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A NEW SEMI-AUTOMATIC METHOD TO ASSESS FLAT AND NORMAL-ARCHED 
FEET IN 3D 

Submission ID: 317 

Authors 
Ms. Anne-Laure Ménard - Université de Montréal, Ms. Maryam Hajizadeh - Université de 

Montréal, Mr. Gauthier Desmyttere - Université de Montréal, Dr. Marie-Lyne Nault - Université 
de Montréal, Prof. Mickael Begon - Université de Montréal 

Introduction/Introduction 
Flatfoot are a common foot deformation 
characterized by medial plantar arch collapse 
under loading. Patients with flatfoot associated 
with painful symptoms are treated with arch-
supporting plantar orthosis. Clinically and 
traditionally, 2D measurements, such as 
medial longitudinal arch angle, enable arch 
collapse assessment. However, those metrics 
are not able to fully capture the 3D aspects of 
flatfoot deformation. 

Objective/Objectif 
The main objective was to develop an 
innovative method to calculate foot arch 
surface and volume. The secondary objective 
consisted in comparing arch surface and 
volume under different static loading 
conditions which would mimic phases of the 
gait cycle, in flat and normal-arched feet. 

Methods/Méthodologie 
Ten patients with flatfoot and ten gender and 
size matching control normal-arched feet 
subjects were enrolled in this study. A 3D 
surface imaging acquisition system (InSpeck, 
Inc) was used to obtain foot surface 
topography on the medial side. Three loading 
configurations were tested: no loading, 50% 

and 100% of bodyweight on the imaged foot. 
The surfaces were analyzed with Matlab 
R2019b (MathWorks ®). Foot arch was 
defined as the medial portion of the foot 
comprised between ground floor, planes at 
30% and 60% of foot length and the gradient 
line connecting the most medial points along 
the navicular, 1st cuneiform and 1st 

metatarsal bones. 

Results/Résultats 
Preliminary results of arch surface of a 
normal-arched foot decreased from 51.1cm2 
when unloaded to 28.3cm2 at 100% of 
bodyweight. Similar reductions were found in 
a flexible flatfoot patient, with arch surface 
values decreasing from 45.9cm2 at 0% 
bodyweight to 25.2cm2 at 100% of 
bodyweight. 

Conclusions/Conclusions 
This preliminary study showed that foot arch 
surfaces vary under different static loading 
conditions, in both normal-arched and flat feet. 
Quantifying 3D arch metrics through key 
phases of the gait cycle could help improve 
and better design patient-specific orthosis arch 
support. 
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VALIDATION OF IMU-BASED LOWER EXTREMITY KINEMATIC ESTIMATES IN 
HIGH KNEE FLEXION MOTIONS UNDER LOADED AND UNLOADED 

CONDITIONS 
Submission ID: 167 

Authors 
Ms. Annemarie Laudanski - University of Waterloo, Mr. Arne Kuderle - Friedrich-Alexander 
University, Dr. Felix Kluge - Friedrich-Alexander University, Dr. Bjoern Eskofier - Friedrich-

Alexander University, Dr. Stacey Acker - University of Waterloo 

Introduction/Introduction 
Repetitive cyclic or prolonged kneeling and 
squatting, where the knee flexion angle is 
>120ᵒ are commonly adopted in occupational 
childcare, despite their link to increased 
incidences of knee osteoarthritis1. 
Compounding with this, occupational lifting 
requirements may independently contribute to 
increased risk of osteoarthritis development2. 
In order to investigate these associations, non-
laboratory-based measurement tools in 
combination with classification and 
quantification algorithms must be developed. 

Objective/Objectif 
To validate a previously proposed algorithm3,4 
that estimates lower limb joint kinematics in 
high knee flexion postures based on inertial 
sensor (IMU) data for accurate measurement 
in occupational settings. 

Methods/Méthodologie 
Kinematic constraints of the hip, ankle, and 
knee were exploited to calculate joint angles 
through sensor fusion; where the two former 
were considered spherical joints while the 
latter was reduced to a hinge joint3,4. Twenty 
participants were recruited to perform four 
high knee flexion movements under loaded 
and unloaded conditions while inertial and 
optical motion data were simultaneously 
collected. Optical clusters were affixed to the 
lateral surface of each IMU and placed on the 
right lower extremities and pelvis. IMU- and 
laboratory-based flexion angle estimates for 
the hip, knee, and ankle were compared 
through coefficient of multiple correlation 

(CMC) analyses and the effect of load was 
analyzed using ANOVAs (α < 0.05). 

