. Surface electromyography (EMG) was
measured bilateral on the vastus lateralis (VL), biceps femoris
(BF), gluteus maximus (GMa) and gluteus medius (GMe)
(Bortec Biomedical Ltd, Calgary, Canada) and sampled at 2000
Hz. The participant’s dominant leg was in contact with a force
plate (AMTI OR6, Watertown, MA, USA) during all conditions.
EMG during squats was linear enveloped at 3 Hz and normalized
to muscle specific maximum voluntary exertions (%MVE).
Kinematic data were used to determine the start, middle and end
of each repetition. Maximum EMG was determined for the
eccentric and concentric phases. Medial knee collapse was
measured as a knee width index (KWI), calculated using the ratio
of the distance between the distal thighs and the distal shank
segments. Visual3D (C-Motion, Inc., Rockville, MD, USA) and

MatLab (MathWorks, Natick, MA, USA) were used to analyze
kinematic and EMG data, respectively.
RESULTS
The trained group performed the same amount of bodyweight
repetitions in the band and no band conditions (15.2 reps). The
untrained group performed less repetitions with the band during
bodyweight squats (band: 14.9; no band: 16.1). Both trained and
untrained groups lifted more weight during the 3RM band
condition (trained band: 132.7 ± 21.2 kg; trained no band: 130.3
± 19.5 kg; untrained band: 104.5 ± 10.8 kg; untrained no band:
104.0 ± 9.7 kg). The trained group had a significantly greater
squat depth (knee flexion angle) than the untrained group
(trained: 98.0 ± 19.0°; untrained: 84.5 ± 9.0°) for both 3RM and
BW conditions, with no differences due to the band. For the 3RM
condition, trained individuals squatted deeper with the band
(106.3° ± 19.9) than with no band (98.8° ± 12.5. For every
muscle except the left GMa, there was a significant main effect
of band, where the band increased muscle activity (p<0.049).
Untrained participants demonstrated a significant increase in
KWI (p=0.046) during the concentric phase of both the 3RM and
BW squat conditions as compared to the no band (control)
session (Table 1). Increased medial collapse was observed in
both populations for the eccentric phase of the bodyweight squat.
DISCUSSION AND CONCLUSIONS
The band appeared to encourage better alignment in the
untrained group while promoting medial collapse in highly
trained individuals. An increased KWI could suggest that the
band acts as a proprioceptive aid for unexperienced barbell
squatters. Previous work with recreationally active participants
suggested that the band fails to promote neutral alignment during
a bodyweight only squat (1). Overall, greater maximal muscle
activity with the band in our work may suggest that the band
introduces enhanced knee stability via increased activation of
both agonist and stabilizing muscles. The differences found
between trained and untrained populations may, in part, be due
to the trained group’s prior knowledge of proper squat technique.
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Table 1: Average knee width index for trained and untrained participants during band and no band sessions.
Band (3RM) Band (3RM) Band (BW) Band (BW) No band (3RM) No band (3RM) No band (BW) No band (BW)
concentric
eccentric concentric eccentric
concentric
eccentric
concentric
eccentric
Trained
0.66
1.10
0.757
1.09
0.71
1.32
0.73
1.31
Untrained
0.79
1.28
0.77
1.20
0.76
1.20
0.75
1.28

THE KINEMATIC DIFFERENCES OF PERFORMING A BILATERAL DORSIFLEXION
RESTRICTED VS. NON-RESTRICTED COUNTERMOVEMENT JUMP
Chhase McFarlen, Kenneth A. Seaman, Jeremy W. Noble
Faculty of Kinesiology, University of New Brunswick, Fredericton NB, Canada, Jeremy.Noble@unb.ca
INTRODUCTION

METHODS
Thirteen participants (mean age = 20.6 yrs, mass = 77 kg, height
= 181 cm, 6M 7F), with an average of 8.5 years experience in a
jumping sport were recruited for this study. Following a brief
warm up the participants performed three maximal CMJs in two
different conditions, which were performed in a random order.
In one condition the participants jumped while wearing custom
ankle orthoses that were designed to limit the amount of
dorsiflexion, while still allowing the full range of
plantarflexion. The orthoses were worn bilaterally. In the other
condition the ankle mobility was unrestricted.
During the jumps retroreflective markers were placed on the
joint centres of the lower limb so that joint angles and velocities
could be determined. The jumps were recorded with a high
speed video camera at 120 Hz, at 1080p resolution. Markers
were digitized with a semi-automated processed using free
software (Kinovea – http://www.kinovea.org/). Marker
trajectories were processed with custom MATLAB software in
order to determine joint angles and velocities. Finally the
vertical displacement of the hip marker was used to determine
the height of the jump.
Jump height, joint angles and velocities were compared
between genders and condition with the use of a two-way mixed
factor ANOVA (α=0.05).

RESULTS
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The counter movment vertical jump (CMJ) is an important test
for power production and an important functional skill in many
sports. In order to succsfully perform a maximal CMJ it is
important to have appropriate mobility and strength at the joitns
of the lower limb. Previous work has found that most of the
power developed in the vertical jump comes from the knees
(49%), with smaller contributions coming from the hip (28%)
and ankle (23%) [1]. These calculations were from healthy
individuals who presumably had appropriate capacites for
mobility and strength for this task. Decreased mobility in the
dorsiflexion (DF) of the ankle, particularly related to tightness
in the calf muscles is a common issue in atheletes. Previous
work has shwown that this may have an impact on CMJ
performance [2]. However, due to differences in jumping
technique, or mobility differences in other joints, this cannot be
conclusively stated. Therefore, the goal of this study was to
futher investigate how restrictions in dorsiflexion may affect the
performance of the CMJ in terms of kinematics, with the use of
a repeated measures design by articifially limiting the mobility
of the ankle joint.
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Figure 1: Mean Ankle joint displacement throughout the
vertical jump (Left) and the mean vertical displacement of the
hip marker (Right). The blue solid line shows the average for
the males in the unrestricted condition, the solid grey line shows
the means for the females in the unrestricted condition, the
dashed yellow line shows the mean for the males in the
restricted condition, while the dashed orange line shows the
mean of the females in the restricted condition.
The restricted condition resulted in a significant decrease in
dorsiflexion during the counter movement phase of the jump (p
<0.001), and a significant decrease in the vertical displacement
(p < 0.001) for both males and females. There were also
significant differences in the maximum displacement of the hip
and the knee angles during the countermovement of the jump.
These changes in coordination led to significant (p <0.001)
decreases in joint velocity during the extension phase of the
jump in the restricted condition, which ultimately led to the
decrease in vertical jump height.
DISCUSSION AND CONCLUSIONS
The results of this study support previous work which
demonstrated that decreases in dorsiflexion mobility will affect
the performance of a maximal CMJ. This study was able to track
the changes in joint kinematics that accompany restrictions in
DF range and was able to show how these changes in
coordination led to decreased velocity at the hip and knee joints
during the acceleration phase of the jump. Future studies should
examine the landing phase to determine whether the restriction
in DF mobility will alter impact kinetics during this phase.
REFERENCES
[1] Hubley, Z & Wells RW. (1983). Eur J Appl Phys. Vol 50;
p. 247-254.
[2] Papaiakovu, G. (2013). J Sports Sci. Vol 31(16); p. 178996.

DOES DEEP SQUAT POSTURAL STRATEGY PREDICT LIFTING STRATEGY: A PILOT STUDY
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INTRODUCTION
Lifting strategy can affect the risk of developing
musculoskeletal disorders (MSD) [1]. If poor lifting strategies
can be identified in the workplace coaching interventions can
applied to mitigate risk. However, it is difficult to effectively
assess lifting strategy during work. Alternatively, the use of
movement screening tools, such as the Functional Movement
Screen (FMS™), reportedly assess an individual’s general
movement proficiency, where it is believed that “poor movers”
may have a higher risk of developing an MSD. From a
concurrent validity perspective, movement patterns within the
Figure 1: Relationship between deep squat (standard) postural
FMS™ should be predictive of actual lifting movements. The
index and lifting postural index obtained for light (blue ◊) and
purpose of this work was to determine if the postural strategy
heavy (red □) trials.
adopted during the performance of the deep squat from the
FMS™ was predictive of the postural strategy adopted during
a sagittal plane lifting task. Additionally, we aimed to
determine if this relationship was altered due to the amount of
coaching provided during the deep squat, or due to the mass of
the load lifted.
METHODS
Sixteen participants (21.6 ± 1.1 years of age) performed 6
repetitions of the deep squat [2] and 20 lifting trials. Half of
the participants performed the deep squat trials first, whereas
the other half were exposed to the lifting trials first. During
deep squat performance participants completed the movement
three times according to the standard instructions [2] and three
time with coaching feedback provided to help participants
improve their deep squat performance. During the lifting
condition, participants performed 10 lifts using a milk crate
loaded to 10kg and 10 lifts using a milk crate loaded to 20kg
load. Participants completed the light and heavy lifting trials in
a block-randomized order. Whole body kinematics were
recorded at 60 Hz during each movement (Vicon, Centennial,
CO, USA). Visual 3DTM software (C-Motion Inc.,
Germantown, USA) was used to calculate ankle, knee, hip and
lumbar flexion angles, where these data were used to calculate
the postural index [3] for all trials. Postural index was
calculated at the instance of minimum knee angle during the
deep squat trials and at the instance of lowest displacement of
the hand marker in the vertical axis during lifting trials. Linear
regression was used to predict the lifting strategy postural
index from the deep squat postural index.
RESULTS
The postural index calculated during the lifting task was not
well predicted by the postural index obtained during the deep
squat (r2<0.03) when the standard squat (Figure 1) or coached
squat (Figure 2) was performed.

Figure 2: Relationship between deep squat (coached) postural
index and lifting postural index obtained for light (blue ◊) and
heavy (red □) trials.
DISCUSSION AND CONCLUSIONS
The results of this pilot study suggest that the deep squat
postural strategy does not predict lifting strategy, on the basis
of the postural index measure. Three hypothesis are presented
to explain the lack of a clear relationship. First, the movement
patterns required to complete a body-weight squat may not be
related to that required when lifting a load, particularly at the
lowest point of the motion for which the postural index was
calculated. Alternatively the postural index as a discrete
measure associated with a single instant in time may not be
adequate to capture potential similarities between the squat
and lift. Lastly, our sample of upper year kinesiology students
may have had too much prior knowledge on lifting technique,
reducing the variance in lifting index postural scores. We
continue to test these respective hypotheses further.
REFERENCES
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INTRODUCTION
Hip neuromscular control deficits lead to increased knee
valgus loads and have been proposed to contribue to the 4-6
times higher non-contact anterior crutciate ligament (ACL)
injury risk in female athletes [1]. Training programs focussed
on hip strengthening and functional movements often assess
improvements from training through biomechancal tests such
as single-leg squats and vertical drop jumps [1,2], clinical tests
such as functional movement screens (FMS) [3] and
performance based tests such as the countermovement jump,
sprinting speed and running endurance. While all of these
tests have their utility/realtionship in assessing ACL injury
risk, there exists a gap in understanding the interrelationships
between various methods of ACL injury risk assessment,
especially in response to preventative training programs.
Our main aim was to evalute the effect of a hip neuromsuclar
strengthening program and a treadmill running training
program on ACL injury risk measured through biomechanical
(single-leg squat, drop jump, treadmill running), clincal
(FMS), and performance based (sprinting speed/endurance)
tests. Our second aim was to determine the interrelationships
between biomechaincal, clinical, and performance based tests
to improve understanding of ACL injury prevention strategies.
METHODS
18 elite female adolescent soccer players (14.1±0.78 years)
were recruited from three competitive regional teams. Each
team was randomly assigned into one of three groups (N=6)
(hip strengthening, treadmill training, and control).
Both the FMS and performance based measures were
administered pre and post training by an experienced
kinesiologist and soccer specific trainer with over 12 years of
experience. The FMS incorporated 7 movements, rated from
1-4. Performance based measures included a counter
movement jump (height), 35 meter sprint (time), and the yo-yo
test (failure level).
Biomechanical assessments were administered pre and post
training. Treadmill running was at a self-selected speed for 7
minutes [4]. 10 (5 right, 5 left) single-leg squat trials

consisting of 3 consecutive squats were completed to a depth
of 65 degrees of knee flexion [2]. Five vertical drop jumps
were completed from a height of 30 cm, with instructions to
jump as high and as quick as possible [1]. Reflective marker
clusters and associated anatomical calibration single markers
were collected via an eight-camera motion capture system
(Qualisys, Sweden). Marker trajectories were used to construct
an eight segment 6-degrees of freedom model (trunk, pelvis,
bilateral thighs, shanks, feet)(Visual3D, C-Motion).
Both treadmill and hip strengthening training consisted of 6
weeks of 2 sessions/week. Treadmill training focussed on
interval training with increasing incline and sprint speed. Hip
strengthening focussed on improving hip neuromuscular
control through improved lower limb strength, agility, and
functional movement.
RESULTS
There was a significant improvement in the FMS overall score
for both the hip strengthening and treadmill training groups
following 6-week intervention (Table 1). The treadmilltraining group revealed an improved yo-yo test score and
counter movement jump as compared to control (Table 1).
Biomechanical outcomes will be presented at the conference.
DISCUSSION AND CONCLUSIONS
While both training programs revealed improvements in FMS
(Table 1), this test was not able to differentiate between
programs. Treadmill specific training appears to have more
soccer specific influence, based on the performance based
measures (Table 1). Further biomechanical analysis of all
movements will allow for comparisons between assessments
of ACL injury risk in response to both training interventions.
REFERENCES
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[2] Mauntel TC et al (2014) J Appl Biomech 30(6); p. 707-12
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Table 1: Comparisons before and after 6 week interventions between control, hip strengthening, and treadmill
training groups. Mean±SD presented. *Denotes significant difference from Pre-intervention at alpha <0.05 level.
FMS
Counter Move Jump
Yo-Yo Test
Groups
Pre
Post
Pre
Post
Pre
Post
Control
21.1±3.1
24.8±2.6
21.7±3.6
21.3±3.2
15.1±0.6
15.3±0.8
Hip Strength
19.5±2.3
24.2±3.7*
19.9±3.5
20.7±3.0
17.0±0.8
16.4±1.1
Treadmill
18.6±4.6
23.8±3.7*
20.8±2.3
19.3±1.8*
14.9±1.0
1.1±1.0*

PHYSIMAX: REAL-TIME MOVEMENT ANALYSIS – A VIABLE CLINICAL ASSESSMENT TOOL FOR
PROFESSIONAL SPORTS TEAMS TO MITIGATE INJURY?
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INTRODUCTION
Non-contact anterior cruciate ligament (ACL) injury rates are
affected by frequency and level of competition, sport, and sex.
Specifically, female elite-level basketball athletes have a
number of unique risk factors that differentially affect their
ACL injury risk [1]. The Landing Error Scoring System
(LESS) has been shown to be a reliable assessment tool for
identifying potentially high-risk movement patterns during a
jump-landing task (knee valgus, stance width, asymmetry, and
joint displacement).[2-4].
Traditional motion capture laboratories are able to identify
biomechanical risk factors with great accuracy. However,
professional sports franchises are unwilling to make the
financial, spatial or temporal commitments for such
laboratories despite spending millions of dollars on post injury
rehabilitation [5]. Thus, a quick movement assessment tool to
identify injury risk factors, particularly with the ACL is of
great financial interest to professional sports franchises.
Physimax is a new real-time markerless motion capture and
athletic movement analysis tool that provides immediate LESS
jump-landing scores and feedback for athletes and strength
coaches (Figure 1). The purpose of this study was to
investigate the LESS scores produced by Physimax in a
university basketball population and assess the ease of use and
potential of this system for both clinicians and sporting
organizations.
METHODS
Varsity men’s (n=11) and women’s (n=14) basketball teams at
Acadia University underwent a full data collection with the
Physimax markerless motion captures system and proprietary
software, including the LESS drop jump protocol. Injury risk
scores were generated for the LESS jump and compared
between sex using a one-way ANOVA (α = 0.05).
RESULTS
A statistically significant difference was found when
comparing mean LESS drop jump scores between males and
females at p=0.006 (Table 1). Females displayed a greater
average LESS drop jump score (7.78) compared to males
(5.91).

Figure 1: Maximum knee displacement of a female (left) and
male (right) LESS jump as outputted in real-time by Physimax
software.
DISCUSSION AND CONCLUSIONS
Female elite level basketball athletes are at greater risk for
non-contact ACL injury compared to their male counterparts.
Physimax detected statistically significant differences between
average LESS scores for male and female elite level basketball
players. This sex bias, which has been previously reported by
Padua et al., indicates the Physimax software is capable of
detecting minute differences in motor control patterns during
jump landings that may put females at greater risk of injury.
These findings along with the minimal capture time provides
evidence that Physimax could a useful tool for sports
organizations or clinicians for identifying at risk landing
patterns.
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Table 1: Results of One-way ANOVA comparing mean LESS drop jump scores between gender (α = 0.05).
Sum of Squares
df
Mean Square
F
Sig
Between Sex
21.694
1
21.694
9.367
0.006
Within Sex
53.66
23
2.316
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INTRODUCTION

RESULTS

A previous investigation has demonstrated that 12 weeks of
core stabilization exercise training improves a variety of
balance measurements in a young healthy, athletic
population [1]. Another study has shown short term,
transient improvements in quiet standing balance control
from only 1 minute of core stabilization exercise [2]. While
the mechanism for this is unclear, it is possible that the
simple impact of raising core awareness, through core
stabilization exercise, results in signs of improved balance
control. If this were true, it would be expected that findings
would be amplified for trunk-specific motor control. Seated
unstable balance has often been used for this purpose; to
isolate and assess trunk motor control capabilities [e.g. 3].
Thus, the objective of this study was to examine the
immediate effects of core stabilization exercise on seated
balance control, as well as determine a time course regarding
the length of any potential effects. We hypothesized that
postural sway measures during seated balance would
decrease immediately following performance of a core
stabilization exercise routine, and that measures would return
to baseline values by approximately 10 minutes post
exercise.

Of the 10 postural control variables analyzed, none showed
any statistically significant changes (p-value range from 0.64
to 0.97) at any time point compared to the pre exercise
baseline.

METHODS
14 participants, 12 male and 2 female, were tested. Postural
control was assessed through a quiet sitting task on an
unstable board placed on top of a Bertec force plate for 60
seconds (Bertec Corporation, OH, USA). Participants
completed six 60 second practice trials, followed by a 15
minute washout period, before baseline measures were
collected from a single trial. The participants then completed
an acute core stabilization exercise routine, in which they
performed circuit style, non-fatiguing isometric holds of the
side-bridge and bird-dog exercises. The exercise routine
consisted of 2 sets of 3 repetitions per side, with each
repetition held for either 8 seconds (side-bridge) or 12
seconds (bird-dog), with 24 seconds of rest between each
repetition and 1 minute of rest between each set. Consistent
coaching cues were provided to all participants, with a
primary focus on proper exercise form. Seated balance
assessments were then completed immediately following the
exercise routine, as well as at 5, 10, 15, and 20 minutes post
exercise.
For each seated balance trial, the first and last 5 seconds
were removed from analysis, and 10 standard postural
control variables were calculated from the centre of pressure
data. A repeated measures ANOVA tested for statistically
significant differences between each time point.

DISCUSSION AND CONCLUSIONS
In contrast to previous work, we found that a single bout of
core stabilization exercise had no acute effect on postural
control during a quiet unstable sitting task. The current study
is quite different from that of Kaji et al., 2010 [2], in which
only two 30 second isometric core exercise holds were
performed. A significant impact on standing balance control
arising from such a short duration exercise bout was
surprising. Our work incorporated a more common, 15-20
minute core stabilization exercise protocol, and demonstrated
no acute effect on trunk-dominant seated balance control. It
is possible that Kaji et al., 2010 [2] uncovered an impact,
unique to standing balance control, which is not apparent on
control of the trunk. Alternatively, it is possible that in our
protocol, some level of fatigue was developed during the
core exercise routine that negatively affected any control
gains that might arise from this same routine. However, we
developed the stabilization exercise protocol with an effort to
minimize or eliminate the development of fatigue, and
carefully monitored participants for any outward signs of
fatigue (form regression, changes in breathing patterns, etc.).
Thus, we conclude that a single bout of core stabilization
exercise is insufficient to acutely improve trunk postural
control in a young healthy population. It is possible that
beneficial effects could become apparent in a clinical
population in which balance or motor control deficits are
present.
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INTRODUCTION
Rapid dynamic movements are commonly used in sport and
daily life to respond to changes within our environment (e.g. a
quick compensatory step). Performance, in terms of power
production, is based, in part, on the ability to generate torque
and accelerate a load rapidly [1]. However, at times, our
environment can also constrain one’s ability to move freely,
which may thus inhibit our capacity to reach peak power. The
purpose of this study was to investigate how limiting range of
motion influences power production during maximal knee
extension across a variety of loads. It was hypothesized that
time dependent neuromuscular measures such as rate of torque
and velocity development and neuromuscular activation will
be reduced when range of motion is limited, thus decreasing
the ability to produce peak power.
METHODS
Seven male participants (24±4 years, 1.76±0.04m, 81.5±8.3kg)
completed a dynamic knee extension protocol that consisted of
36 ballistic isotonic contractions using a HUMAC NORM
dynamometer (CSMi, Stoughton, MA, USA). Baseline testing
consisted of femoral nerve stimulation (to acquire maximal
compound muscle action potential within the vastus medialis)
and maximal voluntary contractions (MVC; >95% activated
verified using the interpolated twitch technique). Following
this, participants were instructed to ‘kick’ as fast as they could
against six randomized loads (unloaded dynamometer arm,
10%, 20%, 30%, 40%, and 50% MVC) during three blocks of
trials where their range of motion (ROM) was restricted. Small
ROM knee extensions occurred over 20º, medium ROM were
over 40º, and large ROM were over 60º (each movement
began with the knee at 80º, where 180º is full knee extension).

Participants were given two attempts for each load within each
block and the extension that resulted in highest peak power
value was used for analyses. Electromyography (EMG) was
recorded from the vastus medialis, to measure activation
onsets, as well as from the biceps femoris for antagonist coactivation (2000Hz Octal BioAmp, AD Instruments, Dunedin,
New Zealand). Power was calculated as the product of torque
and velocity. Rate of torque development (RTD) and rate of
velocity development (RVD) was calculated as the peak slope
of a 0.02s moving average window of the torque or velocity
trace, respectively [2].
RESULTS
There was a main effect of range of motion on peak power and
peak torque (p<0.0.5), such that the smallest range resulted in
lower values than the medium or largest ranges. There was an
interaction effect of velocity (p<0.05) where small loads for
the large range of motion condition achieved higher velocities
than for the small range, however this was not apparent for
higher loads. Additionally, a main effect of the load on RVD
(p<0.05) was observed such that the unloaded condition
achieved a higher level of RVD than any other condition.
When all loads and ranges of motion were collapsed, RTD and
RVD were both positively correlated to peak power (r=0.66
and r=0.58, respectively, p<0.05).
DISCUSSION AND CONCLUSIONS
Limiting range of motion does reduce peak power production,
however, this occurs only at the small end range of motion.
Once participants were able to execute a motion beyond 20
degrees, their power and torque values remained unchanged
and could reach maximum. During the unloaded conditions
(most like daily living), the RVD was decreased when the
movement was constrained. This has implications for
compensatory reactions, since environments are not always
ideal, and can instead be cluttered or obstacle filled. Therefore,
RVD could be a key factor in producing the power necessary
to generate rapid ballistic responses.
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Figure 1: Raw data figure demonstrating the angular
displacement (bottom panel) of the three different ranges of
motion used, as well as corresponding vastus medialis EMG
(middle panel), and calculated power traces (top panel).
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INTRODUCTION
Deficits and bilateral asymmetries in joint range-of-motion
(ROM) capacity have been linked with musculoskeletal
disorder (MSD) reporting amongst athletes [1,2]. ROM
capacity is affected by both intrinsic and extrinsic factors [3].
A normative database, stratified by sport and sex, would assist
in using ROM data to assess MSD risk, and to design MSD
prevention strategies. At the University of Toronto (UofT),
staff therapists are helping to create a normative database of
ROM measures. The objectives of this study were two-fold: 1)
assess the inter-rater reliability (IRR) of ROM measures to
start building the database, and 2) describe the ROM measures
made on 101 student-athletes.
METHODS
Part 1: Nineteen men and 11 women attended one session
wherein 10 ROM measurements were made by three
therapists. Exposure to the therapists was randomized, while
the order of the ROM measurements was standardized. Ankle
dorsiflexion, first metatarsophalangeal joint dorsiflexion, hip
extension, hip flexion, and shoulder flexion ROM capacity
was measured bilaterally using a manual goniometer. Two
trials were made per side. Adjacent joints were positioned to
provide either a uni- or multi-articular constraint of the target
joint. The IRR of each measurement was calculated with an
intraclass correlation coefficient (ICC 2,k) using SPSS
Version 22 (IBM Corp, Armonk, NY). This specific ICC
calculation provides insight regarding IRR that can be
generalized outside of this study [4].
Part 2: Forty-nine male and 52 female UofT varsity basketball,
hockey, soccer, and volleyball players were recruited to have
their ROM capacity measured by one of six therapists, three of
whom were from Part 1. Measurements that were shown to
have adequate IRR (i.e., ICC values ≥ 0.6 in Part 1) were used.
Mean ROM data were compared across sports and sexes.

RESULTS
Ankle dorsiflexion with a multi-articular constraint was the
only ROM measure that was not reliable across therapists
(ICC ≤ 0.6) (Figure 1). Data from all other measurements were
used in Part 2 (Figure 2).

Figure 2. Right hip flexion ROM capacity (with uni-articular
constraint) stratified by sex and sport.
DISCUSSION AND CONCLUSIONS
The IRR for 18 out of 20 ROM measures was deemed
sufficient to begin creating a normative database. Research is
ongoing to identify opportunities (e.g., therapist training) to
achieve good or excellent IRR for all ROM measures of
interest. Data collected in Part 2 is being used to start creating
the ROM database.
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Figure 1. Right ICC values of the ROM battery.
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INTRODUCTION
Although most running studies have considered
joint rotational power (i.e. three degrees of freedom
(3DOF)[1], more recent investigations have
considered the role of both the rotational and
translational power components (i.e. 6DOF) [2], in
providing a more complete understanding of the
mechanical demands in running. However, the
effect of joint translations on both 3DOF and 6DOF
power analysis in running has yet to be
systematically investigated.

joint centre translations which influences joint
moment derivation.

METHODS
Three dimensional motion capture was performed
on 22 healthy females (25.8 (5.8) years, 1.66
(0.078) m, 60.7 (8.9) kg) running overground at 5.0
m s-1. Two lower body biomechanical models
(6DOF vs 3DOF) were created. A 3DOF model
only has three rotational mobilizers at each joint.
We compared joint power derived using three
different modelling-analysis combinations: 1)
3DOF model- 3DOF power (3MOD/3POW)
analysis, 2) 6DOF model – 3DOF power
(6MOD/3POW) analysis, and 3) 6DOF model –
6DOF power (6MOD/6POW) analysis. Statistical
parametric mapping was used to identify between
model differences [3]. Joint power was normalized
by M (body mass) L(leg length)0.5 g(gravity)1.5
(mean scaling factor = 1684.98).
RESULTS
The effects of different modelling-power analysis
combinations on joint power were largely observed
across an entire running stride, with the exception
of the knee (Figure 2). Joint translations affected
derived 3DOF power, the effects of which were
greatest at the ankle during push-off (Figure 1B).
Joint translational power terms could exceed
rotational power terms, which was most apparent at
the hip joint at impact (Figure 1D).
DISCUSSION AND CONCLUSIONS
This study demonstrates that joint translations could
influence 3DOF power, likely due to the effects of

Figure 1 (top): Mean (SD) of joint power curves; 2
(bottom): Statistical results (A) Total power, (B)
Ankle power, (C) Knee power, (D) Hip power
Although translational power terms could exceed
rotational power terms, a significant proportion of
this power could be attributed to joint centre mislocation (in calibration) and soft-tissue artefact. The
choice of modelling-analysis method in joint power
analysis in running should be based on the clinical
population, the ability to accurately locate a joint’s
instantaneous centre of rotation, and the ability to
model and compensate for soft-tissue artefacts.
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INTRODUCTION
Parkinson’s Disease (PD) is characterized as a
progressive neurodegenerative condition that results
following the selective degeneration of basal ganglia
neurons in the brain [1;2]. The disease is characterized
by motor and non-motor symptoms [3] including tremor,
rigidity and postural instability [2]. Recent research has
demonstrated improved motor function, balance and
mobility of individuals with PD following participation
in a regularly scheduled aerobic exercise program [1].
Specifically intermittent bursts of cycling on a stationary
bike (interval training) has shown positive health gains
including
improved
cognition,
metabolism,
cardiovascular fitness and increased energy [1].
Objective, robust measures of balance and mobility at
the start and end of a training program are critical for any
exercise program evaluation. In a partnership with the
YMCA of Guelph we set out to assess the efficacy of
their 10-week long interval and continuous cycling
classes for individuals with PD living in the community.
In this collaborative project we assessed both whole boy
physiological, cardiac function as well as mobility;
highlighted here are results from the lab based
biomechanical measures and clinical field based
assessments performed.
METHODS
Our participants (n=8, age: 40-75 years; 2 female) were
all clinically diagnosed with PD. At baseline,
anthropometric measures (e.g. waist circumference,
height, weight) were first obtained A clinical test of
balance and mobility, the Mini-Best Test [4] was then
performed. Following this, participants stood quietly (3
trials, 1 minute in length; 100 Hz) on a force plate
(AMTI AccuGait) while visually fixating on a target
placed at eye level. Five walking trials were then
completed along a 12 meter path while an instrumented
carpet (GAITrite; 60 Hz) recorded both spatial and
temporal components of gait (e.g. step length, cadence,
velocity). Finally, a VO2 max test was completed in
order to individualize the exercise intervention (i.e. to
ensure participant safety). Participants when then
randomly assigned to either the intermittent or
continuous cycling group and all baseline measurements

were completed again the week following a10-week
intervention.
RESULTS
At baseline, the group mean score for the MiniBest Test
was 21±6.8 out of a possible 28. Within our population
87.5% had trouble walking with head turns, 62.5% had
trouble with backwards compensatory stepping and 50%
had trouble with both lateral and forward compensatory
stepping corrections as well as standing on one leg. A
moderate correlation was observed between the
MiniBest Test scores and left leg step length during gait
(R= 0.60, P<0.001) as well as mean centre of pressure
(COP) frequency (R= 0.67, P<0.001). A moderate
inverse correlation was also observed between MiniBest
Test scores and double support time during gait (R= 0.60, P<0.001) as well as RMS error of COP
displacement in the medial-lateral direction (R= -0.69,
P<0.001).
DISCUSSION AND CONCLUSIONS
Correlations at baseline between the MiniBest Test, and
biomechanical measures supports previous findings that
have reported higher postural sway velocity and
frequency in individuals with PD when compared to
healthy age-matched controls [5] as well as changes in
gait patterns such as reduced stride length in individuals
with PD [6]. Overall results for both 10-week cycling
protocols will be presented and compared following
training completion (Spring 2016).
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INTRODUCTION
Knee osteoarthritis is a chronic disease involving the
breakdown of joint tissues resulting in pain and disability.
Exercise provides equivalent pain relief to medication,
improves physical functioning, and ameliorates co-morbidities
[1]. However, certain forms of exercise can potentially
overload the joint and exacerbate symptoms; the optimal type is
unknown. We have developed a yoga-inspired exercise
intervention that minimizes the knee adduction moment (KAM
– a mechanical loading variable implicated in disease
progression) while still activating the musculature about the
knee [2]. In a 12-week cohort study, 38 women with knee OA
engaged in a program comprised of these yoga exercises and
experienced improvements in pain, mobility, strength, and selfreported measures following the intervention [3]. The purpose
of the current study was to compare the efficacy of this
biomechanically-tailored yoga program with the current “gold
standard” of exercise for knee OA, and a no-exercise attention
control group, in women with knee OA.
METHODS
A single-blinded, 12-week, parallel, randomized control trial
was conducted. Participants included women 50 years of age
or over with clinical knee OA. Participants (n = 31; age 67.0 ±
8.3 years; body mass index (BMI) 30.4 ± 5.5 kg/m2) were
stratified by Lower Extremity Functional Scale (LEFS) scores
and randomized to 1 of 3 interventions: biomechanical yoga
(BY: n = 10), traditional exercise (TE: n = 11), or no exercise
(NE: n = 10). Participants were asked to attend 3 of 4 available
exercises classes each week. The BY program consisted of an
instructor led series of postures that yield peak KAMs smaller
than that experienced during gait. The TE regimen was
comprised of supervised exercises that are currently prescribed
for those with knee OA, including walking/cycling, lower body
resistance training, balance exercises, and stretching. The NE
group engaged in guided relaxation exercises consisting of no
physical activity. The primary outcome measure was pain;
secondary outcomes included patient-reported physical
function and mobility performance. Pain was assessed using
the Measure of Intermittent and Constant Osteoarthritis Pain
(ICOAP) as well as the pain subscale of the Knee Osteoarthritis

Outcome Score (KOOS). Patient-reported physical function
was evaluated using the function in activities of daily living
(ADL) and sport and recreation (SR) subscales of the KOOS.
Mobility performance measures included 6-minute walk, 40meter walk, 30-second chair stand, timed up and go, and stair
ascent tests. Analysis of covariance compared mean change
scores (follow-up minus baseline) between groups for each
outcome; where baseline data was a covariate (Sidak
adjustment for multiple comparisons). Paired t-tests (2-tailed
with Bonferroni correction) were computed to compare pre and
post intervention time points for within group effects. Withingroup mean differences for primary outcome are displayed in
table 1.
RESULTS
There were no differences in age, BMI, or LEFS scores between
groups at baseline (p > 0.05). One participant was lost to
follow-up (TE). Mean attendance was 3.0 classes per week for
the BY group, 2.7 for TE, and 2.8 for NE. The YE and TE
groups demonstrated statistically and clinically significant
within-group improvements in pain, physical function, and
mobility performance (p<0.017), while the NE group did not.
The YE group reported greater improvements in pain (p=0.003)
and physical function (p=0.010) compared to the NE group.
There were no significant between-group differences in
mobility performance (p>0.05).
DISCUSSION AND CONCLUSIONS
Yoga appears as an efficacious and well-tolerated conservative
treatment option for women with knee osteoarthritis. The yoga
intervention yielded comparable, and in some cases possibly
greater improvements in the major burdening symptoms of the
disease compared to traditional exercise. Future investigations
with larger samples are warranted to establish effectiveness and
possibly superiority to traditional exercise.
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Table 1: Within-group changes (follow-up minus baseline) and 95% confidence intervals (CI) for primary outcome. Significant
differences (Bonferroni corrected α=0.017) compared using 2-tailed paired t-tests are denoted with asterisk (*).

Primary Outcomes
ICOAP Constant pain (/100)
ICOAP Intermittent pain (/100)
KOOS – Pain (/100)

Biomechanical Yoga
Mean Difference [95% CI]
- 24.5* [-40.0, -9.0]
- 23.7* [-30.9, -16.5]
21.5* [15.1, 27.9]

Traditional Exercise
Mean Difference [95% CI]
- 15.0 [-29.5, -0.5]
- 14.3* [-23.4, -5.2]
8.3 [-4.1, 20.7]

No-Exercise
Mean Difference [95% CI]
- 10.5 [-34.1, 13.1]
- 4.2 [-16.7, 8.3]
- 2.1 [-12.6, 8.4]
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INTRODUCTION
Female runners have a two-fold risk of sustaining certain
running-related injuries as compared to male runners. It has
also been reported that male and female marathon runners are
at increased risk of different injuries [1]. Furthermore, the
incidence rate for running injuries depends on the specificity
of the group of runners concerned (such as recreational joggers
versus competitive athletes [2]), which may be due to different
extrinsic factors between groups (e.g. running to compete,
experience, and training volume [2]). However, few studies
have investigated these interactions or diffrences in running
mechancis within these subgroups. Therefore, the purpose of
this study was to investigate the differences in running gait
kinematics between females and males for recreational and
competitive runner subgroups using a principal component
analysis (PCA) together with a support vector machine
(SVM). It was hypothesized that classifiable kinematic
patterns exist for these subgroups.
METHODS
Four hundred eighty-one runners participated in this study and
based on self-reports, were allocated to either the competitive
group (59 males, 47 females, 38.88±11.61 yrs, 2.61±0.25 m/s)
or a recreational group (160 males, 215 females, 42.21±18.99
yrs, 2.50±0.26 m/s). Each subject ran on treadmill at a
comfortable self-selected pace for 20s where ten strides were
collected using an eight-camera motion capture system
(NX3/Nexus, Vicon, Oxford, UK) at 200 Hz. Kinematic joint
angles were calculated using four discrete variables of interest
during the stance phase [3]: angles at touchdown and toe-off
and maximum and minimum peak angles. These gait variables
for all three planes of motion, and for three lower extremity
joints from both sides, were combined into one 72dimensional row vector for each subject. A 106-by-72 matrix
for a recreational group and a 375-by-72 matrix for a
competitive group were created to use as an input for the PCA.
The 72 PC scores for each group were sorted based on
between-gender group effect size, d, and used as an input for
the SVM [3]. A one-way analysis of variance was used to test
for statistically significant differences (p<0.05) on all PCs and
original discrete variables. The resulting p-values were also
adjusted using a Holm-Bonferroni method.
RESULTS
The classification accuracy between genders in a group of
competitive runners (86.79% using 45 PCs explained 78.58%
of the variance) was significantly higher than a group of
recreational runners (79.47% using 28 PCs explained 72.40%
of the variance). PC 17 scores showed an effect size of 0.74
for the projection difference between male and female
competitive runners (p<0.05). This PC contained most of the
information from sagittal plane knee joint angles. Statistical
analysis of original discrete variables showed that, in the

sagittal plane, female runners exhibited reduced minimum
peak knee flexion, and knee flexion at touchdown and toe-off
compared to males (p<0.05; d=0.76-0.85). Female runners also
exhibited reduced peak ankle eversion (p<0.05; d=0.76).
Conversely, in the frontal and transverse planes, female
runners demonstrated greater ankle eversion and internal
rotation of the pelvis at touchdown, greater hip adduction at
toe-off, and greater peak internal rotation of the femur
(p<0.05; d=0.70-0.89). For the projection difference between
male and female recreational runners, PC 7, 2, 4 and 20 scores
showed an effect size of 0.37-0.80 (p<0.05), and these PCs
contained most of the information from frontal and transverse
plane ankle, knee, and hip joint angles. Statistical analysis of
original discrete variables showed that, in the sagittal plane,
female runners only exhibited reduced knee flexion at toe-off
compared to males (p<0.05; d=0.39). Female recreational
runners also exhibited reduced peak ankle eversion and
inversion and reduced peak hip adduction (p<0.05; d=0.370.49). Similar to the competitive group, female recreational
runners demonstrated greater internal rotation of the pelvis at
touchdown, greater hip adduction at toe-off, and greater peak
internal rotation of the femur (p<0.05; d=0.39-0.92). In the
frontal and transverse planes, moreover, female recreational
runners demonstrated greater peak hip adduction, greater peak
internal rotation of the pelvis, and greater knee abduction
during stance (p<0.05; d=0.41-0.78).
DISCUSSION AND CONCLUSIONS
In support of our hypotheses, the current results show
significant differences in running kinematics for both genderspecific subgroups. Main differences between males and
females in the competitive group were found in sagittal plane
knee angles while the differences in the recreational group
were found in frontal plane knee angles. These gender
differences also increase in the competitive group, which may
shed light onto the results from previous studies [1,2],
indicating varying injury risk. Other contributing factors may
require further investigation (such as gait speed and
anthropometric sex-differences).
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INTRODUCTION
Rehabilitation robotic devices provide task-oriented and masspractice therapy to individuals with neurological gait
disorders. The Lokomat gait device assists patients with
robotic orthosis actuating hips and knees (Guidance) and
provides body weigth support (BWS) through a harness.
Although differences between Lokomat and treadmill gaits
have already been reported [1,2], the Guidance and the BWS
settings were only partially reported. This lack of information
limits the understanding of the impact of Lokomat parameter
settings on gait pattern. This study aimed to determine the
differences between the Lokomat with different settings (BWS
and guidance) and the normal treadmill gait.
METHODS
Eighteen healthy participants volunteered to the experiment.
The Lokomat Pro (Hocoma AG, Volketswil, Switherland) was
used for this study. Twelve Vicon (Oxford Metrics Ltd,
Oxford, UK) cameras recorded the coordinates of 17 reflective
markers positioned on participant’s pelvis and right lower
limb. The electromyography of the tibialis anterior, soleus,
gastrocnemius medialis, rectus femoris, and semitendinosus of
the right side was recorded using wireless electrodes (Trigno
EMG Wireless system, Delsys, USA). After the participants
were installed into the Lokomat, they were required to walk at
3 km.h-1 with three different percentages of BWS (30, 50 and
70%) and guidances (30, 50, and 70%). A Treadmill gait was
also performed. Each experimental condition lasted one
minute and was followed by a one minute rest. Joint
kinematics of the hip, knee, and ankle was obtained using an
inverse kinematics procedure and a global optimization
algorithm [2]. EMG activation levels were obtained by lowpass filtering and normalizing the full-wave rectified EMG
signals. The effect of gait type between each Lokomat
experimental condition vs. Treadmill was assessed using twoways ANOVA on the range of motion (RoM), and average
EMG for the stance and swing phases independently.
RESULTS
The Figure 1 represents an example of the comparison
between the Treadmill vs. Lokomat gaits with settings at 70%
of guidance and 50% of BWS. Overall, for all Lokomat
conditions, during the stance phase, the hip and knee flex/ext
RoM were smaller with the Lokomat than with the treadmill.
During the swing phase, hip flex-ext RoM was greater with the
Lokomat than the Treadmill. Ankle flex/ext was smaller for
the Lokomat in comparison to the treadmill gait. During both
phases, hip abd/add was smaller during the Lokomat than the
Treadmill gait. Overall, rectus femoris and vastus medialis
activations were greater during the Lokomat than the

Treadmill gait. The gastrocnemius was less activated during
the Lokomat than the Treadmill gait.