Results/Résultats 
Kinematic comparisons through CMC analysis 
between protocols are presented in Figure 1. 
Mean CMC values represent very good 
similarity for the hip and ankle and excellent 
similarity for the knee. No significant 
differences were found between loaded and 
unloaded conditions. 

Conclusions/Conclusions 
The proposed system may provide a viable 
means of accurately measuring lower-limb 
kinematics in occupational settings to assess 
exposure related osteoarthritis risks. 
1Coggon et al.(2000) Arthritis Rheum 
43(7);p.1443-1449 
2Cooper et al.(1994) Ann Rheum Dis 
53(2);p.90-93 
3Seel et al.(2014) Sensors 14;p.6891-6909 
4Küderle et al.(2018) Curr. Dir. Biomed. Eng 
4(1);p.439-442 
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WRIST TENDON TRACKING USING A NEURAL NETWORK 
Submission ID: 269 

Authors 
Dr. Colin McKinnon - McMaster University, Mrs. Amanda Farias Zuniga - McMaster 

University, Dr. Peter Keir - McMaster University 

Introduction/Introduction 
Relative soft tissue motion in the wrist can 
have implications on carpal tunnel syndrome 
etiology. Previous motion tracking methods 
have consisted of manual or automatic frame-
by-frame digitization, which requires 
excessive time, advanced training, and 
specialized software. 

Objective/Objectif 
To compare an automated neural network 
method to manual point digitization for tendon 
and connective tissue motion. 

Methods/Méthodologie 
Five sonographic videos captured middle 
finger flexor digitorum superficialis (FDS) 
tendon and subsynovial connective tissue 
(SSCT) motion during finger flexion-extension 
movements. SSCT and FDS velocities were 
determined using three methods: 1) static point 
manual digitization (SPD), 2) dynamic point 
manual digitization (DPD), and 3) automated 
point tracking (APT). For SPD and DPD, 
velocities were tracked within user-selected 
regions on the SSCT and FDS using 
ultrasound analysis software (Q‐Analysis, 
EchoPAC; GE Healthcare, Wauwatosa, WI). 
For SPD, these regions were static across all 
video frames. For DPD, these regions were 
manually adjusted for any vertical tissue 
translation between video frames. For APT, 
tracking points on each structure were 
manually digitized and imported into an 
automated pose estimation neural network 
package called DeepLabCut 
(mousemotorlab.org/deeplabcut). Following 
initial training of the network using 250 

digitized video frames, each sonographic video 
was analyzed and simulated tracking point 
velocities were exported. All velocities were 
low pass filtered (3 Hz). Root mean-squared 
(RMS) error and Pearson product-moment 
correlation coefficients were calculated 
between DPD and APT methods. 

Results/Résultats 
All methods tended to align temporally and 
magnitude differences varied by trial (Figure 
1). RMS error ranged from 0.733 to 1.868 
cm/s (mean: 1.183 cm/s) across both tissues 
and all trials. Correlation coefficients (r) 
ranged from 0.60 to 0.86 (mean: 0.73) for FDS 
and 0.39 to 0.86 (mean: 0.70) for SSCT. 
 

Conclusions/Conclusions 
The automated method showed good 
agreement with manual digitization methods, 
and further model training may elicit improved 
accuracy while significantly reducing analysis 
time and training requirements. 
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CONCURRENT ASSESSMENT OF GAIT KINEMATICS USING MARKER-BASED 
AND MARKERLESS MOTION CAPTURE 

Submission ID: 322 

Authors 
Mr. Robert Kanko - Queen's University, Dr. Elise Laende - Queen's University, Dr. Gerda 

Strutzenberger - University of Salzburg, Dr. Scott Selbie - Theia Markerless Inc., Dr. Kevin 
Deluzio - Queen's University 

Introduction/Introduction 
Standard marker-based motion capture 
systems are well-accepted but are resource 
intensive and susceptible to marker placement 
errors. Markerless motion capture software 
that employs deep learning to estimate 3D 
human pose using video data from an array of 
video cameras may offer an acceptable 
alternative technology for the measurement of 
human motion. 

Objective/Objectif 
To compare full-body 3D gait kinematics 
determined by a deep neural network-based 
markerless motion capture software to marker-
based kinematic measurements. 