Figure 1: Treadmill vs. Lokomat (70% of Guidance and 50%
of BWS) gaits. The three top lines correspond to joint angles,
the two bottom lines correspond to EMG activations
(mean ± STD). *denotes a significant difference between the
Treadmill and Lokomat gaits during the stance or swing phase.
DISCUSSION AND CONCLUSIONS
Reported smaller hip adbduction/adduction RoM in
accordance with [1] may be the main limit of the Lokomat
used in this study to reproduce the normal gait. Indeed, hip
adduction is a key gait parameter to control the medio-lateral
displacement of the body mass centre. Smaller gastrocnemius
activation was in accordance with observed smaller plantar
flexion. The present study emphasizes gait parameters that
should be targeted in a complementary therapy to the Lokomat
one to provide the patients comprehensive gait rehabilitation.
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INTRODUCTION
Increased variability of spatio-temporal features while walking
is related to increased risk of falls [1]. It is thought that
variability reflects instability when walking, although no study
has provided support for this hypothesis. The purpose of this
study was to determine the nature of the relationship between
variability and stability.
METHODS
This study involved a secondary analysis of existing data made
available by Moore and colleagues [2]. Twelve young healthy
adults walked on a split-belt R-Mill treadmill with a built-in, 6
degree of freedom force plate underneath each foot (Forcelink,
Culemborg, Netherlands). Participants were instrumented with
47 reflective markers, and whole body, three-dimensional
motion was recorded using an Osprey motion capture system
(Motion Analysis, Santa Rosa, USA). Participants then
completed 1 minute of walking at each of 3 speeds (0.8 m/s,
1.2 m/s, and 1.6 m/s).
The extrapolated centre of mass (XCOM) was calculated using
the equation [3]:
, where x represents the
COM position, ẋ is the COM velocity, g is the gravitational
acceleration and Ɩ is the length of the pendulum (COM height
from the lateral malleolus). XCOM was then used to calculate
the margin of stability (MOS) using the following equation:
MOS = BOS - XCOM, where BOS is the boundary of the base
of support. MOS was calculated in both the antero-posterior
and medio-lateral directions.
The antero-posterior boundaries of the BOS were defined as
the toe (MOSA) and heel markers (MOSP). The medio-lateral
boundaries were defined as the lateral malleolus (MOSL) and
the estimated medial edge of the foot (MOSM). The minimum
distance relative to each of the four boundaries during the first
half of the single support phase of each step was calculated.
In addition to MOS, step length (SL), step time (ST), and step
width (SW) were also calculated from the motion capture data
and ground reaction force data. The standard deviation (SD) of
each gait parameter was calculated; irregular steps were

defined as steps that were ±2 SD away from the mean. Oneway repeated measures ANOVAs were then used to compare
the minimum MOS between normal and irregular steps;
antero-posterior MOS were compared between normal and
irregular step lengths and times, and medio-lateral MOS were
compared between normal and irregular step widths and times.
RESULTS
Data from 2 walking speeds (0.8m/s and 1.2 m/s) for 10
participants are included in the current analysis. Data are
presented in the Table. MOSM was lower for wide and quick
steps and MOSL was lower for narrow steps. Conversely,
MOSL was higher for fast steps. There were no differences in
MOSA or MOSP between normal and irregular steps.
DISCUSSION AND CONCLUSIONS
Instability in the medio-lateral direction during walking may
contribute to step width and step time variability. The current
results suggest that experiencing instability when walking may
explain the relationships between spatiotemporal gait
variability and falls in daily life. It is important to note that
negative MOS were found as MOS calculated during the
single support phase; previous studies typically calculate MOS
during the double support phase (eg [3]).
These findings may be used as a baseline to which results from
older adults and other populations at risk of falls may be
compared.
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Table 1: MOS values for normal steps and irregular steps. Values are means with standard deviations in parentheses.
Asterisks indicate statically significant differences (p<0.05)
Normal steps
Long/wide
Short/narrow p-value Normal steps
Fast steps
p-value
steps
steps
-0.18 (0.07)
-0.21 (0.11)
0.37
-0.18 (0.08)
-0.19 (0.10)
0.54
MOSA (m)
0.31
(0.07)
0.31
(0.09)
0.36
0.31
(0.06)
0.31
(0.10)
0.84
MOSP (m)
-0.05
(0.02)*
-0.07
(0.017)*
0.0003*
-0.05
(0.02)*
-0.06
(0.03)*
0.0030*
MOSM (m)
0.114 (0.02)*
0.108 (0.02)*
0.024*
0.11 (0.02)*
0.12 (0.02)*
0.0062*
MOSL (m)
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INTRODUCTION
Osteoarthritis (OA) is a chronic condition currently affecting
one in eight Canadians, expected to increase to one in four
within the next thirty years1. Many individuals living with
unilateral symptomatic knee OA go on to require surgical
treatment of both knees3. Emerging evidence exists that
abnormal walking mechanics is a factor in contralateral knee
OA development and progression. The purpose of this study
is to determine the presence of knee motion, moment and
muscle activation asymmetries between the symptomatic
(symp) and contralateral (asymp) knees during walking in
adults with moderate unilateral symptomatic knee OA.

A leg main effect was found for average quadriceps
activation (p=0.04) where VL, VM and RF amplitudes were
greater in the symp leg compared to asymp.
A significant muscle x leg interaction effect was identified in
average LH and MH activation (P=0.03). Symp LH (16.3%)
was greater than symp MH (8.1%) and asymp LH (10.7%).
No differences were found between LH and MH on the
asymp side (P>0.05). A trend towards a significant muscle x
leg interaction was found for MG & LG peak activation
(p=0.065) where asym MG (66.9%) was significantly greater
than symp MG (51.2%) and asymp LG (51.1%).

METHODS
Individuals with moderate unilateral symptomatic knee OA
were recruited. Using standardized procedures, circular skin
surface electrodes (Ag/AgCl) were placed in a bipolar
configuration over the lateral (LG) and medial (MG)
gastrocnemius, vastus lateralis (VL) and medialis (VM),
rectus femoris (RF), and lateral (LH) and medial (MH)
hamstrings. Retro-reflective markers were placed on lower
limb segments/joint centers and marker motion was captured
at 100Hz (Qualisys). A dual-belt instrumented treadmill
(MotekForcelink) was set to over-ground walking speed and
recorded ground reaction forces and moments at 2000Hz.
Electromyograms (EMG) were recorded at 2000Hz (Bortec
Inc.). Participants walked in bare feet and warmed up for 6
minutes followed by 3 – 20 second recordings.

DISCUSSION AND CONCLUSIONS
Contralateral (asymp) knee mechanics have been implicated
in joint deterioration over time. Differences in knee motion,
moments and muscle activation levels between symp and
asymp knees resembled those found previously to exist
between OA and healthy groups2. The symp knee was less
dynamic, showed greater quadriceps, LH and reduced MG
activation during walking. While some individuals with
unilateral symptomatic knee OA report overloading the
contralateral knee during walking, these results suggest the
asymp knee it is not being mechanically stressed to a greater
degree compared to the symp knee during walking. Based on
the knee flexion and adduction moment parameters, as
typically completed in biomechanical gait studies to indicate
medial compartment loads, the asymp and symp knees did
not differ.

EMG waveforms were band pass filtered (10-500Hz),
corrected for subject bias, full wave rectified, low-pass
filtered (6Hz) and amplitude normalized to maximal effort
voluntary isometric contractions. Knee joint angles were
calculated using a 6 degrees of freedom model with
Cardan/Euler rotations. Inverse dynamics was used to
calculate net external sagittal and frontal plane knee
moments. The 3 - 20 second collections were averaged and
discrete measures were extracted from the waveforms.

These data have a role in understanding the implications for
knee biomechanics and OA progression. While the asymp
knee was not being stressed to a greater degree compared to
the symp knee, differences may exist compared to a healthy
knee and further study is warranted. Preliminary results show
sagittal plane mechanics and muscle activation amplitudes
were the main differences between symp and asymp knees in
those with moderate unilateral symptomatic knee OA.

Paired t-tests were used for statistical hypothesis testing of
kinematic and moment data. Repeated measures ANOVAs
and post-hoc pairwise comparisons (bonferroni corrected)
were used to identify significant muscle and leg main effects
and interactions. Alpha set to 0.05.
RESULTS
Seventeen participants were recruited (Age 61(8), BMI
30.4(3.7), Walking velocity 1.04(0.12), 88% Male). The knee
flexion-extension angle and moment ranges during stance
were significantly lower (4 deg, 0.18 Nm/kg) in the
symptomtatic (symp) leg compared to the asymptomatic
(asymp) leg. No knee adduction moment peak or impulse
differences were found between legs (P>0.05).
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INTRODUCTION
The degenerative nature of knee osteoarthritis (OA) can
impact various biomechanical parameters of gait [1].
However, research typically explores the more symptomatic
limb and may ignore important characteristics related to the
contralateral limb and/or asymmetry. Differences in bilateral
asymmetry have been found in unilateral and bilateral knee
OA patients using lab-based three-dimensional (3D)
videography [2]. Unlike lab-based camera systems,
accelerometry allows for the collection of data from a large
number of strides, which is important to assess gait variability
(e.g., step time standard deviation; SD). Accelerometers have
become a useful measurement device for gait variability
analysis due to their small size, affordable cost, and wireless
capabilities. Although there appears to be a positive
relationship between knee OA and bilateral asymmetry, the
use of accelerometry to investigate the relationship between
bilateral asymmetry and gait variability in knee OA has not
been studied. Therefore, the purpose of this study was to use
accelerometry to: (1) quantify levels of bilateral asymmetry in
step time and step time SD for patients with knee OA and (2)
to compare the amount of asymmetry for knee OA patients to
that of healthy, age and sex-matched controls.
METHODS
Thirty older adults participated in the study, and were
allocated to either the knee OA group (8 females, 7 males,
66.07 ± 10.04 years) or the healthy control group (8 females, 7
males, 64.57 ± 6.75 years). All subjects in the knee OA group
had a radiographic diagnosis of bilateral knee OA (KellgrenLawrence (K-L) Grade range = 2-4). Limbs with knee OA
were classified as either ‘more symptomatic’ or ‘less
symptomatic’ by asking each participant about the severity of
his or her KOA symptoms. Both groups participated in a timed
walking test on an overground track at a self-selected speed,
where a 3D accelerometer (GENEActivTM, Cambridge, UK;
sampled at 100Hz) was attached to a belt and located firmly on
the lower back near the body’s centre of mass to collect 3D
acceleration data. Processing of the data (6 min.) was done
using MATLAB 8.6, in which the anteroposterior acceleration
signal was filtered using a zero lag, 4th order Butterworth lowpass filter with a cut off frequency of 10 Hz. The filtered AP
signal was used to calculate the step times and step time SDs
for each lower limb. For the knee OA group, individual step
times and step time SDs were labeled as ‘more symptomatic’
or ‘less symptomatic’, depending on the classification of each
subject’s lower limb. To compare the degree of bilateral
asymmetry between groups, an asymmetry index (ASI) [3]
was determined for step time and step time SD for each
participant. The absolute magnitude of the ASI indicated the
degree of asymmetry. All statistical analyses were performed

using SPSS Statistics 22 (SPSS Inc., Chicago, IL), in which a
paired t-test was used to compare bilateral step time and step
time SD within the knee OA group, and an independent t-test
was used to compare step time ASI and step time SD ASI
between groups. Significance was set at p < 0.05.
RESULTS
Differences between step time (more affected = 0.529 ±
0.037s; less affected = 0.522 ± 0.037s) and step time SD (more
affected = 0.0187 ± 0.005s; less affected = 0.0182 ± 0.005s)
approached, but did not reach, significance within the knee
OA group (p = .069 and p = .092, respectively). Betweengroup comparisons in asymmetry (ASI) for step time (control:
2.20 ± 2.44%; knee OA: 2.31 ± 1.73%) and step time SD
(control: 6.42 ± 5.65%; knee OA: 5.13 ± 4.61%) were also not
statistically significant.
DISCUSSION AND CONCLUSIONS
Given the low sample size and possibility of a Type II error,
this study suggests that bilateral asymmetry exists in knee OA
patients, and that it can be accurately quantified using 3D
accelerometry. The presence of significant bilateral asymmetry
within the knee OA group is consistent with the results of
Mills et al. [2] who found between-limb asymmetries for
kinematic variables in their study. In contrast to their findings,
we did not find any differences in asymmetry between knee
OA patients and healthy control group participants.
Understanding gait asymmetry is important in clinical settings
due to its possible association with limb loading and balance
control. This study suggests that accelerometry can be used as
an inexpensive alternative to 3D-camera systems to assess
temporal asymmetry of knee OA patients in the clinical
environment. However, it is also important to consider other
kinematic variables (e.g., step/stride length and joint angles)
when investigating the effect of knee OA (or knee OA
severity) on bilateral asymmetry. Therefore, future studies
should explore additional gait variability measures (e.g.,
step/stride regularity) to compare the bilateral asymmetry of
knee OA and healthy controls and to assess different levels of
knee OA severity using accelerometry.
REFERENCES
[1] Astephen, J.L. et al. (2008). Biomechanical changes at the
hip, knee, and ankle joints during gait are associated with knee
osteoarthritis severity. J. Orth. Res., 26(3); p. 275-280.
[2] Mills, K. et al. (2013). Between-limb kinematic asymmetry
during gait in unilateral and bilateral mild to moderate knee
osteoarthritis. Arch. Phys. Med. Rehabil., 94; p. 2241-2247.
[3] Robinson, R.O. et al. (1987). Use of force platform
variables to quantify the effects of chiropractic manipulation
on gait symmetry. J. Man. Phys. Ther, 10(4); p. 172-176.

THE EFFECT OF DATA SET LENGTH ON THE FRACTAL SCALING INDEX OF STRIDE TIMES IN YOUNG
AND OLDER ADULTS.
Dylan Kobsar1, John Barden2
Faculty of Kinesiology, University of Calgary, Canada, Dylan.kobsar@ucalgary.ca
2
Faculty of Kinesiology and Health Studies, University of Regina, Canada

1

INTRODUCTION
Subtle variations in the stride-to-stride intervals of human gait
once thought to be noise may in fact represent long-range
correlations indicative of the level of coordination in the
central nervous system [1]. It has been suggested that 5
minutes of data are needed to accurately assess these
correlations, but no study has investigated the effect of data set
length on the determination of fractal patterns in different
populations. Therefore, the purpose of this paper was to
examine the effect of data set length on the stride-to-stride
fluctuations in young and older adults.
METHODS
Stride intervals of 41 young (age: 24±3 yrs) and 41 older
adults (age: 76±5 yrs) were recorded using a tri-axial
accelerometer (ADXL 330) placed on the lower back during a
10 minute walk. The stride interval data was divided into 8
lengths ranging from 2-9 minutes (each data set differed by 1
minute). The fractal scaling index (FSI) was calculated to
quantify the long-range correlations present in each data set. A
repeated measures ANOVA (α=0.05) tested the effect of data
set length on the FSI of both groups. Cohen’s d statistic
assessed the strength of the between-group differences for
each data set length.

RESULTS
Data set length had a significant effect (p<0.001) on the FSI,
such that it increased significantly (p<0.05) for each additional
minute of data. Older adults displayed significantly lower FSIs
(p=0.001) than young adults. Figure 1 shows that the FSIs of
both groups increased with data set length, but the difference
between the groups was not affected (no interaction effect;
p=0.23). Figure 1 also shows that the strength of the
differences between the groups was largest with the 5 minute
data set.
DISCUSSION AND CONCLUSIONS
These findings demonstrate that although the FSI continued to
increase with each minute of additional data, it did so
equivalently for both groups, such that the difference between
young and older adults did not change. Further, the effect sizes
suggest that the previously proposed 5 minutes of data, or
approximately 300 strides, may be optimal for examining
differences in long-range correlations between populations.
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Figure 1: Fractal scaling indices increased with each additional minute of data (p<0.05), but remained significantly
different between young (blue) and older (red) adults across all eight different data set lengths (p<0.001).
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Figure 1: Mechatronic system for studying gait optimization.
RESULTS
We quantified system responsiveness as the time taken for the
measured force to reach a commanded high value from a
commanded low value (rise time), accuracy as the steady state
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METHODS
Ideally, a system for studying gait optimization will rapidly
elicit changes in energetic cost while targeting specific costs
both accurately and precisely. To meet these performance
goals, our system manipulates the energetic requirements of
treadmill walking by applying net forward and backward
horizontal forces using cables under tension attached to a belt
worn by users (Fig 1). We use long cables to keep the forces
horizontal despite vertical movement of the body during
walking. To generate these forces with high accuracy relative
to a conventional motor, we use a wall-mounted series elastic
actuator2 (Yobotics). The compression of the series springs,
and thus the actuator force, is feedback controlled using a high
frequency motor driver (Accelnet, Copley Controls). We
monitor the actual forces applied to the body using load-cells
mounted to the belt (LCM201, Omega Engineering). A custom
control system running on programmable hardware (ds1103,
dSPACE) processes signals from foot-mounted inertial
measurement units (LSM9DS1, SparkFun) to calculate step
frequency, calculates the appropriate force depending on
whether we want to reward or penalize the measured step
frequency and then commands the corresponding spring
position to the motor driver. We term a particular programmed
relationship between step frequency and force a “control
function”.

error between the commanded force and the observed force
(SSE), and precision as the variability about the steady state
force (RMSE). We found that our system can indeed rapidly
control applied forces—the rise time when transitioning
between a range of forces is 85ms allowing for force changes
within a single walking step. It accurately and precisely
applies constant forces to a walking subject—the SSE and
RMSE across a range of commanded forces are 0.13% body
weight and 0.39% body weight respectively. It achieves
similar precision when the commanded force changes as a
function of step frequency, which changes with each new
walking step (RMSE = 0.59% body weight, Fig 2). We
combined literature values for energy requirements of walking
at different step frequencies3 and with different applied
horizontal forces4 to simulate the cost of walking in our
system. From this we estimate that our system can provide
energetic rewards of up to 49%, and penalties greater than
160%, relative to that required for normal walking.

Force (% body weight)

INTRODUCTION
In response to small energetic penalties, people continuously
optimize their walking gait to minimize metabolic energy1.
Here, we aim to determine whether the nervous system
similarly values energetic rewards, and whether it treats large
and small absolute changes in energy differently. Towards this
aim, we designed a system to study gait optimization in
response to a wide range of energetic rewards and penalties.

20%

Figure 2: Force at each step (red dots) as a function of step
frequency while walking at 1.2m/s. Black lines illustrate that
we tested two control functions—one that rewarded low step
frequencies, and the other that rewarded high step frequencies.
CONCLUSION
Our system performance meets the requirements for studying
gait optimization in terms of responsiveness, accuracy and
precision. Our next step is to quantify users’ actual energetic
changes and then study gait optimization in response to
energetic rewards.
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INTRODUCTION
One method to estimate the local dynamic stability (LDS) of a
time-varying biological signal is through the use of a maximal,
finite-time Lyapunov exponent ( max). Based on chaos theory,
this technique enables the defining of time-series data as stable
(convergent) or unstable (divergent). In the field of
biomechanics these LDS estimates show promise in screening
falling risk in the elderly [1], stroke rehabilitation progress [2],
trunk muscle fatigue [3] and lower back pain [4].
To accommodate possible kinematic couplings amongst
physical movement dimensions of a joint, previous works have
assessed the LDS of the Euclidean norm of three orthogonal
axes such that:

Where N(t) is the Euclidean norm time-series and x(t), y(t) and
z(t) are orthogonal movement axes (e.g. flexion-extension,
lateral bend, and axial twist of the lumbar spine). Since N(t)
acts as the non-linear sum of three separate time-series, it is
advantageous for the LDS assessment of 3D kinematic
stability; however, it is possible that the N(t) transformation
may skew time-series data depending on the location of each
kinematic reference frame origin (e.g. relative bias between
orthogonal time-series). The purpose of the current work was
to understand the effects of N(t) on 3D time-series data for use
in LDS analyses, and to provide suggestions regarding its use.
METHODS
Three separate 3D time-varying systems/signals were assessed
including:(1) the Lorenz attractor consisting of three coupled
non-linear ordinary differential equations (ODEs), (2) lumbar
spine repeated sagittal lifting kinematics [5] and (3) lumbar
spine treadmill walking kinematics [6]. The Lorenz attractor
system was chosen due to its known non-linear properties,
including an expected max of 1.5. Biological time-series of
lumbar spine lifting and walking were chosen to represent
realistic coupling between the x(t), y(t) and z(t) kinematic
dimensions.
For each dataset the x(t), y(t) and z(t) components were
independently biased to manipulate the relative occurrence of
zero-crossings within each time series as well as the relative
magnitude of bias between each time-series. Errors were
computed relative to the known max of 1.5 for each Lorenz
attractor time series. Errors for each biological lumbar spine

kinematics dataset were computed relative to the proposed
standard of independently shifting each x(t), y(t) and z(t) timeseries into positive Cartesian space prior to computing N(t).
RESULTS
For the Lorenz attractor it was observed that both the presence
of zero crossings and unequal biases amongst the x(t), y(t) and
z(t) time-series introduced errors into max estimates. These
errors were within the range of 0-10%. The lowest errors (i.e.
values closest to 1.5) were obtained by independently shifting
each x(t), y(t) and z(t) time-series into positive Cartesian space,
thereby removing any relative bias between the components or
zero crossings, prior to calculating max (proposed standard).
For the biological lumbar spine kinematic time-series, similar
results were observed. Although the true value of max is
unknown in these cases, we observed a 4-20% range in max
estimates when compared to our proposed standard
(independently shifting x(t), y(t) and z(t) time-series into
positive Cartesian space prior to computing N(t)).
DISCUSSION AND CONCLUSIONS
Based on the current results it is reasonable to suggest that
new steps should be taken when estimating max using N(t).
Although N(t) is useful to accommodate complex kinematic
couplings between physical movement dimensions, non-linear
scaling inherent within the calculation of N(t) may skew
estimates of max. To ensure consistent and comparable
analyses we suggest that each x(t), y(t) and z(t) undergo a
process of subtracting the minimum for each component of
the signal (to shift each into positive Cartesian space) prior to
the calculation of N(t) and subsequent estimation of max. This
standard will enable more accurate results moving forward.
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INTRODUCTION

RESULTS

Different devices, e.g. textured insoles, are believed to
increase plantar afferent feedback by enhanced tactile
stimulation [1], hence improving human balance [2].
Additionally, increasing skin temperature is also known to
positively influence cutaneous sensitivity [3]. However, it is
still unclear whether skin sensitivity might me modulated
differently when either solely externally warming the skin, or
warming and mechanically stimulating the skin by walking,
for example. Therefore, the aim of the present study was to
examine whether the improvement of cutaneous sensitivity is
different when comparing an external heat supply to warming
and mechanically stimulating the skin. We hypothesized a
smaller amount of improved plantar sensitivity (vibration
perception thresholds, VPTs) when applying external heat
only.

In both experiments, significantly increased PTs and decreased
VPTs (p˂0.001, respectively) at both anatomical locations
were found post-intervention. Increases in PTs for the Hallux
were 8.3±4.2°C / 12.0±2.6°C and for Met I 8.2±2.5 /
10.3±1.9°C for walking on a treadmill (exp. 1) and external
heat supply (exp. 2), respectively. Although no significant
differences were found in VPTs between the experiments,
table 1 illustrates that the percentage of reduced VPTs post
intervention for Hallux and Met I were greater for exp. 1
compared to exp. 2.

METHODS
A total of sixty healthy and injury free subjects (23.8±2.4 yrs)
voluntarily participated in this study. Prior to data collection,
subjects were informed about the purpose of this study and
measurements
were
conducted
according
to
the
recommendations of the Declaration of Helsinki and were
approved by the ethics committee. In a first experiment
(exp. 1), changes of plantar temperatures (PTs) and VPTs of
thirty subjects were measured at two randomly administered
anatomical locations, the Hallux and first Metatarsal head
(Met I), before and after a 30 min walking intervention on a
treadmill. In a follow-up study (exp. 2), changes in PTs and
VPTs of another thirty subjects were also measured at the
Hallux and Met I, however, before and after an intervention
solely via external heat supply (infrared radiator), lasting for
30 min. VPTs were measured using a TiraVib vibration exciter
(Model TV 51075, Germany) at 200 Hz: The median of 3
trials was calculated for each anatomical location. PTs were
determined using an infrared camera (FLIR E40bx, FLIR
Systems Inc., USA). Data of PTs and VPTs were analyzed
using Wilcoxon and Mann-Whitney-U tests ( =0.025,
respectively).

DISCUSSION AND CONCLUSIONS
Increased plantar temperatures are known to improve plantar
sensitivity [3]. Although increases of PTs were higher for
exp. 2, the percentage of the reduced VPTs were higher in exp.
1. This leads to the assumption that mechanical stimulation in
addition to warming while walking on the treadmill might
further enhance the potential to improve VPTs compared to
solely applying external heat. Hence, our hypothesis can be
confirmed.
In conclusion, the present study demonstrates that VPTs seem
to be modulated by synergistic effects of increased skin
temperature and mechanical stimulation. Further work is
necessary to clarify a possible linear correlation between skin
temperatures and plantar sensitivity.
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Table 1: Percentages of reduced VPTs post intervention for Hallux and Met I and both interventions: walking on a
treadmill (exp. 1) and external heat supply via an infrared radiator (exp. 2).
Hallux
Reduced VPTs post intervention (%)

Exp. 1
41.1

Met I
Exp. 2
28.3

Exp. 1
33.0

Exp. 2
22.5
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INTRODUCTION
Research has revealed the importance of skin input for
proprioception during both active and passive tasks. Our
recent work has provided evidence that the skin from the
dorsal ankle joint is important for locomotor and kinematic
strategies of the lower limb during level gait [1]. To date,
much of the human adaptive gait (obstacle avoidance)
literature has focused on sensory contributions from vision [2]
while alluding to the importance of kinaesthetic input if the
limb is out of sight. Given the high stakes for avoiding hazards
in our environment, the precision of control in the lower limb
is paramount. However, the contributions from skin of the
ankle joint remains unknown during such a task. The purpose
of this study was to establish whether skin input from the
dorsal ankle joint contributes to lower limb control during
obstacle avoidance. Secondary goals were to investigate
lead/trail phase dependence and visual interaction.

A) Lead Limb

B) Trail Limb

METHODS
Eleven healthy adults crossed an obstacle with 4 different
sensory feedback conditions; i) complete sensory input
(control) ii) reduced skin input (anesthesia), iii) reduced visual
input (partial vision) or iv) simultaneous impedance of skin
and vision (paired). Anesthesia was applied to a 30cm2 area on
the ankle dorsum of the right foot. Vision was reduced using
goggles that occluded the bottom half of the visual field.
Kinematic data (OPTOTRAK 3020; NDI, Waterloo, Canada)
were recorded from the lower limbs during obstacle crossing
with the anesthetised foot as either the lead or trail limb.
Characteristics of the crossing trajectory such as toe clearance,
toe peak, and time-to-peak were calculated as dependent
variables. Additionally, angles of the ankle, knee and hip were
examined. It was hypothesized that crossing trajectory would
be influenced by dorsal skin feedback in the trailing limb
facilitated by knee flexion whereas the lead limb would be
influenced by visual and skin input enabled by hip flexion.
RESULTS
Lead Limb: Toe clearance, toe peak and time to peak
significantly increased regardless of sensory decrement (vision
or skin). These effects were exacerbated when sensory
decrements were paired. Subjects produced significantly more
hip flexion for partial vision (p=0.009).. With anaesthesia
subjects elected for a different joint strategy; hip roll
(p=0.026) whereas when paired, subjects increased both hip
flexion (p=0.0002) and hip roll (p=0.018).
Trail Limb: Unexpectedly, the trail limb was unaffected by a
loss of skin input for any parameter investigated. Instead, only
a reduced visual field (partial vision & paired) increased the
toe clearance, toe peak and time to peak. These changes were
facilitated by an increase in knee flexion (p=0.0002).

Figure 1: Toe profile trajectory of the A) lead limb and B)
trail limb while crossing an obstacle with different sensory
feedback sources.
DISCUSSION AND CONCLUSIONS
Regardless of sensory decrement, increases in the leading
limb’s margin of safety (increased toe clearance) and upward
bias of the swing limb (increased toe peak) were observed.
However how these toe trajectories were facilitated was
dependent on source of sensory loss. With partial vision,
subjects increased hip flexion whereas with anaesthesia,
increased hip roll was observed. When paired, subjects
increased both hip flexion and roll. In contrast, trail limb toe
trajectory was affected only by vision, with no apparent
influence from reduced skin input. When wearing the goggles
(PV & paired), individuals increased safety margin, and
upward bias of the swing limb through knee flexion, similar to
previous work showing an increased knee flexion with
increased obstacle heights [3]. The absence of effects from
skin may suggest a reliance on sensory cues other than skin for
trail limb placement. Importantly, our work provides evidence
that we use skin from the ankle dorsum of the lead limb to
help control the swing limb trajectory over an obstacle even in
the presence of visual availability.
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THE EFFECTS OF A HEEL WEDGE ON HIP, PELVIS AND TRUNK BIOMECHANICS DURING SQUATTING IN
RESISTANCE TRAINED INDIVIDUALS
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INTRODUCTION
Barbell back squats (BBS) are a popular and effective exercise
for developing lower body strength. However, inherent injury
risks are associated with this movement, particularly to the
low back when individuals exhibit excessive forward trunk
flexion [1]. Heel wedges have been recommended in the
literature as a viable modification to squatting in order to
reduce excessive forward trunk flexion [2], and thus, the risk
of injury. However, the biomechanical effect of heel wedges
has not been investigated. Therefore the purpose of this study
was to examine the effects of heel wedges on hip, pelvis and
trunk biomechanics when performing the BBS.
METHODS
Fourteen male participants performed the BBS in each of two
conditions: no wedge (barefoot) and on 2.5cm high wooden
wedges placed under the heels. Five sets of three repetitions in
each condition were performed with the barbell placed in a
high-bar position. Participants performed the squat to the
greatest comfortable depth while standing on one floor
mounted force platform per heel. Using ten motion capture
cameras and 43 passive retro-reflective markers, kinematic
data were collected and synchronized with ground reaction
force data. Bipolar surface electrodes were placed over the
muscle bellies of the rectus femoris, biceps femoris, gluteus
medius and gluteus maximus according to standard guidelines
[3].
Outcome measures included trunk and pelvis angles at peak
knee flexion (PKF), peak lower extremity joint angles and
peak external sagittal plane hip joint moments. Additionally,
peak and root mean square (RMS) muscle activation were
examined. Differences between conditions were examined
using paired t-tests with significance set at p < 0.05.
RESULTS
Both pelvis and trunk angles at PKF (Figure 1) were
significantly lower (p<0.001) when squatting with wedges,
indicating a more vertically oriented pelvis and trunk.
Conjointly, the peak external sagittal plane hip joint moment
significantly decreased (p<0.001) in the wedge condition.
Outcomes exhibiting significant differences are displayed in
Table 1. However, the computed difference between the trunk
and pelvis angle, an indication of the relative position of the
two segments and an estimation of spinal flexion was not
significantly different between conditions (p<0.07). Lastly, no

significant differences were observed for any of the muscle
activation outcomes, with the exception of the wedge
condition eliciting a significantly higher (p=0.03) RMS
gluteus medius activity.

Figure 1: Ensemble trunk (dashed) and pelvis (solid) sagittal
angles for the duration of the squat cycle. Wedge condition
(black) and no wedge condition (grey). Larger values indicate
more forward trunk flexion and anterior pelvic tilt.
DISCUSSION AND CONCLUSIONS
The use of heel wedges during BBS significantly decreased
forward trunk flexion and anterior pelvic tilt, supporting the
preceding research recommendations. However, no differences
were observed in relative pelvis and trunk flexion between
conditions, which is an accompanying factor to forward trunk
flexion when considering low back injury risk. A reduction in
external hip flexion moments indicates wedges may be useful
for those undergoing hip rehabilitation. Overall, heel wedges
are a viable modification to reduce excessive forward trunk
flexion during squatting, a common injury-causing technique
error, without associated muscle activity requirements.
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Table 1: Mean (SD) for kinematic and kinetic main outcome variables for both conditions (N=14).
Wedges
No wedges
Mean Difference (95% CI)

Trunk angle at PKF (°)

Pelvis angle at PKF (°)

37.03 (6.38)
42.80 (6.64)
5.77 (3.79, 7.76)*

29.27 (10.12)
35.05 (11.31)
5.78 (3.33, 8.23)*

External hip joint flexion moment (Nm/Kg)

0.94 (0.16)
1.10 (0.18)
0.16 (0.21, 0.11)*

CAN A WEARABLE SENSOR PREDICT TREATMENT RESPONSES IN KNEE OSTEOARTHRITIS
PATIENTS?
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INTRODUCTION
Muscle strengthening exercises can improve pain and function
in adults with knee osteoarthritis (OA), but individual
responses can vary widely. Recent research has demonstated
the ability to predict which individuals will respond
favourably to a muscle strengthening intervention using 3dimensional (3D) gait kinematic data [1]. While this is a
promising first step in developing a more efficient and
effective model of care for knee OA, most clinicians do not
have access to 3D gait analysis systems. Therefore, the
purpose of this study was test the ability of a more widely
accessible device, a wearable sensor (accelerometer), to
predict treatment response in individuals with knee OA.
Specifically, pre-treatment thigh 3D accelerometer data and
self-reported clinical measures were used to predict the posttreatment response to a 6-week hip strengthening protocol.
METHODS
Thirty-nine knee OA patients completed a 6-week hip
strengthening program and were sub-grouped as NonResponders, Low-Responders, or High-Responders based on
their change in self-reported clinical measures following the
exercise intervention. Baseline 3D accelerations were recorded
during treadmill walking from a sensor placed at the midpoint
of the lateral aspect of the thigh of the most affected limb
using an iNEMO inertial module sampling at 100 Hz
(STMicroelectronics, Geneva, Switzerland). Ten consecutive
strides, normalized to 60% stance and 40% swing phases, were
averaged before being reduced to 38 principal components
(PCs) using a principal component analysis. The 38 PCs, in
addition to 4 pre-intervention clinical variables (Knee Injury
and Osteoarthritis Outcome Score (KOOS) subscales of pain,
symptoms, function, and quality of life), were used as
potential features in the prediction model. Specifically, a linear
discriminant analysis with a forward sequential feature
selection technique was used to determine the best leave-oneout classification accuracy in predicting responder sub-groups.

Therefore, this classification model attempts to reduce preintervention thigh accelerations and clinical variables into a
two-dimensional subspace that linearly separates knee OA
responder sub-groups.
RESULTS
Non-Responders (n=10), Low-Responders (n=21), and HighResponders (n=8) did not differ in age (p=0.76), height
(p=0.61), mass (p=0.55), or gait speed (p=0.16). A
combination of 2 PCs and 2 clinical variables was able to
successfully predict knee OA patient sub-groups with a leaveone-out classification accuracy of 74.4% (Figure 1). The first
discriminant function was primarily related to PCs 18 and 23,
along with the KOOS pain subscale. PC 18 was predominately
a difference feature in accelerations during early stance, while
PC 23 weighted heavily on anteroposterior accelerations at
toe-off. The second discriminant function was primarily
related to the KOOS quality of life subscale.
DISCUSSION AND CONCLUSIONS
The optimal classification model predicted a knee OA
patient’s response to a hip strengthening intervention using
both 3D acceleration and clinical data. In general, those who
were High-Responders exhibited higher pre-intervention
scores on the difference feature in early stance (PC 18), in
combination with worse quality of life and pain subscale
scores (Figure 1). Although further validation is required, this
research suggests that wearable sensors can be a valuable tool
in helping clinicians make evidence-informed decisions
regarding optimal treatment protocols for individuals with
knee OA.
REFERENCES
[1] Kobsar D et al. (2015). Gait biomechanics and functional
measures as predictors of response to a hip strengthening
exercise intervention in knee osteoarthritis patients. PLOS
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Figure 1: Scatterplot of discriminant function computed from pre-intervention thigh accelerations and
KOOS subscales. Dotted lines indicate loading of the four selected features on the discriminant functions.
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INTRODUCTION
Advancements in robotic exoskeletons have been made over
the years, from bulky full body suits to lightweight single joint
braces. Lower limb robotic exoskeletons have been developed
with the intent to help reduce the strain of carrying heavy
loads and to reduce the muscle fatigue experienced by the
user. However, there is limited research on the metabolic
effects of using exoskeletons. PURPOSE: To determine the
effects of a knee powered “dermoskeleton” (DSK) on
metabolic cost during continuous walking and jogging.
METHODS
Ten healthy participants (7 males and 3 females, 23.4 ± 7.4
years old) took part in four separate sessions: Session 1)
Graded VO2Max treadmill test and fitting/familiarization of
the DSK; Sessions 2), 3) and 4) were randomized conditions;
unassisted (without DSK), active assist (with DSK applying a
torque) and passive assist (with DSK accounting for its own
inertia). The participant walked (40% VO2Max) and jogged
(60% VO2Max) for 10 minutes around a 140m indoor track,
while VO2 (ml/kg/min) was measured.
RESULTS
When controlling for lap time there was no significant
difference between the three conditions for jogging, however
there was a significant difference (p<0.05) between all three
conditions during walking; unassisted (.17±.05) < active assist
(.19±.04) an increase of 10%, unassisted (.17±.05) < passive
assist (.21±.05) an increase of 19%, and active assist (.19±.04)
< passive assist (.21±.05) an increase of 9%.

Figure 1: Mean adjusted relative VO2 during the walking three
conditions. Error Bars indicate 1 standard deviation. Overhead
brackets indicate a significant difference at the 95% CI.
DISCUSSION AND CONCLUSIONS
Walking with a DSK caused a small but significant increase in
metabolic demand on the user, whereas jogging did not.
During walking the knee plays a more passive role than during
jogging, and because the DSK was only actuated at the knee,
the added assistance during walking may not have been
enough to offset the increased mass added to the lower limbs,
resulting in increased metabolic demand. It may also be that
sensitivity of metabolic energy expenditure is higher for
walking than it is for jogging.
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METHODS
Mechanical testing was performed using an MTS universal
machine (Figure 1) on a sample of an unmodified M2V21
Niagara Foot™ (Niagara Prosthetics and Orthotics
International, St. Catharines, CA), on three different weight
class samples of the 1E56 Axtion™ and on a SACH Foot
(Ottobock®, Duderstadt, DE), for reference to a commonly
used conventional foot. Each of the Niagara Foot and Axtion
feet were tested bare and with three commercially available
covers.

RESULTS
The apparent stiffness as a function of percent stance was
plotted for each foot bare and with the three covers; a typical
result is shown for the Niagara Foot™ M2V21 (Figure 2). The
biggest differences in stiffness were observed at the heel, with
maximum differences ranging between 12% and 28% for Cover
A, 42% and 62% for Cover B, and 14% and 40% for Cover C.
Niagara Foot M2V21
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Heel Loading

Apparent Stiffness [N/mm]

INTRODUCTION
Most prosthetic feet are comprised of a keel, which controls the
system’s mechanical properties and a cosmetic cover for
aesthetic and fitting purposes (Figure 1 – left inset). It has been
previously reported that stiffness affects the keel’s mechanical
performance [1,2]. However, the effects the cosmetic covers
have on the stiffness performance of the underlying keel is not
widely reported, with previous findings focusing on impact
loading following heel strike. The objective of this study was to
quantify the effects of three commercially available cosmetic
covers on the mechanical properties of prosthetic feet under
loading conditions representative of the stance phase of gait.

Heel Unloading

500

Forefoot
Loading

Forefoot
Unloading

400

Bare
Cover A
Cover B
Cover C
SACH Foot

300
200
100
0
0

10

20

30

40

50

60

70

80

90

100

Percent of Stance [%]

Figure 2: Apparent stiffness comparison between the Niagara
Foot bare and covered conditions for heel and toe. Results for
the SACH Foot are also plotted for reference.
DISCUSSION AND CONCLUSION
The results showed that the largest effects of the covers on
apparent stiffness occurred at the heel, with Cover B having the
largest effect by reducing stiffness up to 62%. No consistent
changes were observed for the effect of the cover on toe
apparent stiffness. It was also observed that the covers had
varying effects on apparent stiffness depending on the keel.

Figure 1: Mechanical testing apparatus with an example of the
resultant force-deflection curve
The testing protocol is based on a previously reported method,
in which the ISO22675 standardized waveform was used as a
basis for determining mechanical properties of prosthetic feet
[3]. This method produces force-deflection curves (Figure 1 –
right inset) at loading angles representative of the stance phase
of gait. The critical force and deflection values were extracted
from the corresponding loading or unloading curve. Apparent
stiffness was calculated as the ratio of the critical force to the
measured deflection at each point in the representative gait
cycle. This resulted in apparent stiffness values at five time
points for the heel and at seven for the toe.