Methods/Méthodologie 
Thirty adults (15 female; mean age: 23, height: 
176 cm, mass: 69.2 kg) performed treadmill 
gait at a self-selected speed (mean 1.4 m/s) 
during simultaneous video and marker-based 
motion capture. Markers were tracked in 
Qualisys Track Manager, video data were 
processed in Theia3D(Theia Markerless Inc., 
Kingston, ON) to obtain 3D pose estimates, 
and both datasets were analyzed concurrently 
in Visual3D. Root-mean-square differences 
(RMSD) quantified system differences for 
joint positions and angles. 

Results/Résultats 
Vector distances between corresponding joint 
center positions had mean RMSD of: ankle 2.0 
cm; knee 2.2 cm; hip 4.1 cm; shoulder 2.2 cm; 
elbow 2.5 cm; wrist 1.0 cm); movement of 
markers relative to underlying bone have 
similar magnitudes [1]. Lower limb segment 

angles indicated pose estimates from both 
systems were very similar, with RMSD of less 
than 6° for all segment angles except those that 
represent rotations about the segment long 
axis. Lower limb joint angles captured similar 
patterns for flexion/extension at all joints, 
ab/adduction at the knee and hip, and toe-
in/toe-out at the ankle; however, some angles 
were affected by visible offsets between 
systems (Fig 1). Those not affected by offsets 
had RMSD close to the threshold of 
repeatability for marker-based systems [2].  

Conclusions/Conclusions 
These findings demonstrate markerless motion 
capture can measure similar 3D kinematics of 
gait to those from marker-based systems. 

[1] Grimpampi et al.(2013) IEEE 
Trans.Biomed.Eng.,61(2):362-367 

[2] McGinley et al.(2009) Gait Posture, 
29(3):360-369
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CHARACTERIZING THE PERFORMANCE OF HUMAN LEG FORCE CONTROL 
Submission ID: 358 

Authors 
Mr. Pawel Kudzia - Simon Fraser University, Prof. Stephen Robinovitch - Simon Fraser 

University, Dr. J Maxwell Donelan - Simon Fraser University 

Introduction/Introduction 
Our legs act as our primary contact with the 
surrounding environment, generating external 
forces that enable motion far more agile than 
our robot counterparts. The control of the 
magnitude of this force, and the location where 
it is applied on the ground, are key 
determinants of the ability to accelerate and 
rapidly change direction and may explain why 
humans are more agile than robots. 

Objective/Objectif 
To characterize the performance of the human 
leg in controlling the magnitude and position 
of the externally applied force. 

Methods/Méthodologie 
To accomplish this objective, we built an 
apparatus that vertically constrains subjects 
(N=10) standing over top of a force plate 
(Figure). The constraint immobilizes the body 
but allows for subjects to exert variable but 
controlled forces on to the ground by 
selectively pushing more or less with their leg. 
Custom software provides subjects with real-
time feedback on either the leg force-
magnitude or force-position (centre-of-
pressure). We instruct subjects to best match 
their real-time force-magnitude or force-
position signal to prescribed step functions and 
characterize the control performance of the 
nervous system in matching this target. 

Results/Résultats 
When transitioning from one steady-state 
target force magnitude to another, the leg force 
magnitude control required 0.2±0.04s to 
approach a new steady-state value (rise time), 
with a steady-state error of 3.7±1.8% body 
weight, a steady-state variability of 2.7±0.6% 

body weight, and a bandwidth of 1.6±0.3 Hz. 
For leg force position control, we found a rise 
time of 0.3±0.1s with a steady-state error of 
0.6±0.3% foot length, a steady-state variability 
of 5.2±1.9% foot length, and a bandwidth of 
1.4±0.5 Hz. 

Conclusions/Conclusions 
Compared to some legged robots, our ability to 
control leg forces is slower and less accurate 
(Figure). This suggests that our agility is due 
to knowing what forces to generate rather than 
our ability to generate them. 
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INFLUENCE OF MUSCLE FATIGUE ON THE RELATIONSHIP BETWEEN 
DYNAMIC LUMBAR SPINE STABILITY AND MOVEMENT COORDINATION: A 

PARTICIPANT SPECIFIC ANALYSIS 
Submission ID: 88 

Authors 
Mr. Dennis Larson - University of Guelph, Dr. Steve Brown - University of Guelph 

Introduction/Introduction 
Functional coordination of repetitive lumbar 
spine motion is needed to maintain dynamic 
spine stability and minimize low back injury 
risk during repetitive lifting. However, it has 
been previously shown that back muscle 
fatigue differentially influences dynamic 
lumbar spine stability during a repetitive trunk 
flexion/extension task. Therefore, individuals 
may respond or cope with fatigue in different 
manners by modifying lumbar spine 
movement coordination and variability in 
order to decrease injury risk when in a fatigued 
state. 