The apparent stiffness of prosthetic feet is influenced by the
cosmetic cover, and should therefore be taken into
consideration when designing or prescribing prosthetic foot
systems. However the effect of apparent stiffness on user
performance is not well understood, and therefore an
investigation into the effects of the covers on amputee gait
should be included in future work.
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INTRODUCTION
Fall related injuries are a serious concern in the older adult
population, especially when it comes to head injuries where
60% of all head injuries are fall related [1-5]. Towards
preventing head injuries, a wide range of older adult
protective headwear products are commercially available.
While most claim to prevent head injuries, many of these
claims remain unproven as no test standard currently exists.
The goal of this study was to perform a market survey of 12
currently available protective headwear products to evaluate
their effectiveness in reducing impact severity, and to
compare impact severity across several common metrics.
METHODS
Twelve older adult protective headwear products were tested
ranging from full head coverings to headwear with padding
hidden within. Each product was mounted on a Hybrid III
head form instrumented with a tri-axial accelerometer. Using
a vertical rail drop tower, the head form was impacted onto a
load cell which measured vertical impact force. Each product
underwent a single trial with an impact velocity of 3.5 m/s in
three different impact orientations (back, side and front of
the head). Peak force (Fmax), peak acceleration (Gmax) and
the Head Injury Criterion score (HICmax) were computed
for each trial. Biomechanical effectiveness for each product
was defined as the percent decrease in each variable
compared to baseline trials (head-form alone). Pearson
Product-Moment Correlation Coefficients (r) Spearman
Rank Order Correlation Coefficients (rs) were computed
between each pair of the three variables.
RESULTS
Baseline unprotected impact severity measures were highest
in the side orientation and varied across head orientations
(8724 N to 11692 N for Fmax, 35 G to 69 G for Gmax, 1196
to 5127 for HICmax). Biomechanical effectiveness differed

substantially across products, ranging from 65.7% to 1.7%
reduction for Fmax, 76.6% to 2.0% for Gmax, and 91.1% to
18.7% for HICmax. Biomechanical effectiveness was
sensitive to impact orientation for some products. For
example, product ‘H’ reduced Fmax by 54.6%, 60.8%, and
16.3% in back, side and front impact configurations, with
corresponding product rankings (out of 12) of 7, 1, and 10
(of 11), respectively. We found strong significant (p<0.5)
correlations between Fmax, Gmax, and HICmax from both
absolute and rank order perspectives (r ranging from 0.890 to
0.988, rs ranging from 0.868 to 0.994)(table 1).
DISCUSSION
Our study found that substantial differences exist between
the biomechanical effectiveness of 12 commercially
available protective headwear products marketed for older
adults. While impact severity differed across side, front, and
back of the head impact sites, several products appeared
robust to differences in impact orientation (while others were
impact-site specific). The strong correlations between Fmax,
Gmax, and HICmax suggest that any of these variables may
be suitable as measurements of biomechanical effectiveness
for the range of protective headwear products we assessed.
Future steps include considerations of user acceptance and
compliance with these products, and the development of
testing standards.
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Table 1: Pearson Product-Moment Correlation Coefficients (r) and Spearman Rand Order Correlation Coefficients
(rs) for each pairwise comparions (Fmax, Gmax and HICmax) for each of the three impact orientations (back, side
and front of the head).
Orientation
Back
Side
Front

rFmax-Gmax
0.977
0.943
0.966

rFmax-HICmax
0.973
0.890
0.985

rGmax-HICmax
0.988
0.984
0.979

rsFmax-Gmax
0.967
0.890
0.907

rsFmaxHICmax
0.962
0.868
0.956

rsGmax-HICmax
0.994
0.962
0.907
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INTRODUCTION
DISCUSSION AND CONCLUSIONS
The ANNs were accurate in predicting 3D spinal posture of
young male population of our study. Inclusion of body weight
and age as input to the ANNs did not improve their predictive
power. While a wide range for load positions/heights was
considered to cover various workplace tasks, one must avoid
extrapolation beyond the regions used to train ANNs. Lifting
heavier objects (e.g., 10-20 kg) may also affect the posture and
hence compromise the predictive power of the ANNs.
80
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Manual material handlings are identified as risk factors for low
back pain. In the absence of non-invasive in vivo techniques to
evaluate loads on spine and associated risk of injury, various
biomechanical models have been developed. Apart from the
magnitude and position of the hand-held load which can be
easily measured/estimated, the trunk posture (3D orientations
of the pelvis, lumbar, and thorax) is a crucial input in these
models. This is generally measured using in vivo motion
capture techniques that are limited to equipped laboratories
and thus impractical for general and workplace applications.
This study hence aims to train robust artificial neural networks
(ANNs) using data recorded in vivo in various symmetric and
asymmetric reach and static lifting activities.
METHODS

RESULTS
Both ANNs were able to generalize to sets of novel input data
yielding 3D orientations of the segments (RMSE<11º and
R2>0.94) (Figure 2). For those with no knowledge of ANNs a
user-friendly GUI can be designed and made available.
Statistical analyses revealed: 1- no significant differences
between the measured angles in reaching and lifting tasks and
2- greater inter-individual variabilities when the load is close
to the floor (i.e., z = 0 and 30 cm).
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Figure 1: Load positions (x and y) in the transverse plane

Predicted angle by ANNLifting (deg)

Three inertial sensors (Xsens®, Enschede, Netherlands) were
used to capture 3D orientations of the T1, T12 and S1 (pelvis)
in 40 young males (178.2±5.2 cm, 74.6±10.8 kg, and 24.2±1.2
years) during various static activities. 20 subjects performed
reach (only reaching a load of 5 kg) and 20 matched subjects
performed static lifting of 5 kg. Each subject performed 45
tasks by reaching or lifting a 5 kg weight located at 9 different
anterior-right positions (x and y) and 5 different heights (z = 0,
30, 60, 90, and 120 cm from the floor) (Figure 1). They were
instructed to avoid pivoting their feet during tasks. Relative
rotations of the T1, T12, and S1 to their initial orientations in
the neutral upright posture throughout were described by a
sequence of three Euler rotations (x to the right of the subject,
+z straight upward, and y axis toward the anterior direction
with the sequence of z(-y)x). Two distinct three-layers feedforward ANNs were employed (MATLAB®, the MathWorks
Inc., Natick, MA, USA) to predict reach (ANNReach) and lifting
(ANNLifting) postures. ANNs were trained by identifying the
relationship between the 3D Cartesian position (x, y, and z) of
the load with respect to the origin between ankles and
subject’s body height (4 inputs) and Euler angles (9 outputs,
i.e., 3 rotations for each segment). ANNs were then tested with
the input-output datasets not used in the training process to
assess their generalizability [1].
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Figure 2: Measured vs. predicted rotations by the ANNLifting
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INTRODUCTION
Slip related falls are a main source of injury and death in the
United States [1]. Previous work has suggested that a
hazardous slip can be avoided if the forward heel velocity of
the slipping limb is below 1 m/s [2]. In a recent experiment
with a slip perturbation conducted in our lab, 5 out of 13
healthy participants did not experience a hazardous slip. It has
been reported that participants who normally walk with greater
muscle co-contraction around the ankle were likely to
experience less severe slips when encountering an unexpected
slippery surface [1]. The study measured electromyographic
(EMG) in the Medial Gastrocnemius (MG) a bi-articular
plantar flexor muscle, which could be indicative of knee or
ankle stiffness. The purpose of this study; therefore, is a EMG
analysis of co-contraction of the Tibialis Anterior (TA) and
Soleus (SOL) muscles to isolate ankle CCI from knee CCI
during normal walking and during an unexpected slip trial. We
hypothesize that those who do not experience a hazardous slip
will have increased ankle co-contraction in both normal
walking and the unexpected slip event.
METHODS
The participants in the study included adults who did (n= 8,
age 45.2 ±18.5) and did not (n = 5, age 52.1 ± 25.1)
experience a hazardous slip when exposed to an unexpected
slippery surface while walking at a self-selected speed. The
participants were secured to a fall prevention system with a
full-body safety harness. Slips were induced using a set of low
friction rollers mounted on a support frame embedded flush
with the surface of a 7-m walkway. The rollers could be held
in place (“locked”) or allowed to rotate (“unlocked”) without
any visual cue as to the state of the rollers. Bi-lateral EMG
electrodes were placed on the participants TA and SOL. The
raw EMG data were pre-amplified and high passed filtered at
20Hz, full wave rectified and then low pass filtered at a
frequency of 100 Hz, and finally normalized to the peak
activation of the individual muscles. The EMG from normal
walking trials were integrated (EMGi) using the average of 4
stance phases during normal walking. The co-contraction
index (CCI) was calculated using the following equation [2]:

For the slip trials, the EMGi of TA and SOL were calculated
from ±20% into stance (mean 16.3ms, SD 2.63ms) with HS
being 0% and the stance duration determined from using the
average stance phases during normal walking [1]. Independent
2 tailed t-tests with a two sample unequal variance examined
differences between those who experienced hazardous and

non-hazardous slips in normal walking and the slip trial
separately. The alpha level for all analyses was set at p≤0.05.
RESULTS
During normal walking, participants in the non-hazardous slip
group had a significantly higher ankle CCI as compared to
those who experienced a hazardous slip (p =0.02, Table 1).
However, unlike previous findings [1] the CCI during the slip
event was not significantly different (p =.311) between groups.
Table 1: Group means, standard deviations and significant
differences in Ankle CCI of SOL and TA.
Slip Event

Hazardous

Non-Hazardous

0.126 (0.023)

0.113 (0.021)

Normal* walking
0.209 (0.102) 0.306 (0.148)
*Significant difference between groups (p<0.05)
DISCUSSION AND CONCLUSIONS
Our hypothesis is partly supported by our results: people who
experienced non-hazardous slips had increased CCI of the TA
and SOL for normal walking, but not at heel contact of the slip
trial. Despite using a different plantar flexor muscle to
calculate CCI in this study as compared to [1] (SOL instead of
MG), the results are consistent for normal walking. It is
important to examine CCI to understand how other
populations would respond to a slip. Specifically, older adults
exhibit a higher co-activation of the TA/SOL in normal
walking compared to young adults [3], which may require
extra effort of the ankle muscles to not experience hazardous
slips. Unlike previous work, however, we did not find
increased ankle CCI during the slip event itself. It is possible
that CCI was not significant in the slip trial because of our use
of SOL in this experiment rather than MG as was used
previously. The MG may have increased activity in a slip to
control knee movement. The difference between normal
walking and slip could also arise from the slip CCI being
calculated over an interval before and after heal strike of the
slipping limb, which means that the measured EMG may
include reactive changes in muscle activation due to stretch
reflexes or other responses evoked from the slip event that are
different from normal walking.
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INTRODUCTION
Learning to balance on an unstable surface has been
consistently shown to reduce spinal reflex excitability [1].
These changes are thought to dampen rapid joint oscillations
experienced early on in the learning process. However, limited
evidence supports this claim. The purpose of this study was to
1) examine the time course of reflex adaptations in healthy
young adults learning to balance on a slackline and 2)
determine if these changes correspond with reductions in the
amplitude, frequency, and regularity of joint oscillations.
METHODS
Twenty young adults were randomly assigned to a learning
(n=10) or control (n=10) group. The learning group completed
four practice sessions (60-90 minutes each) over a one week
period. Testing sessions were completed at baseline, after the
first (early) and fourth (extended) practice sessions, and after a
week of no practice (retention). The control group followed
the same testing schedule, but received no practice.

Figure 1: Mean (±SE) amplitude of T-reflex (normalized to
MVC) (A) and H-reflex (normalized to M-max) (B) while
standing on ground and slackline across sessions

Soleus Hoffman (H-reflex) and Achilles tendon (T-reflex)
reflexes were evoked while standing quietly on the ground and
in tandem on the slackline (light support provided to ensure
task completion and consistent posture). The learning group
completed trials of unsupported single leg and tandem stance
on the slackline. Joint oscillations were assessed by tracking
motion of the foot (NDI, ON, Canada). Root mean square
amplitude, mean power frequency, peak power, and sample
entropy of mediolateral foot motion were calculated. To limit
the control group’s exposure to slackline practice, they did not
complete unsupported trials on the slackline.

Figure 2: Representative plots showing displacement (A) and
power spectral density (B) of the foot during a trial of single
leg stance before and after the first practice session

RESULTS

DISCUSSION AND CONCLUSIONS

Significant reductions in T-reflex amplitude were observed in
the learning group when standing on the ground and slackline.
However, these changes did not manifest until after one week
of practice. This group did not show significant changes in Hreflex, although H-reflex amplitude tended to decrease over
the course of practice (Figure 1). No significant changes in Tor H-reflex were observed for the control group.

This study supports previous work that has shown reductions
in spinal reflex excitability after learning to balance on an
unstable surface [1]. However, the time course of the reflex
adaptations in our work did not correspond with changes in the
amplitude, frequency, or regularity of foot oscillations. These
findings question the functional relevance of spinal reflex
adaptations during this learning process. We suggest the
observed reductions in joint oscillations are driven primarily
by changes in supraspinal processes (i.e., sensory reafference).

Significant reductions in amplitude, mean power frequency,
and peak power of foot motion were observed after the first
practice session (Figure 2), and these measures continued to
decrease after extended practice. Sample entropy followed a
similar trend, with significant reductions in the regularity of
foot motion after early and extended practice.
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INTRODUCTION
Recently, researchers have identified the importance of
studying balance control after foot-contact (FC) during
volitional and reactive stepping. Interestingly, researchers have
found that after FC, young and older adults tend to exhibit
center of mass (COM) incongruities (i.e., a COM overshoot
beyond the final equilibrium position) [1, 2]. In young adults,
overshoots of the final COM position occurred in 77%
(anterior-posterior (AP)) and 68% (medio-lateral (ML)) of all
trials [1]. Currently, it is unclear whether this movement of the
COM towards the boundary of the base-of-support serves a
functional role, or is a form of dyscontrol. Further, it is also
unknown as to what individual factors are related to balance
control during this phase. Therefore, the purpose of this study
was to determine whether leg strength, range-of-motion and
reaction time are predictive of balance control during the
restabilisation phase of reactive stepping.

AP and ML peak COM displacement after FC were moderately
correlated with peak hip flexion ROM (p=0.01, r=0.46; p=0.04,
r=0.38, respectively). For both the COM displacement at FC
and the peak COM displacement after FC (Figure 1), the COM
displacement in the AP and ML directions were very strongly
correlated with each other (p<0.001, r=0.94; p<0.001, r=0.94,
respectively).

METHODS
Thirty young adults (age (22.87(3.44) years); height (1.74(0.09)
m); mass (74.47(18.54) kg)) participated in this study.
Participants responded to 10 tether-release perturbations (after
five practice trials), by taking an unconstrained step onto a force
plate (OR 6-7 2000, AMTI, Watertown, MA, USA) directly in
front of them. The magnitude of each perturbation was
equivalent to 10% of each participant’s body weight. Prerelease tether load, vertical ground reaction forces, centre of
pressure and ankle electromyography were monitored in realtime. Participants held their final body position for
approximately 10 seconds. Full body kinematics were collected
at 64 Hz (Optotrak Certus, NDI, Waterloo, ON, Canada).
Dependent variables were: 1) COM displacement at FC; and 2)
the peak COM displacement after FC, in the AP and ML
directions. Three potential predictor variables were collected.
Leg strength was measured via four dominant-leg maximal
isometric exertions (hip extension, flexion, abduction; and knee
extension) against an ankle cuff located in-line with a load cell.
Maximal active range-of-motion (ROM) was assessed for hip
flexion/extension and hip abduction of the dominant leg.
Finally, reaction time was assessed by having participants step
with their right leg onto a force plate as fast as possible after an
auditory tone.
RESULTS
The AP COM displacement at FC was moderately correlated
with peak hip flexion ROM (p=0.03, r=0.39). The ML COM
displacement at FC trended towards a significant correlation
with peak hip flexion ROM (p=0.08; r=0.32). Further, both the

Figure 1: A scatter-plot of the peak AP and ML COM
displacement, which occurred after foot-contact.
DISCUSSION AND CONCLUSIONS
The moderate correlations between peak hip flexion ROM and
COM displacement suggest that young adults capable of a large
anterior hip ROM may exercise less conservative balance
control after FC, allowing their COM to displace to a larger
degree (in both the AP and ML directions) than those young
adults with a smaller hip ROM. Correlations between AP and
ML COM displacement suggest that control in each plane is
linked, despite the fact the tether-release perturbation occurs
primarily in the forward direction (orthogonal to the ML plane).
Ongoing work will examine these relationships in a larger
sample of young adults as well as in older adults, and increase
the perturbation magnitude to assess whether relationships exist
during maximum recoverable lean angles.
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INTRODUCTION
Falls are extremely common post-stroke, and may be due in
part to impaired reactive balance control. Reactive balance
assessments are becoming common in clinical practice for
stroke rehabilitation, and typically focus on antero-posterior
perturbations [1,2]. Individuals with stroke often prefer to
initiate anterior stepping with only one limb [1], and might not
be able to initiate stepping with the non-preferred limb. Given
the bilateral functional differences in individuals with stroke, it
is also important to examine responses to medio-lateral (ML)
perturbations, and previous work relating to these responses in
individuals with stroke is lacking. This study aimed to
quantify differences in reactive balance control during ML
perturbations in individuals with chronic stroke, based on
direction of platform motion and reactive stepping ability.
METHODS
Ten participants (5 male, 5 female; mean (SD) age: 61.9 (6.8)
years) with chronic stroke (2.7 (3.0) years post-stroke) were
tested. Initially, five usual-response lean-and-release trials (no
constraints on reactive stepping) were performed to determine
the preferred stepping limb. Five encouraged-use trials were
then performed, in which the preferred stepping limb was
blocked by an investigator. A safety harness was worn during
all trials. Participants were divided into two groups: those who
were able to initiate their stepping response with the nonpreferred limb without assistance (successful response), and
those who required assistance from an investigator or the
safety harness and/or attempted to step with the preferred limb
(failed response).
ML support-surface perturbations were administered using a
motion platform (four perturbations each to the left and right),
with participants wearing a safety harness. All trials were
video-recorded and analyzed offline for behavioural outcome
measures. The first trial in each direction was excluded to
minimize any familiarization effects. Outcome measures
included: average number of steps taken, number of trials
using each limb to initiate stepping, and number of trials
exhibiting specific stepping patterns (cross-over steps, side-

step sequences, and loaded-leg steps [3]). Measures were
analyzed using 2-way ANOVAs with factors of direction of
platform movement (stroke-affected/less-affected side) and
reactive stepping ability (successful response/failed response).
RESULTS
No significant interaction effects were identified for any of the
outcome measures (p>0.15; Table 1), although there were nonsignificant trends towards differences in the number of trials in
which cross-over steps and side-step sequences were used.
During platform movement towards the stroke-affected side,
the successful and failed response groups more often tended to
use side-step sequences and cross-over steps, respectively.
DISCUSSION AND CONCLUSIONS
While non-significant, the trends in stepping patterns suggest
that participants with the ability to successfully step with their
non-preferred limb employed a more optimal stepping strategy
when responding to ML perturbations than those who were
unable to step with their non-preferred limb without
assistance. These findings may suggest that different training
strategies might be necessary depending on whether
individuals are able to successfully initiate stepping with the
non-preferred limb.
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Table 1: Mean (SD) and p-values for each outcome measure based on direction of platform motion and reactive stepping ability.
Number of trials with:
Average
Stepping with
Stepping with
CrossDirection of platform motion, group
Side-step
Loadednumber
stroke-affected
less-affected
over
sequences leg steps
of steps
limb
limb
steps
Stroke-affected side, successful response
1.8 (0.6)
2.2 (1.3)
0.8 (1.3)
0.4 (0.5)
1.6 (1.1)
0.6 (1.3)
Stroke-affected side, failed response
1.9 (1.3)
2.4 (1.3)
0.6 (1.3)
1.4 (1.5)
0.0 (0.0)
0.6 (1.3)
Less-affected side, successful response
1.7 (0.5)
0.2 (0.4)
2.8 (0.4)
0.8 (1.3)
0.6 (1.3)
0.0 (0.0)
Less-affected side, failed response
1.5 (0.8)
0.0 (0.0)
3.0 (0.0)
0.4 (0.9)
0.8 (1.3)
0.0 (0.0)
p-value (interaction effect)
0.82
0.64
0.64
0.15
0.17
>0.99
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INTRODUCTION
Single muscle fibres are commonly classified by the myosin
heavy chain (MHC) isoform they express, and an associated
complement of thin filament regulatory proteins is often
assumed based on this MHC isoform. However, rodent models
of diet-induced obesity (DIO) have altered expression of these
regulatory proteins without associated changes in MHC
isoform expression at the whole muscle level [1, 2]. Therefore,
DIO should influence the thin filament proteins associated
with various MHC isoforms, with observable consequences to
contractility of single muscle fibres. The purpose of this study
was to determine if DIO influences the contractility of single
permeabilized muscle fibres expressing fast and slow MHC
isoforms. We hypothesized that DIO would cause fibres
expressing fast MHC isoforms to exhibit properties consistent
with a slower contractile phenotype including increased Ca2+
sensitivity and reduced maximal shortening velocity (Vmax).
METHODS
Male Sprague-Dawley rats, aged 10-12 weeks, were randomly
assigned to a diet with either a caloric content of 40% fat, 45%
sucrose (DIO) (n = 6) or a caloric content of 12% fat, 0%
sucrose (LEAN) (n = 6) for 12 weeks. Both vastus intermedius
(VI) muscles were collected from each rat and chemically
permeabilized for 2 weeks in a glycerol-rigor solution at 20˚C. Single fibres were then isolated and mounted at a
sarcomere length of 2.4 µm in a model 802B skinned fibre test
system (Aurora Scientific Inc.). The force-Ca2+ (pCa 7.2 to
4.2) and force-velocity (using isotonic contractions)
relationships were assessed for each fibre. Vmax was assessed
in each fibre using a slack test protocol. Contractile
experiments were performed at room temperature (~22˚C). Gel
electrophoresis was used to determine the MHC isoform
expressed by each tested fibre, and the relative abundances of
the MHC isoforms in the distal portion of each VI. Statistical
differences were determined using a two-way factorial
ANOVA and Newman-Keuls post-hoc analysis was used
when appropriate, α = 0.05.

RESULTS
While the relative abundance of MHC isoforms I, IIa and IIx
were similar between DIO and LEAN on average, there was
considerably more variation in DIO than LEAN (Table 1).
While MHC IIb was more abundant in DIO than LEAN, it
accounted for less than 3% of the total MHC (Table 1). Vmax
and force per cross sectional area (CSA) were lower in MHC
IIa fibres of DIO rats than those of LEAN rats, but these
measures were not different in the MHC I fibres of DIO and
LEAN (Table 1). The Ca2+ sensitivity of force production was
higher in DIO than LEAN, as indicated by the Ca2+
concentration necessary to produce 50% of maximum force
(Ca50) (Table 1). The cooperativity of Ca2+ regulated
crossbridge binding, measured by the Hill Coefficient (Table
1), was different between MHC IIa and MHC I in LEAN, but
not in DIO.
DISCUSSION AND CONCLUSIONS
Our results show that DIO influences the contractility of both
MHC I and MHC IIa fibres in the VI, with more pronounced
effects in MHC IIa than MHC I fibres. Consistent with the
hypothesis that DIO would cause fast MHC fibres to resemble
a slower contractile phenotype, DIO MHC IIa fibres had
slower shortening velocities and higher Ca2+ sensitivity than
LEAN MHC IIa fibres. However, DIO increased Ca2+
sensitivity in both MHC I and MHC IIa fibres indicating that
the changes cannot be generalized to only one group of fibres.
The decrease in maximal force production in MHC IIa fibres
of DIO rats was a surprising finding. An examination of DIOinduced changes to the thin filament regulatory proteins
associated with each MHC isoform would improve our
understanding of the mechanisms responsible for the observed
changes in contractility.
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Table 1: MHC expression and contractile properties of permeabilized fibres from rat vastus intermedius.
Group
LEAN
DIO
MHC Isoform (n)
IIb
IIx
IIa (10)
I (14)
IIb
IIx
IIa (10)
I (14)
MHC Abundance
0.3±0.2 6.3±2.2 36.7±1.9
56.7±1.9
2.6±1.0 * 15.2±4.5 35.2±4.9
47.0±9.4
(% Total MHC)
Force/CSA (mN/mm2)
182±23
172±24
107±12*
180±17
Vmax (Fibre lengths/s)
1.83±0.54 0.92±0.17
0.66±0.08* 0.97±0.37
Ca50 (pCa Units)
6.22±0.04 6.37±0.02†
6.25±0.02‡ 6.43±0.02†‡
Hill Coefficient
4.92±0.89 3.21±0.19#
4.01±0.48
4.38±0.39
Values are means ± SEM. The numbers of fibres (n) used to assess contractile properties in each group are shown in parenthesis.
IIb and IIx were omitted due to low n. * - P<0.05 versus the same MHC isoform in LEAN. # - P<0.05 versus MHC IIa LEAN. †MHC I > MHC IIa (Main effect, P<0.05). ‡ - DIO > LEAN (Main effect, P<0.05).
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INTRODUCTION
Maffiuletti et al. [1] speculated that obese adolescents
deliberately limit their range of motion during daily activities
to reduce articular joint surface stresses. Muscle responds to
alterations in chronic loading via adaptations in muscle
architecture and fiber contractile properties [2]. Architectural
adaptations can result in a change in fiber length or fiber
pennation angle, and fibers may also alter their myosin heavy
chain expression. These adaptations have the potential to alter
the mechanical properties of muscles. The purpose of this
study was to understand how muscle fibers along with the
extracellular matrix adapt to obesity, and to assess the forcelength (F-L) relationship of the medial gastrocnemius (MG) to
see if a potentially altered gait and a chronic increase in load
placed on the tissue alters this relationship.
METHODS
Eighteen Sprague Dawley rats were randomly assigned to the
dietary-induced obesity (DIO, n=10) or control (CON, n=8)
group. DIO consumed a high-fat and high-sucrose diet for 14
weeks, while CON consumed standard rat chow.
At 17 ± 0.5 weeks of age, animals underwent DEXA analysis
to assess body composition, followed by mechanical testing of
the medial gastrocnemius.
The F-L relationship was determined using a servo-motor
(Parker, 404LXR Series, PA, USA) to adjust muscle length,
with a force transducer (OMEGA, LCM201-100N Series, CT,
USA) mounted to it. The MG muscle was attached to the force
transducer via a clamp, allowing muscle force to be recorded.
A stimulator (Grass, S88 Stimulator, RI, USA) was set to: a
frequency of 120 Hz, train duration of 200 ms, and a pulse
duration of 0.1 ms. The muscle was set to its minimal in-vivo
length, and was stretched in 1mm increments. At each length,
passive force was recorded, the muscle was activated, and total
force was recorded. Active force was calculated as the total
force minus the corresponding passive force.
Following mechanical testing, the contralateral MG muscle
was harvested to assess myosin heavy chain expression and
collagen content via immunohistochemistry and histological
analysis, respectively.
RESULTS
DIO group animals had increased body mass by 16.4% (p <
.001) relative to CON group animals. DIO group animals had
a 15% increase in body fat (CON: 17 ± 5.5%, DIO: 32 ± 4.6%,
p < .001), and had an 18% decrease in maximal muscle force
relative to body mass (p < .05) when compared to CON group
animals. A significant (p < .05) leftward shift in the active FL relationship was found for the DIO group relative to the
CON group animals. At maximal in vivo muscle length, the
passive force of DIO group animals was 5% greater (~1N)
than that of the CON group animals.

Figure 1: MG Muscle Force-Length Relationship. Muscle
force (% of maximal active force) relative to muscle length (%
of maximal in-vivo length). Active force error bars represent
SE. Statistically significant linear shift in active force to the
left in DIO relative to CON (p < .05).
Myosin heavy chain expression and collagen content analysis
is currently being conducted.
DISCUSSION AND CONCLUSIONS
The significant leftward shift in the active F-L relationship
(Figure 1) in DIO group relative to CON group animals may
indicate a change in the habitual demands placed on the MG.
Proposed alterations in muscle architecture may include (1) a
decrease in the number of sarcomeres in series, (2) a decrease
in the average sarcomere length at which maximal muscle
force is produced, and/or (3) an increase in muscle fiber
pennation angle. Further investigation is needed to assess these
potential architectural changes.
The increase in passive force at long in-vivo muscle lengths in
the DIO compared to CON group animals may cause the
leftward shift in the active F-L relationship (Figure 1) in DIO
relative to CON group animals. The increase in passive force
may be the result of an increase in collagen content in the
muscle. We are currently investigating this possibility.
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INTRODUCTION
A muscle is comprised of various hierarchical levels. The most
basic contractile unit of muscle is the sarcomere, comprised of
a crystalline arrangement of proteins that generate the force
required for locomotion. Force is transmitted from the
sarcomere to the fiber, continuing up the muscle hierarchy to
ultimately elicit movement. The precise details of how force is
generated and subsequently transmitted from the proteins in
the sarcomere are not yet understood. Under current theories,
force is predicted solely based on actin-myosin interactions
(cross-bridges), resulting in a vast underestimation of force
produced following active muscle lengthening. This property,
residual force enhancement following active lengthening,
remains to be explained. Previous experiments from our
laboratory demonstrated that titin, a dynamic spring protein in
the sarcomere, is the primary source of residual force
enhancement in skeletal muscle sarcomeres [1]. Recent
mechanical tests in single myofibrils further demonstrated that
titin force enhancement is effectively abolished with a small
deletion in the titin protein [2]. This study seeks to determine
whether a mechanical disruption in titin force enhancement
due to a small mutation in the titin protein can be observed in
single skeletal muscle fibers,
METHODS
Psoas fibers from mutant (~83 amino acid deletion in titin) and
healthy control mice were isolated for mechanical testing.
Each single fiber segment was dissected from the skinned
muscle biopsy and transferred to an experimental glass
chamber containing a relaxing solution for passive tests and a
Ca2+ activation solution for active tests. One end of the fiber
was glued to the hook of a length controller and the other end
to the hook of a force transducer (Aurora Scientific Inc.,
Model 400A, Ontario, Canada), allowing for control of fiber
length and measurement of force, respectively. Fibers were
stretched from an initial sarcomere length of 2.4 μm to an
approximate end length of 5.0 μm. This non-physiological
lengthening protocol was implemented to observe force
enhancement at lengths where cross-bridge contributions are
minimal. Steady state force following stretch was normalized
to fiber cross-sectional area. Stress was compared by condition
and genotype.
RESULTS
Mutant fibers had a smaller diameter (mean ± SD) (19.9 μm ±
4.4) than control fibers (52.3 μm ± 10.1) (p < 0.01) and many
exhibited a non-uniform shape. Numerous nuclei aligned the
center surface of a subset of mutant fibers.

Steady state stress (mN/μm2) following active stretch did not
differ between mutant (181 ± 53) and control fibers (152 ± 40)
(p > 0.05). Steady state stress following passive stretch was
more than 50% higher in mutant (194 ± 57) than control fibers
(98 ± 35) (p < 0.05). The total stress following active stretch
was greater than the passive stress in control fibers (p <0.05).
There was no difference between passive and active steady
state stress in mutant fibers (p > 0.05) (Figure 1).

Figure 1: Steady state stress of active and passively stretched
single psoas fibers from healthy control and mutant mice.
DISCUSSION AND CONCLUSIONS
We believe that the increase in stress between the passive and
active control fibers stretched to ~5.0 μm is due to titin force
enhancement. This increase in stress between passive and
active states was not observed in mutant fibers, suggesting that
the titin force enhancement mechanism is disrupted in mutant
fibers as well as in single myofibrils [2]. This result
demonstrates a direct translation of titin-based mechanics from
activated sarcomeres to activated skeletal muscle fibers.
Due to the increased passive stress, mutant fibers generate
comparable stress to control fibers in the active (force enhanced) state by an alternative mechanism to titin force
enhancement. We suspect that this increase in passive force in
the mutant fibers is due to collagen and/or the presence of
nuclei along the surface of the fibers and that this stiffening is
crucial for the protection and function of mutant fibers.
REFERENCES
[1] Leonard, T. R. and Herzog, W. (2010). Regulation of
muscle force in the absence of actin-myosin-based crossbridge interaction. Am. J. Physiol. Cell Physiol. 299, C14–20.
[2] Powers et al. (2014). Titin force is enhanced in actively
stretched skeletal muscle. J. Exp. Biol. 217, 436 3629–3636.

A CONTINUUM DEPTH-DEPENDENT BIPHASIC MODEL OF CARTILAGE
Amin Komeili1, Eng Kuan Moo1, Salvatore Federico2, Walter Herzog1
Department of Kinesiology, University of Calgary, Calgary, Canada, amin.komeili@ucalgary.ca
2
Department of Mechanical and Manufacturing Engineering, University of Calgary, Calgary, Canada
1

INTRODUCTION
Articular cartilage is an inhomogeneous material that contains
solid and fluid phases. The solid matrix mainly consists of
depth-dependent proteoglycan and collagen networks.
Understanding the depth-dependent mechanical property of
cartilage is of great interest to various investigators. Theoretical
porous media analyses have demonstrated that considering
depth-dependent material property of cartilage significantly
alters the behaviour of the cartilage in management of applied
static and dynamic loads. In this study a continuum fiber
reinforced biphasic model with depth dependent material
properties was developed in order to describe certain
mechanical behaviors of cartilage which are not explainable
with a homogeneous model.

A 5% unconfined ramp compression (rate 1𝜇𝑚/𝑠) is simulated
in finite element procedure using axisymmetric model
(Figure1).
RESULTS
Figure2 shows the load variation for the ramp compression for
which nonhomogeneous and homogeneous material properties
are considered. Table1 shows the material parameters (𝛼 , Κ) in
both models that are used for comparison.

METHODS
The cartilage was modeled as biphasic material considering
matrix, collagen fibrils and interstitial fluid. The hydrated soft
tissues formulation proposed by Holmes and Mow [1] is used
to model the matrix and isotropic contribution of the collagen
fibrils. The isotropic potential of Holmes and Mow is expressed
as a function of invariants of the right Cauchy-Green
deformation tensor C:
𝛼 exp[𝑎 (𝐼 (𝐶) − 3) + 𝑎 (𝐼 (𝐶) − 3)]
𝑊 (𝐶) =
𝐼 (𝐶)
where 𝛼 , 𝑎 , 𝑎 , 𝛽 are depth-dependent material constants. The
anisotropic behaviour of collagen fibers are modeled by means
of a continuum probability density function as presented by
Federico et. al. [2]. The advantage of this technique is that there
is no need for finite element mesh to define collagen fibres. The
permeability is expressed in terms of the void ratio to make the
permeability deformation-dependent [3].

Figure 2: Load curve vs time for homogeneous and
nonhomogeneous material properties.
DISCUSSION AND CONCLUSIONS
The load at equilibrium is higher when 𝛼 and Κ are depthdependent. Stiffening collagen fibers that are in tension in
superficial and middle zone, did not alter the peak load
significantly in the first ramp, however, the difference between
peak load in homogeneous and nonhomogeneous grows with
successive steps, which are not shown in Figure2. The proposed
continuum model facilitated the finite element modeling by
means of modeling the fibril networks in the constitution law.
In the next step, further investigation will be conducted for
cyclic and more complicated loading scenarios.
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Table 1: Material parameters used in homogenous and nonhomogeneous finite element model. (*=nonhomogeneous)
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INTRODUCTION
The Factor of Risk ( ) is the ratio between the applied force at
the hip and the strength of the proximal femur, and it can be
used quantify the risk of a hip fracture from a fall [1].
Moreover, the Factor of Risk has shown to be more effective
when estimating soft tissue attenuation by measuring the
trochanteric soft tissue thickness (TSTT) [1]. Accordingly, the
primary goal of this study is to determine the changes in the
Factor of Risk when using different measurement techniques
of TSTT. These measurement techniques include
ultrasonography, dual energy X-ray absorptiometry (DXA),
and a previously established BMI regression equation [2]. The
secondary goal of this study is to determine the changes in
TSTT when measuring it in different positions, and how it
influences the Factor of Risk calculation.
METHODS
Six participants have currently been recruited for this study,
with the goal of collecting from fifty participants. Participants
were healthy community dwelling women (mean age=70.8
(SD=14.0), mean weight=78.7 kg (SD=14.2), mean
height=1.60m (SD=0.05)). TSTT and femoral neck bone
mineral density (BMD) were obtained using a QDR
Discovery™ DXA Scanner (Hologic Inc., MD, USA). TSTT
was also measured by using a curvilinear ultrasound
transducer (C60x, 2-5MHz) in combination with an M-Turbo
Ultrasound Unit 1.0.6™ (Sonosite Inc., WA, USA).
Ultrasound measurements were made with each participant in
a standing, supine, and side-line position. Within each
position, the hip was rotated internally at 25°, at 0°, or
externally at 25° by using standardized foam triangles. A two
factor repeated measures ANOVA ( =0.05) was used to
determine the main effects of body position and hip rotation
on TSTT, and a potential interaction. The different
measurements of TSTT via ultrasound (standing, supine, and
sideline), DXA, and a regression equation were inputted in a
Factor of Risk model that was used previously in the literature
[2]. Concordance validity between the different versions of the
Factor of Risk was calculated by using Pearson correlations
and a Bland-Altman plot. All data processing and analyses
were performed using customized software routines (Matlab
version 8.2, Mathworks Inc., MA, USA), and all statistical
analyses were performed with a software package (SPSS
Version 20, SPSS Inc. IL, USA). This study has received
ethics clearance through a University of Waterloo Research
Ethics Committee.
RESULTS
There was a main effect between body position and TSTT
(p=0.015), but there was no main effect between hip rotation
and TSTT (p=0.149), nor an interaction between the two
factors (p=0.901) (Figure 1).

Figure 1. Mean and SD of TSTT in the different body
positions and hip rotations.
Pearson correlations demonstrate strong relationships (r>0.8)
between ultrasound and DXA-based models of the Factor of
Risk. The BMI-driven Factor of Risk model showed a strong
relationship with the ultrasound-sideline version, but moderate
relationships with the other versions (0.4>r>0.6). When
compared to the DXA version, Bland-Altman analyses
demonstrated the following mean differences in the Factor of
Risk: 0.127 for standing, -0.112 for supine, 0.304 for sideline,
and 0.0067 for BMI. The mean difference of all versions was
0.10, and all differences were within the 95% confidence
interval (Figure 2).

Figure 2: Bland-Altman plot of the different Factor of Risk
versions in reference to the DXA Factor of Risk version.
DISCUSSION AND CONCLUSIONS
Preliminary results show that body position had a significant
effect on TSTT, which influences the estimation of soft tissue
attenuation. When compared to the commonly used DXA
version, the BMI version of the Factor of Risk had the smallest
bias, but the weakest relationship. The ultrasound versions
demonstrated high correlations, but they also demonstrated
greater biases. Justification should be provided when choosing
the measurement method of TSTT, as it can influence the
quantification of the risk of a hip fracture.
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INTRODUCTION: Knee osteoarthritis (OA) is a leading
cause of disability, immobility and pain in older adults [1].
Although it is clear that frontal plane knee alignment plays
a key role in the progression of knee OA, it is unclear
whether sagittal alignment contributes to the incidence of
knee OA [2, 3]. One theory suggests that altered sagittal
plane knee alignment promotes weight-bearing on regions
of knee cartilage that are not designed to tolerate large
loads [3]. The purpose of this study was to determine if
the presence of osteoarthritic changes in articular cartilage
was different in stifles with varying capabilities of
extension. The secondary purpose was to assess
agreement between knee angles measured with
goniometer versus image based analyses.
METHODS: 20 porcine hind limbs were used in this
study (average age of 6 months) and maximum extension
angle was computed from 2 techniques: 1) directly using
a goniometer and 2) processing sagittal images using
ImageJ. In both instances, maximum extension was
reached when the experimenter perceived a bony/hard end
feel. For goniometry, the axis of a goniometer was placed
on the joint center of rotation, located 1 cm anteriorly
relative to the femoral condyle, and the arms were placed
along the long axes of the femur and tibia. The mean
maximum extension angle was computed from 3 trials.
For photography, a sagittal plane photograph of the stifle
was acquired. In ImageJ, lines were drawn bisecting the
tibial and femoral shafts based on the landmarks and the
center of rotation was defined as the intersection of these
two lines. For each of the goniometry and photography
methods, stifle joints were categorized into 2 categories
based on cutoff values. Cutoff values of 165° and 155°
were used for the goniometer and photographed angles,
respectively. Separate cut offs were chosen to separate the
data into relatively equal groups.
Following angle measurement, the stifle joint was
dissected to expose the articular surface of the tibia and
femur. Four regions (lateral and medial tibia and femur)
were given a qualitative macroscopic score from 0 – 4
based on the amount of articular cartilage damage [4]. The
scores rated the articular cartilage based on the presence
of fibrillation and lesions, in addition to the extent of
damage. Kruskal-Wallis tests determined if differences in
articular cartilage damage existed between alignment

groups. To examine agreement between the goniometry
and photography methods, Pearson correlations, interclass
correlations, and Bland-Altman plots were computed.
RESULTS: There was no significant difference in
articular cartilage damage scores between sagittal
alignment groups for either the goniometry or
photography methods (p > 0.05). Poor agreement (p >
0.05) existed between goniometry and photography in
determining maximal extension angle [Pearson (r =
0.278); interclass correlation (ICC = 0.209)]. The BlandAltman plot demonstrated poor agreeability between
measures and no clear bias (Figure 1).

Figure 1: Agreeability between Goniometer and
Photography Measures
DISCUSSION & CONCLUSIONS: Maximal knee
extension angle was not associated with articular cartilage
damage in porcine stifles, contrary to one theory that
suggests joint range of motion is linked with OA incidence
[3]. Sagittal knee angle measurements are affected by
methodology. Image analysis from photography is the
preferred method as it is less subjective.
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INTRODUCTION
The thoracolumbar fascia (TLF) is an important anatomical
structure that covers the superficial aspect of the dorsal trunk
musculature. While historically considered less essential than
the more specialized organs and muscles it envelopes [1],
fascial tissue such as the TLF is now gaining recongition for its
potential contribution to many important functions. These
functions include sustaining loads and stabilizing the lumbar
spine, providing attachment for trunk and extremity muscles,
and even sensation of body position and pain [1,2].
Interestingly, ultrasound cine-recordings have shown that
individuals with chronic low back pain (LBP) exhibit increased
thickness and decreased mobility in the TLF [2], highlighting
the potential involvement of the TLF in LBP and associated
movement restriction. Recent work also demonstrated that a
surgical injury induced to the TLF in a porcine model elicits
similar changes to those observed in human LBP patients [3].
As tissue injury typically leads to fibrosis and even adhesion
formation, it is possible that the material properties of the TLF
are also affected by such lesions. The purpose of this work was
to examine how a local fascia injury affects the viscoelastic
properties of the porcine TLF within the context of strain energy
and hysteresis in tensile loading.
METHODS
Castrated domestic swine (n = 10) were randomized into either
Injury (n = 5) or Control (n = 5) groups for a duration of 8
weeks. Following randomization, pigs in the Injury group
underwent a unilateral fascia injury at the L3-4 vertebral level.
Animals in both groups were euthanized after 8 weeks and
1x5x3 cm samples were excised from an area contralateral to
the injury site. Samples were immediately frozen and stored at
–80 °C until dissection, when they were thawed and the
perimuscular fascia was carefully excised from the underlying
muscle. Depending on the size of the excised fascia, between 7
and 9 test specimens (each 5x5 mm) were harvested. Specimens
were mounted onto a displacement-controlled biaxial testing
apparatus (BioTester 5000, CellScale, Waterloo, ON). Each
sample was assigned into one of three loading conditions: (1)
uniaxial longitudinal (tensile force in direction of fibres), (2)
uniaxial transverse (perpendicular to fibres), or (3) biaxial (both
directions together). At the start of each test, specimens were
pre-conditioned before undergoing 5 cyclic loads at progressive
increments of 25%, 35%, and 45% stretch. Only the 35% stretch
level was considered for this analysis. All tests were performed
at a 6%/s stretch rate. Strain energy was calculated as the
integral of the loading force-displacement curve, expressed in
microJoules (µJ). Hysteresis was calculated as the percent
difference in loading and unloading energies. Differences in
strain energy and hysteresis between conditions (Injury vs

Control) and among loading directions were explored with a
two-factor analysis of variance with an alpha level of 0.05
(SPSS Inc., Chicago, IL).
RESULTS
Across all loading conditions, TLF specimens from the Injury
group absorbed more strain energy (Figure 1; F = 4.23; p = 0.04)
and exhibited less hysteresis (F = 5.25; p = 0.03) compared to
Controls. There was also a main effect of loading direction (F
= 21.74; p < 0.001), with the transverse direction yielding
higher strain energies compared to longitudinal during both
uniaxial (p < 0.001) and biaxial (p = 0.002) tests. Biaxial tests
tended to increase strain energies compared to uniaxial
unconstrained tests, especially in the transverse direction (p =
0.005). Hysteresis values displayed opposite trends, with the
transverse direction generally exhibiting less energy loss (i.e.,
lower hysteresis) compared to longitudinal, especially in the
biaxial test condition (p = 0.02)

Figure 1: Comparison of strain energies between Injury and Control
specimens in the longitudinal and transverse directions for both uniand biaxial testing.

DISCUSSION AND CONCLUSIONS
These findings indicate that local fascia injury can alter the
viscoelastic properties of the TLF, even in areas away from the
injury site. It is possible that pathological processes arising from
the injury spread to nearby areas, affecting tissue structure and
function. The strain energy and hysteresis changes noted herein
are likely related to differences in TLF stiffness and may partly
explain movement restrictions often observed in LBP patients.
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One of the crucial needs in orthopedic practice is to prevent
bone pathological fracture in cancer patients. There are
numerous researches which have used finite element (FE)
analysis to compute the amount of decreased strength in the
affected bone compared to that of intact bone. However, the
current FE-based procedures are too time consuming; costly;
and dangerous due to the hazard of high dose of X-ray
exposer. In this research, using 10 human cadaveric femurs,
the amount of structural stiffness, as well as its reduction in
the affected bone was used to assess the fracture risk of the
metastatic femur.
METHODS
This study was conducted on evaluation of structural stiffness,
as well as strength reduction in metastatic proximal femur due
to its high risk of fracture and great number of occurrence.
Ten human cadaveric femurs, i.e. 5 pairs, were cleaned and a
hole was made in one femur of each pair to simulate a lytic
lesion. The characteristic of simulated lesion in each subject
can be found in table 1. Prior to the mechanical testing, bone
mineral density of each pair was obtained with DXA. The
average value of BMD was 0.712±0.142 gr/cm². Mechanical
experiment was performed on single leg stance condition, so 5
cm of the distal end of each femur was fixed in a fixator, and
displacement was applied by a plastic cup with a diameter of 3
cm to mimic acetabulum. The rate of applied displacement
was 25µm/s, from zero to the failure point of the bone [1]. The
reaction force and displacement were recorded during the
compression. The level of reduction in strength (LRS) of the
bone was computed using the following formula:
LRS= ( Fmax,int act Fmax,metastatic ) / Fmax,int act . The structural
stiffness of each specimen was also obtained from mechanical
tests, before the subjects yield. Then, the relative amount of
stiffness reduction (RASR) was calculated for each pair using
this formula: RASR= (k int act k met ) / k int act .
Table 1. Characteristics of simulated lesions in femurs.
Location of
lesion
Size of
lesion (mm)

Subject 1
T*/A**

Subject 2
ST***/A

Subject 3
ST/M****

Subject 4
T/A

Subject 5
TM

12

21

20

32

28

*Trochanteric, **Anterior, ***Subtrochanteric, ****Medial

RESULTS
The LRS ranged between 4.83-51.64%, and The measured
stiffness in the intact bones and metastatic bones ranged from
0.40 to 1.06 kN/mm, and 0.24 to 0.78kN/mm, respectively.

RASR (Kn/mm)/(kN/mm)

According to Fig.1, the Pearson correlation coefficient
between LRS and RASR was found to be r²=0.95.
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Figure 1. The relative amount of stiffness reduction (RASR) versus
level of reduction in strength (LRS) obtained from mechanical tests
on cadavers.

CONCLUSION AND DISCUSSION
Results of this study showed that the level of reduction in
strength of the affected bone is highly correlated to the relative
amount of structural stiffness reduction in the femur (r²=0.95,
p<0.001). Since the RASR was calculated within the range of
body weight (less than 1 kN); estimating RASR through using
imaging techniques can be employed to predict the fracture
risk of a metastatic bone. So, by measuring the strains in the
femur during a weight-bearing activity, and consequently
calculating the RASR, an estimation of femur strength level in
the affected bone can be obtained. Moreover, it was found
that, structural stiffness in the intact bones is highly correlated
(r²=0.92, p<0.001) with the amount of bone mineral density
(Fig. 2). This indicates that, trochanteric bone mineral density
plays a significant role in the magnitude of the femur stiffness,
and thus can be used in evaluating the fracture risk of a
metastatic femur.
Based on the results of this study, one might use imaging
techniques to monitor the strain of femur during a simple
weight bearing activity, such as normal walking, to calculate
RASR, and thus can estimate the fracture risk of a metastatic
femur.
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INTRODUCTION
Age related changes in pelvic floor muscle strength and
stiffness characteristics may be a significant contributor to
the increased prevalence of urinary incontinence in older
women. Although empirical evidence to support this
hypothesis is scant, recent studies have demonstrated a
decrease in pelvic floor muscle force generating capacity in
older compared to younger women.
Purpose: The proposed study aims to measure differences in
the pelvic floor muscle mechanics between young, middleaged and older cohorts of women with no risk factors of
urinary incontinence.
METHODS
Sixty nulliparous women with no risk factors for stress
urinary incontinence will be recruited from the Ottawa
Community. Maximum voluntary contractile strength, rate
of force development, endurance, and resistance to passive
stretch will be recorded from the pelvic floor muscles using
a custom servo-controlled dynamometer. One-way

ANOVAs will be used to investigate differences in each
measure among the three age cohorts.
DISCUSSION/CONCLUSION
The findings from this study will allow us to understand the
normal age-related changes seen in the pelvic floor muscles
of women with no risk factors for urinary incontinence, and
may help us to target exercise guidelines that specifically
address these age-related changes.
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INTRODUCTION
Accurate and reliable quantification of soft and rigid tissue
masses of specific body segments in living people is critical
for improving biomechanical research applications, such as
wobbling mass modeling [1]. Manual segmentation of Dual
Energy X-ray Absorptiometry (DXA) scan images using
custom regions of interest (ROIs) has been shown to be a very
reliable method for estimating tissue masses, but only in the
upper and lower extremities of relatively young individuals
[2]. Therefore, the aim of this study was to assess the withinanalyst reliability of head, neck, trunk and pelvis tissue masses
from younger and older healthy males and females using
manual segmentation of DXA images.
METHODS
A total of 102 (51 F, 51 M) younger (Y: 16-35 years) and 101
(50 F, 51 M) older (O: 36-65 years) participants underwent
full body DXA scans in a supine position. Using enCORETM
software (2013, GE Healthcare, v. 15.00.362), two trained
analysts (one per age group) manually segmented the head,
neck, trunk and pelvis segments on the original scans twice
(~3 weeks apart) using custom ROIs (Figure 1). No ROIs or
personal information remained on the scans to help the
analysts repeat the process. Within-analyst reliability of the
tissue mass estimates (total tissue mass, fat mass, lean mass,
bone mineral content) was assessed using both intra-class
correlation coefficients (ICCs) and coefficients of variation
(CVs); good to excellent reliability was accepted for ICCs ≥
0.75 [3] and CVs ≤ 10% [4].
RESULTS
The within-analyst ICCs ranged from 0.821 to 1.000 and 0.827
to 1.000 across all tissue masses for Y and O groups,
respectively. The CVs ranged from 0.00% to 6.92% for all
tissue masses and all groups; the highest CVs within each
tissue mass were for the neck segment in all cases (0.48% F/Y
fat mass to 6.83% F/O fat mass) except for F/Y trunk fat mass
(6.92%) and pelvis fat mass (3.38%). The mean relative
differences in tissue masses within analysts were less than 5%
for 86% of all tissue masses, with a maximum value of 9.79%
for F/Y trunk fat mass.
DISCUSSION AND CONCLUSIONS
Manual segmentation of DXA images using custom ROIs to
estimate head, neck, trunk and pelvis tissue masses was found
to result in good within-analyst reliability (ICCs and CVs) for
all tissue types and segments, regardless of age group. These
findings are consistent with previous work with the upper and
lower extremities [2], and further supports this approach as a
viable method for determining soft and rigid tissue masses in
living people for use in biomechanical modeling efforts.

Figure 1: DXA images with custom ROIs utilized for the 1)
head, 2) neck, 3) trunk and 4) pelvis
Overall, the most variability across the ROIs and tissue types
was for the neck segment and fat mass, respectively. This may
be because the neck was the most difficult to section due to the
poor image quality and view in this region, in addition to the
soft tissue edges being more difficult to see clearly on the
scans, compared to bone. Between-analyst performance will
be evaluated in the near future in order to establish a full set of
reliability measures for this approach.
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INTRODUCTION
Wobbling mass models (WMMs) have been shown to be
superior to traditional rigid-segment models when simulating
highly dynamic human movements, where the motion of soft
tissues relative to the rigid skeleton can significantly affect the
transfer of forces throughout the body [1]. However, in order
to create accurate WMMs, segmental soft and rigid tissue
masses are needed for living people. To facilitate this,
prediction equations for upper and lower extremity soft and
rigid tissue masses have been developed and validated [2,3].
This study’s aim was to create and validate similar equations
for the head, neck, trunk and pelvis. Combined with previous
equations, this allows for tissue mass prediction for the entire
body.
METHODS
101 participants (50F, 51M; 35-65 years) underwent 34
anthropometric measurements of the head, neck, trunk and
pelvis [4], and a whole body DXA scan to measure actual soft,
lean, and fat tissue masses and bone mineral content (BMC).
Data from a subsample of participants (n=76: 38M, 38F) were
analyzed using step-wise multiple linear regression to generate
16 prediction equations (4 segments x 4 tissue types), with
anthropometric variables and demographic information (sex,
age) as predictors of tissue mass. Anthropometric data from an
independent validation sample (n=25: 13M, 12F) were then
input into the equations; the predicted tissue masses were
compared (% error, r values) to the actual masses from DXA.
RESULTS
Significant variance (p < 0.01) was explained by each
prediction equation, with adjusted r2 values ranging from
0.319 to 0.952, for head BMC and trunk soft tissue,
respectively. Mean percent errors between the predicted and
actual tissue masses ranged from -2.6% (trunk lean mass) to
11.2% (trunk fat mass). Predicted and actual tissue masses
were highly correlated in general (e.g., Figure 1), with all r
values greater than 0.634 (15 of 16 equations were statistically
significant at p < 0.01) (e.g., Equation 1).
DISCUSSION AND CONCLUSIONS
The equations developed in this study accounted for less
explained variance overall than comparable equations for the
extremities [2,3]. This is likely due to differences in tissue
composition between core and extremity segments, and the
older age range of this sample (35-65 years vs. 17-35 years).

Figure 1: Measured vs. predicted pelvis fat mass
Furthermore, of the 5 equations which accounted for the least
explained variance, 4 were for BMC, potentially due to
variations in bone density that could not be accounted for by
the surface anthropometric measurements. Correlations
between the predicted and actual tissue masses were, overall,
in line with those reported previously [2,3]. Additional
information regarding the distribution of core and extremity
segment soft tissues relative to bone would serve to better
support future WMM efforts.
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pelvis fat mass (g) = -7044.94 + 71.819x1 + 33.045x2 + 75.749x3 – 716.4x4 + 25.894x5

(Equation 1)

Where: x1 = pelvis circumference (cm); x2 = chest skinfold (mm); x3 = pelvis depth (ant./post.) (cm); x4 = sex (male = 0,
female = 1); x5 = body mass (kg).
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INTRODUCTION
Despite optimal camera placement, marker occlusion is still a
common issue in clinical gait analysis. Data interpolation
techniques are recommended in the biomechanical literature
[1], however most do not include knowledge of surrounding
rigid markers. A machine learning approach, which
incorporates the position of surrounding rigid markers, may be
capable of improving the accuracy of the reconstruction.
The purpose of this study was to determine whether machine
learning algorithms could outperform spline interpolation in
the reconstruction of shank cluster marker data during gait.
METHODS
Gait analysis was completed on older females with
symptomatic knee osteoarthritis (n=20, mean age=59.1±6.5).
Triangular marker clusters equipped with infrared emitting
diodes (IREDs) were affixed to the pelvis, and the right thigh,
shank, and foot (Northern Digital, Inc). Bony landmarks were
digitized using a probe to create anatomical coordinate
systems. Following a standing calibration, participants were
asked to walk down a 14-m pathway with floor-embedded
force plates (OR6-2000, Advanced Medical Technology, Inc).
A trial was successful when a heelstrike and toe-off were
completed on the force plate of interest. All motion data was
captured at a sampling rate of 100 Hz and force data was timesynchronized at a rate of 1000 Hz. Virtual markers of the
shank cluster, obtained during calibration were used to
calculate knee flexion angle during gait [2].
Complete marker data from 250 milliseconds (ms) prior-to
heel strike, and 250ms following subsequent heel strike (one
gait cycle ± 250ms) was extracted from a single representative
trial per participant. A moving window of 250ms [3] was
removed from the second shank cluster marker in 10ms
increments using a custom Matlab program. For each
iteration, missing marker data was interpolated with either: (1)
spline, or (2) machine learning. Error associated with marker
interpolation was calculated for: (a) marker position (mm) and
(b) knee flexion angle ( ), calculated using virtual markers
from the reconstructed shank cluster. Marker position error
was calculated as the Euclidean distance between the original
and reconstructed position, in three dimensions. Knee flexion
error was calculated as the difference between the original and
reconstructed knee flexion angles.
The root mean squared error (RMSE) was determined for
marker position and knee flexion angle of each 250ms
window. The resulting RMSE waveforms were normalized to
1000 points for comparison purposes.
Four separate mixed effects models with random slope and
random intercept were computed with RMSE of each
condition as the dependent variables, and 4 splines of the time
variable created using 5 cut points (0.1, 0.3, 0.5, 0.7, 0.9) as

the independent variable. Linear predictions from the fixed
portion of the model and corresponding 95% confidence
intervals (CIs) were graphed and interpreted visually [4].
RESULTS
A transformation of the dependent variable using a natural
logarithm was computed to satisfy model assumptions. All
four models and their coefficients were statistically significant
(p<0.001). For interpretability, the dependent variable was
back transformed for all graphical representation. For marker
position data, no overlap of the spline and machine learning
approach CIs were observed suggesting that the machine
learning approach outperformed the spline technique (Fig 1).
Similar results were observed for the knee flexion angle.

Fig 1. Linear predictions (RMSE in mm) of the fixed model
and the corresponding 95% confidence interval for the spline
(maroon) and machine learning (grey) techniques.
DISCUSSION AND CONCLUSIONS
Machine learning algorithms were able to outperform a
traditional spline interpolation technique. Recommendations
for dealing with missing data using spline interpolation allow
up to 250ms of missing data [3]. Future work should
investigate what duration of missing data machine learning
can tolerate, while yielding similar error to that of spline.
Additional cluster and marker locations should also be
investigated.
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INTRODUCTION
Approximately 95% of hip fractures result from a fall, and
approximately 1 in 3 older adults fall every year [1]. Hip
protectors are padded devices worn over the hip to attenuate
impact forces applied to the greater trochanter and prevent hip
fractures if the user were to fall on their hip. The biomechanical
effectiveness of many hip protectors have been quantified by a
percent force attenuation relative to an unpadded state [2].
Biomechanical testing of these hip protectors have utilized
surrogate materials to physically model the hip.
Aim
Develop and validate a test system for the biomechanical testing
of hip protectors. A thin pressure sensor placed between the skin
and hip protector will measure the pressure distribution upon
impact. This will be used to evaluate the effectiveness between
hip protector types.
METHODS
The proposed test system consists of a drop tower and surrogate
pelvis to simulate a lateral fall on the hip which is the impact
configuration highly associated with hip fracture risk [3]. The
surrogate pelvis will feature a novel molding technique to create
and modify specific soft tissue features: soft tissue stiffness
(STS) and trochanteric soft tissue thickness (TSTT).
Study One: Test System Validation
Experiment one is the selection and validation of the baseline
system. A narrow range of STS and TSTT will be tested to
determine which combination of these parameters can be used
to produce outcome variables within the expected range of
values as recommended by the International Hip Protector
Research Group (IHPRG) [4]. Experiment two will be a
reliability test for reproducibility of the hip form, test-retest of
the drop tower system, and durability of the system after
repeated impact. Experiment three will assess the influence of
STS and TSTT on peak force.
Study Two: Hip Protector Evaluation Using Pressure Analysis
This study will incorporate the placement of pressure sensitive
films at the skin-hip protector interface to illustrate the
mechanism and pressure distributions of various types of hip
protectors under various impact velocities. Conventionally, hip
protector test systems use percent force attenuation to evaluate
and rank the biomechanical performance of hip protectors but
the introduction of these new outcome variables (peak pressure
and contact area) can potentially influence these traditional
ranking methods.
Pilot testing on a single hip form was used to assess the
capabilities and feasibility of the currently available sensing
methods. Peak forces were measured using a 1051V6 dynamics
force sensor (Dytran Instruments Inc., CA, USA) embedded in

the femoral neck. A 5315 pressure sensor (Tekscan Inc., MA,
USA) was wrapped around the foam surface to measure the
skin-hip protector interface pressures.
PILOT RESULTS
The 5315 pressure sensor had a limited range and could not be
used to determine peak pressure. Despite having saturated cells,
the contact area could still be measured. Contact area seemed to
increase with a hip protector and increase with increasing
impact velocity. Hip protectors displayed their protective
capacity by reducing peak forces applied to the femoral neck.
This protection would decrease with increasing velocity.
Table 1: Pilot test consisted of 3 hip protector conditions, 3
impact velocities. Average values from 3 trials are reported
HP
Condition
Unpadded
Energy
Absorbing
Hybrid

Impact
Velocity
(m/s)
2.1
2.8
3.4
2.1
2.8
3.4
2.1
2.8
3.4

Peak
Force (N)

% Force
Attenuation

1724.18
2113.13
2179.26
1299.99
1575.82
1768.123
1061.57
1358.29
1675.89

24.60
25.43
18.87
38.43
35.72
23.10

Peak
Contact
Area (m2)
0.0398
0.0420
0.0439
0.0433
0.0479
0.0511
0.0487
0.0521
0.0561

DISCUSSION AND CONCLUSIONS
The parameters of the current test system comply with
recommended ranges suggested by the IHPRG. The proposed
studies will validate the use of a test system which applies a
foam molding technique to produce specific types of soft tissue.
A higher range pressure sensor, will reveal the test system’s
ability to assess various hip protector types given the magnitude
of peak pressures and the spatial location of the peak pressure.
This test system’s novel soft tissue molding method coupled
with the utilisation of a thin pressure sensor at the skin-hip
protector interface shows promise to formulate a standard for
the biomechanical testing of hip protectors. Examining the
mechanisms by which peak forces are attenuated can drive new
hip protector designs.
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INTRODUCTION
Impacts to the lower leg during frontal automotive collisions
and military underbody blasts cause significant injuries to the
foot and ankle region. These injuries are caused by the transfer
of axial loads along the long axis of the lower leg due to floor
intrusion [1]. However, the magnitude of velocity and duration
of the impact differ between the two scenarios. Automotive
floorpan impacts have velocities ranging from 2 to 6 m/s, and
impacts lasting between 15 and 45 ms [2]. Meanwhile,
floorpan velocities during underbody blasts have been reported
to exceed 12 m/s, with load durations less than 10 ms [2]. The
majority of previous studies that have conducted axial impact
tests to determine the injury limits of the lower leg have been
carried out with an automotive focus. This resulted in a range
of critical force values identified, and usually impact duration
and/or impulse are not reported. Due to the viscoelastic nature
of bone, it remains unclear whether limits from automotive
experiments can be applied to higher-rate military blasts. The
hypothesis of this work is that varying the duration of the axial
load will have an effect on the risk of fracture of the tibia.
METHODS
Six pairs (n = 12) of male isolated cadaveric tibias (age: 62 ± 8
years) were obtained for experimental testing. These
specimens were subjected to axial impacts using a custombuilt pneumatic impactor capable of generating loads at
different velocities using a projectile of variable mass. Foam
of varying levels of compliance was attached to an impacting
plate to control the impact durations. One specimen from each
pair was tested for the military blast condition and the
contralateral for the automotive condition, with right-left
selection randomized. Impacts were applied in increasing
levels of intensity until fracture occurred, with impact levels
selected to limit the number of strikes to each specimen to
minimize any accumulated damage. A best subsets regression
analysis was used to identify the factors that influence fracture
risk, and paired t-tests were used to determine whether there
was a statistically significant difference between the two test
conditions for the various factors.
RESULTS
Ongoing testing is still needed for three of the automotive
specimens. Based on the value of the R2(adj.) from the best
subsets regression analysis, the best model for predicting
fracture includes projectile velocity, peak force, kinetic

energy, impulse, and impact plate acceleration (Table 1). It
was found that there was a statistically significant difference in
peak force (Figure 1), acceleration (p = 0.04), and kinetic
energy (p = 0.08) between the automotive and military test
conditions, but not impulse (p = 0.22).

Figure 1: Peak force values. Automotive cases (v = 6 m/s)
were lower than military cases (v = 11 m/s).
DISCUSSION AND CONCLUSIONS
This is the first known study to investigate the effect of impact
duration on the fracture tolerance of the tibia in a controlled
and systematic manner. The data suggest that there is no
difference in the impulse required to generate fracture between
the two test conditions, but there is one in force. Therefore,
impulse this may be a good measure for safety assessments, or
multiple force limits need to be defined. The number of factors
identified by the regression analysis suggests that fracture is
not controlled by one variable, as is currently done for injury
limits, but a combination of several. While several of these
factors are not often measured experimentally in fracture tests
(i.e., impulse and acceleration), the data suggest that their
measurement and consideration may lead to more accurate
injury prediction. A Weibull survivability curve will be
developed once testing has been completed on all specimens.
REFERENCES
[1] Gallenberger, K., et al. (2013). Biomechanics of foot/ankle
trauma with variable energy impacts. Ann Adv Automot Med,
57; 123–32.
[2] McKay, B.J., & Bir, C.A. (2009). Lower extremity injury
criteria for evaluation military vehicle occupant injury in
underbelly blast events. Stapp Car Crash J, Vol 53; 229-249.

Table 1: Specimen fracture data for both test conditions. Each factor as well as momentum and donor age was
examined for statistical significance.
Test
Velocity
Impact
Peak Force Peak Impulse
Acceleration
Kinetic
Condition
(m/s)
Duration (ms)
(kN)
(Ns)
(g)
Energy (J)
5.5 (0.9)
20.5 (4.6)
10.2 (1.0)
44.0 (15.5)
112 (60)
404 (39)
Automotive
11.2
(0.4)
5.3
(0.5)
13.5
(1.0)
24.9
(4.3)
304
(10)
467 (58)
Military
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INTRODUCTION
The goal of this study was to biomechanically identify the
optimal implant overlap of a retrograde intramedullary (IM)
nail plus a sliding hip screw (SHS) plate, which is a common
surgical technique for fixing ipsilateral intertrochanteric and
femur shaft (IIFS) fractures [1].
METHODS
In Phase 1, a finite element (FE) model was constructed of an
IIFS fracture with a 10-mm midshaft gap repaired using a
retrograde IM nail (i.e. fixed length and insertion to a standard
level) with a SHS plate (i.e. 2, 3, 4, 5, 6, 7, and 8-hole plate
with increasing length), resulting in 7 amounts of implant
overlap (Figure 1a). The FE model produced two optimal
methods which maximized femur-implant axial stiffness, but
minimized surgical procedures. In Phase 2, these two methods
were biomechanically tested in axial compression with 10
matched pairs of human cadaveric femurs (Figure 1b). Data
were analyzed with two-tailed paired student’s t-tests with
p<0.05 for statistical significance.
RESULTS
In Phase 1, the FE model showed that axial stiffness rose
logarithmically with plate length, but plateaued starting with
the 4-hole plate length. The nail plus a 3-hole plate construct
(714 N/mm) minimized surgical procedures, yet with only
1.1% less mechanical stability vs. the nail with a 4-hole plate
construct (722 N/mm). Consequently, the two chosen methods
were the nail plus a 3-hole plate (which minimizes surgical
procedures while maintaining biomechanical stability) and the
nail plus a 4-hole plate (which is a standard method). In Phase
2, the nail plus a 3-hole plate vs. the nail plus a 4-hole plate
showed no statistical differences for any mechanical
parameters tested in human cadaveric femurs (Table 1).

Figure 1: Biomechanical analysis using (a) FE modeling and
(b) mechanical testing on human cadaveric femurs.
DISCUSSION AND CONCLUSIONS
For IIFS fractures, a retrograde IM nail plus a 3-hole SHS
plate minimizes surgical procedures, yet permits equivalent
biomechanical stability vs. the traditional clinical use of a
retrograde IM nail plus a 4-hole SHS plate. The benefit of
increasing implant overlap when treating IIFS fractures with
this construct is lost when using 3-hole or longer side plates.
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Table 1: Results of biomechanical experiments. Clinical failure was defined as 10 mm of axial deflection during
axial compression tests. Data show average +/- 1 standard deviation.
Construct
Axial Stiffness (N/mm)
Clinical Failure Load (N) Ultimate Failure Load (N)
Nail + 3-Hole Plate
281 +/- 127
2014 +/- 363
3476 +/- 776
Nail + 4-Hole Plate
260 +/- 118
2134 +/- 614
3669 +/- 755
P-value
0.76
0.52
0.12
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INTRODUCTION
Body segment parameters (BSPs) are used in kinetics of
human motion and in modeling the human form. The
differences in the relative size of body segments between
adults and toddlers show the importance in measuring directly
from toddlers and to develop a BSP database. There is little
information on toddler BSPs. Imaging, such as MRI and CT, is
expensive, time consuming, and is used on toddlers only when
medically necessary. The photogrammetric method is an
alternative for determining subject specific BSPs. Jensen’s
protocol [1], suitable for adults and children, calls for the
subject to stand in the anatomical position on a sloped surface
and stay parallel to the cameras. The goal of this study is to
determine the feasibility of Jensen’s protocol with toddlers and
modify the methods so toddler BSPs can be collected.
METHODS
A pilot subject was instrumented with reflective markers on
the joint centres (Figure 1A). The subject stood in the
anatomical position and simultaneous front and side images
were taken. The photos were digitized and the segment
lengths, volumes, mass and centre of mass locations were
determined according to Jensen’s method [1].
RESULTS
The subject analyzed in Figure 1 was 2.8 years old. The
digitized image, showing joint centres, can be seen in Figure
1B. The measured height and weight were compared to the
values calculated using the photogrammetric method (Table
1). The pilot subject had difficulty following multiple
instructions at once. She had difficulty maintaining feet and
shoulders square to the cameras while simultaneously keeping
the head tilted to the correct position and arms in a position to
ensure visibility of the markers. For future collections, a mat
with footprints will be used to help align the feet. A supportive
handrail was built to keep the toddler’s arms in the correct
position, keep the toddler’s body square to the camera and
help maintain overall posture (Figure 2).

B

Figure 1: A) Pilot subject with rotated trunk finding it
difficult to stand square to the camera. B) Digitized and
segmented images of the subject.

Table 1: Measured and calculated height and mass of subject.
Measured
Calculated
Error
96 cm
97.5 cm
1.5%
Height
14.25 kg
14.65 kg
2.8%
Mass

Figure 2: Mat with footprints and a support to help the toddler
maintain posture and remain square to the camera
DISCUSSION AND CONCLUSIONS
The height and mass values calculated using the
photogrammetric method agrees with those measured. In the
literature, children (3-12yrs) had a mean error of 0.23% with a
standard deviation of 2.3% for the subject’s total mass [2]. The
pilot study results are promising with 2.8% error in total body
mass with the subject having difficulties staying square to the
camera. It is visible in the processed image as the digitizing
software assumes right-left symmetry in the arms and legs. In
Figure 1B, the thighs and feet overlap and the left arm does
not connect properly to the upper trunk. A limitation of this
method is the density values which are taken from an adult
population. It is expected that toddlers have different tissue
densities and different ratios of tissues in each segment.
The pilot study demonstrated that the photogrammetric
method is feasible in a toddler population and allowed us to
make adjustments based on observed behaviour that should
reduce error. Using the modifications in Figure 2, BSPs of
twenty toddlers (1.5-3 yrs. 10 male, 10 female) will be
collected to form a toddler BSP database. This information
will serve to develop a toddler automaton to be used in
daycare studies. Other potential uses include expanding the
data used for crash test dummies and for gait analysis of
toddlers.
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INTRODUCTION
In motion analysis, link-segment coordinate systems are often
established by palpating bony anatomy and placing markers at
these locations. This approach is time consuming and has been
associated with precision errors up to 25 mm between operators
and sessions[1]. These errors introduce artificial differences in
kinematic and kinetic outcome measures. To mitigate these
differences, mechanical fixtures have been used to aid in
locating anatomical landmarks between sessions. These have
shown to reduce between-session bias but have been too time
intensive [2], or were not able to correct for knee flexion bias
[3]. We have improved the device in [3] with the aim to reduce
this bias. The purpose of the present study was to compare the
repeatability of the new device to intra- and inter-operator
marker placement during normal walking. We expected that the
marker alignment device (MAD) would reduce the variability
in joint angles during test, re-test protocols compared to manual
placement of anatomical markers.
METHODS
The MAD provides physical cues to ensure the subject stands
in a consistent posture. This is accomplished by using plates that
position the feet, and two posterior supports; one at the largest
part of the gastrocnemius that positions the shanks, and one just
below the inferior gluteal cleft that positions the thighs and
pelvis. During a standing reference calibration the anatomical
marker locations are registered with respect to a six-marker
cluster rigidly fixed to the MAD base (fig 1). In subsequent
sessions, the MAD guides the subject to the same posture as the
original calibration posture. In this posture the locations of the
anatomical markers are known with respect to the MAD. The
final step is to register these locations with respect to a sixmarker tracking cluster on the base.

Figure 1: MAD
We tested whether the MAD approach provided more
consistent kinematics compared to manually placing anatomical
markers. Following ethics approval, informed consent was
given from three subjects. Tracking markers were placed on the
subject at the beginning of the experiment and were not
removed until the end. This was done so that both physical and
virtual anatomical coordinate system definitions could be
Joint

applied to the same motion data. Three operators placed
anatomical markers on each of the subjects twice for a total of
six static calibrations to simulate repeated visits of the same
subject and same operator. Joint angles at the hip, knee, and
ankle were computed (Visual3d, C-Motion) for a single walking
trial using both the physical and virtual anatomical marker
positions. To compare within operators, the marker positions
from the first static of an operator were virtually recreated using
the MAD position in the second static of that operator. Then,
root mean square (RMS) errors were computed and normalized
to range of motion (ROM) between the joint angles created from
physical markers (RMSP) in static 1 and static 2 and between
the physical markers in static 1 and the virtual markers (RMSV)
in static 2. To compare between operators, the marker positions
in the static from one operator were virtually recreated using the
MAD position in the static of another operator. ROM
normalized RMS errors were computed between the joint
angles created from the physical markers in the statics of two
different operators (RMSP) and the physical markers of one
operator and their virtual markers in the other operator’s static
(RMSV). Markers were recorded with a Qualisys motion
capture system (11-camera, 200Hz).
RESULTS
Compared to the physical markers, the MAD resulted in smaller
intra-operator differences for most ab/add and int/ext rotation
angles during normal walking (table 1). Larger intra-operator
differences using the MAD were seen during flex/ex of the
ankles and hips, but tended to be small compared to the ROM
(-0.2% to -1.3%). In contrast, the difference in RMS values was
lower by up to 36% using the MAD in the coronal plane. Similar
results comparing inter-operator manual marker placement to
using the MAD were seen. The MAD resulted in more
consistent coronal and frontal plane joint angles.
DISCUSSION AND CONCLUSIONS
The modified MAD eliminates the need for identification of
anatomical landmarks each session, and produces more
consistent joint angles in multi-session studies by reducing
errors associated with operator bias. It successfully reduced the
amount of error introduced by marker placement bias in most
planes between sessions and corrected the knee flexion bias
introduced in the preliminary study (-0.85o to 1.24o). However,
a slight hip flexion bias was introduced. Future research will be
conducted to reduce errors in the sagittal plane and to assess
how the improved measurement accuracies influence the gait
data. We expect that increased measurement accuracies will
result in increased sensitivity to changes in gait.
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Table 1: RMS between with and without MAD normalized to range of motion (+ve: lower RMSP-V)[%].
Within Operator (RMSP-RMSV)
Between Operator (RMSP-RMSV)

Right Ankle
Right Knee
Right Hip

Flex/Ex

Ab/Ad

Int/Ext

Flex/Ex

Ab/Ad

Int/Ext

-1.3
0.1
-0.2

-1.9
13.4
9.6

-1.7
29.0
35.6

2.5
1.4
-5.2

15.9
20.1
2.5

-12.2
7.8
33.1
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INTRODUCTION
Disc degeneration (DD) affects disc biochemistry and
morphology. A degenerated disc is a desiccated,
fragmented structure, with a shorter T2 relaxation time
on magnetic resonance (MR) imaging and marked
height decrease in the later phase of degeneration. The
weighted centroid of the signal intensity (WCSI) is the
arithmetic mean of the signal intensity of all the pixels
in a region of interest (ROI). The WCSI, which reflects
the free water distribution within an ROI, has been
proposed to demonstrate the magnitude and the path of
disc fluid changes during loading. This study aimed to
determine the reliability of measurements of the location
of WCSI coordinates obtained using semi-automated
segmentation of T2-weighted MR images.
METHODS
The present study was approved by the Health Research
Ethics Board of the University of Alberta. L4-5 and L5S1 discs were measured on 44 mid-sagittal images
obtained with a 3T MRI scanner in subjects with back
pain (43±13yrs). One rater analyzed images twice and
another once, while blinded to prior measurements.
Users drew two lines tangential to the endplates above
and below the disc. Signal variations in the neighbouring
structures were used to automatically segment each disc
from adjacent tissue. The X (ant-post) and Y
(cephalocaudal) coordinates of the WCSI were then
calculated using the following equations [1].
∑

∑
∑

∑

Intra- (
, ) and inter-rater (
, ) reliability
was estimated using intra-class correlation coefficients.
The standard error of measurement was also estimated.
RESULTS
A total of 43 L4-L5 and 43 L5-S1 discs were analyzed.
The sample included no discs with Pfirrmann grade I
degeneration (normal), and no more than three discs per
level were rated as grade V (advanced degeneration with
a collapsed disc space). Grade III was the most common
and grades II and IV had a similar distribution. The
intra-rater (
, ) and inter-rater (
, )
reliability coefficients for the X and Y coordinates of the
signal intensity weighted centroid at both levels were 1.0
(perfect agreement) (Figure 1). Thus the SEM was 0 at
both disc levels.

Figure 1: Reliability of signal intensity weighted
centroid
DISCUSSION AND CONCLUSIONS
In the present study, the WCSI of the disc demonstrated
excellent reliability and zero measurement error for the
X and Y coordinates. Previously, Périé and Curnier
reported good reliability for the nucleus weighted
centroid location, but only assessed the X-direction [1].
Since loading reportedly affects both the amount of fluid
and its distribution within the disc, tracking changes in
the weighed centroid location may demonstrate the
effects of different loading conditions or therapeutic
interventions on the whole disc and regionally, which
may relate to disc health.
The location of the signal intensity weighted centroid
may be employed as a reliable measurement for the
investigation of the effects of different loading
conditions or therapeutic interventions on fluid
distribution and movement within the disc.
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INTRODUCTION
Challenges of using highly accuate optoelectronic motion
capture (MoCap) in a workplace setting are the cost of, and
space required for the equipment, and the availability of
personnel with the required expertise to collect, process, and
interpret the data. A flexible ruler (flexicurve) has been used to
assess thoracic kyphosis (across C7-T12) in upright standing
[1] and also regional lumbar flexion angles while standing [2]
via pen-and-paper tracings. However, it is not known if the
angles calculated using the flexicurve are accurate and reliable
in upright and flexed postures, in standing and sitting, relative
to a gold standard MoCap.
METHODS
Ten participants (7 male, 3 female) were recruited from a
university population. The skin was marked at C7, T6, T12,
and S2. The flexicurve was aligned with C7 and contoured to
the spine curvature down to S2, and the location of the 4
vertebral levels were marked on the flexicurve. The ruler was
then transferred to a sheet of paper and traced [1, 2]. The
postures measured were upright, full-flexion, and slumped, in
both sitting and standing. Each posture was repeated three
times, for a total of 18 trials. The 18 trials were then repeated
using MoCap (Vicon Systems Ltd., Oxford, UK) with clusters
of five markers being placed at the 4 vertebral levels. Five
different angles were calculated from each trial’s flexicurve
tracing and MoCap markers (Figure 1). The middle and lower
thoracic (MidThorSeg, LowThorSeg) angles were calculated
from segments defined from the spine levels [3] for both
flexicurve and MoCap; and the upper and lower thoracic
(UpThor, LowThor), and Lumbar angles were calculated using
tangents (flexicurve) [2] and relative marker angles (MoCap)
[3]. The reliability of the 3 repeated trials of each angle in each
posture was calculated using intraclass correlations (ICCs) for
the flexicurve and the MoCap angles. ANOVAs were run on
the sitting and standing positions, with the within factors being
Source (Flexicurve; MoCap), Posture (Upright; Flexed;
Slumped), and Angle (Upthor; MidThorSeg; LowThor;
LowThorSeg; Lumbar).
RESULTS
All of the flexicurve angles showed strong to very strong
reliability [5], with ICC r values ranging from 0.694 (SitSlump) to 0.962 (Sit-Upright).The ANOVAs showed that in
standing and sitting, there were no significant differences
between the flexicurve and MoCap angles in MidThorSeg,
LowThor, and LowThorSeg for upright and flexed postures
(p>0.080), whereas UpThor was larger in MoCap during
flexion (p<0.002). The MoCap Lumbar angles were
significantly larger in all postures in both sitting and standing
(p<0.040). In Sit-Slump, the flexicurve angle was up to 10.36°
larger across all regional angles (p<0.035). Generally, The

UpThor angle tended to be the most variable and least reliable
in both the flexicurve and MoCap measurements, and the
postures that deviated from upright tended to show variable
results throughout.
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Figure 1: Representation of a flexicurve tracing (solid black
line) with the angles calculated. The grey circles are the
specific spinous processes and the blue lines (left image)
connect the spinous process points, and the angles between
these lines are MidThorSeg and LowThorSeg. The red angles
between the tangent lines (right image) are shown as UpThor,
LowThor, and Lumbar angles.
DISCUSSION AND CONCLUSIONS
The upright postures in sitting and standing showed
comparable results between the flexicurve and MoCap
thoracic angles. These data suggest that for measuring thoracic
angles with the flexicurve, the upright postures may be best
suited, as opposed to flexed or slumped. The lumbar angles
were different between the methods, highlighting that the
flexicurve may be more appropriate for thoracic measures. It
remains unclear if this tool can be used on-site to measure
spine angles during functional tasks in an occupational setting;
however, it may be useful for predominantly upright tasks.
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INTRODUCTION
Stress urinary incontinence (SUI), the leakge of urine during
physical exertion such as a cough, is highly prevalent among
women. During physical exertion, the intra-abdominal
pressure (IAP) increases, transmitting a force downwards, in
turn, increasing bladder pressure. In SUI , bladder pressure
exceeds urethral closure force, resulting in urine leakage. SUI
is thought to arise from, amongst other factors, urethral
hypermobility. Shek and Dietz [1] conceived of the urethral
mobility profile (UMP) to study urethral mobility in women
after delivery. The UMP is derived from sagittal plane
transperineal ultrasound (TPUS) and defines the maximum
excursion of six equidistant points along the urethra, from the
meatus to the bladder neck, during a Valsalva maneuver.
Limitations of this method include a lack of compensation for
probe motion, and deformation of the meatus during the
dynamic task. We have developed a semi-automated software
to compensate for in-plane probe rotation and translation to
improve kinematic analysis of urethral motion using TPUS.
METHODS
Using the software (Matlab 2015b, Mathworks, MA, USA),
the user identifies the pubic symphysis (PS), anorectal angle
(ARA), bladder neck (BN), and anterior and posterior urethra
in all frames of TPUS video. A coordinate system (CS) is then
constructed in each frame using the PS: the only rigid, nondeforming landmark. With a user selected reference frame and
local CS, the software builds a transformation matrix in each
frame. The transformation matrix, when applied to all
landmarks, compensates for the in-plane probe motion relative
to the reference frame. The software identifies the caudal end
of the urethra: the levator plate (LP) point, the intersection of
the urethra with the straight line joining the PS and ARA; and
the cranial end of the urethra: the BN point, where the urethra
opens into the bladder. The anterior and posterior borders of
the urethra are averaged to build the urethral centreline which
is then split into six points, as in Figure 1. Displacements of
the urethra, the ARA, and the BN can then be calculated.
Representative
TPUS
data acquired using a GE
Voluson-i
ultrasound
system (GE Healthcare
Austria GmbH & Co.,
Zipf,
Austria)
are
presented.

Figure 1: Identification of the pubic
symphysis (PS), anorectal angle
(ARA), urethra, and levator plate line
(LP). BN is the bladder neck.

RESULTS
Figure 2 shows data from
a female with SUI (age
38
years;
BMI
24.2kg/m2) performing a
double barrel cough.

Point 1 is the LP point; point 6 is at the BN point. Point 1
exhibits the most similar anterior motion to the ARA and the
least caudal displacement. Point 6 exhibits the most dissimilar
anterior motion to the ARA and the highest caudal motion.

Figure 2: Displacements of anorectal angle (ARA) and urethra during a
double-barrel cough. BN is bladder neck; LP is levator plate point; cranial
and anterior directions are positive.

DISCUSSION AND CONCLUSIONS
The motion at point 1 may reflect the impact of a PFM
contraction due to its minimal caudal motion and it’s
anteroposterior tracking with the ARA. Point 6 exhibits the
highest posterior and caudal motion, indicating that the
bladder is not firmly fixed within the pelvis. This software
compensates for in-plane probe rotation and translation while
computing urogenital kinematics throughout dynamic tasks.
Next stages in testing will include inter- and intra-user
reliability and validation using MRI or 4D TPUS.
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