Objective/Objectif 
To determine if pelvis-thorax coordination 
patterns and coupling angle (CA) variability 
differ between individuals who either stabilize, 
destabilize, or demonstrate no change in 
dynamic spine stability when experiencing 
muscle fatigue. 

Methods/Méthodologie 
Thirty participants completed two repeated 
trunk flexion/extension trials (Rested, 
Fatigued) during which lumbar spine dynamic 
stability, coordination, and CA variability 
were assessed. Dynamic stability of the lumbar 
spine was assessed using maximum Lyapunov 
exponents with participants being grouped as 
stabilizer, destabilizer, or no change based on 
their stability response to fatigue. Binning 
coupling angles into pre-defined ranges 
determined the associated pelvis-thorax 
coordination patterns, while CA variability  

 

 

was calculated as the mean cycle-to-cycle 
variation of coupling angles. 

Results/Résultats 
While more in-phase coordination patterns 
were generally observed across all individuals 
when fatigued, separation of data based on 
stabilizing (n=9), destabilizing (n=6) and no 
change (n=15) dynamic stability responses 
revealed that the stabilizing group 
demonstrated the greatest shift overall (Figure 
1A). Additionally, both the stabilizing and no 
change groups demonstrated small increased 
CA variability when fatigued, while the 
opposite was observed for the destabilizing 
group (Figure 1B). 

Conclusions/Conclusions 
Transitioning to in-phase coordination patterns 
when fatigued may indicate a reduction in 
interacting degrees of freedom involved in the 
movement. The additional connection between 
changing dynamic spine stability and CA 
variability suggests that greater CA variability 
may be related to increased dynamic spine 
stability, for at least those influenced by 
muscle fatigue. 
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RELATIONSHIPS BETWEEN INJURY, DEGENERATION AND FACET JOINT 
TRANSVERSE PLANE ANGLE IN A RODENT MODEL 

Submission ID: 130 

Authors 
Ms. Olena Klahsen - University of Guelph, Dr. Andrea Clark - University of Guelph, Dr. Steve 

Brown - University of Guelph 

Introduction/Introduction 
More sagittal orientations have been observed 
in human facet joints (FJ) presenting with 
advanced osteoarthritis (OA). It has been 
proposed that sagittal orientations predispose 
FJs to OA. Further, as FJs experience 
degeneration, they may experience a shift 
towards sagittal orientations, creating a 
positive feedback loop for additional 
degeneration. 

Objective/Objectif 
To analyze the impact of multifidus muscle 
injury and mild FJ injury on FJ degeneration 
and orientation. 

Methods/Méthodologie 
Male Sprague-Dawley rats were randomized 
to control (n = 7), sham (n = 12) and clamp (n 
= 12) conditions. Both sham and clamp 
animals had the left multifidus surgically 
damaged by dissecting it away from the 
spinous processes of L1 to L6. In addition, the 
left L5-L6 facet joints of clamp animals were 
compressed for three minutes using forceps. 
28 days following surgery, animals were 
sacrificed. Lumbo-pelvic units were evaluated 
using micro-computed tomography scans (50 
µm resolution) to calculate transverse plane FJ 
angles (Fig1A). Safranin-O/Fast Green 
histological sections of the facet joints were 
evaluated for OA using the 24-point OARSI 
scale. Fibrosis was observed through 
histological muscle sections stained with 
picrosirius red/fast green.  

Results/Résultats 
OARSI scores were <5 for all joints with no 
signs of joint degeneration. The transverse 

plane angles ranged from 41 to 71 degrees 
(Fig1B). No main effects of side (Left/Right) 
or condition (control/sham/clamp) or 
interactions between side and condition were 
seen for either the OA scores or transverse 
plane angles. Fibrosis of the injured multifidus 
was prevalent in both sham and clamp groups 
as compared with the control animals and non-
injured muscle. 

Conclusions/Conclusions 
No clear signs of FJ degeneration or 
remodeling were observed. The fibrosis of the 
injured multifidus muscle may have altered 
spine and joint motion, inhibiting 
degeneration. The lack of degeneration impairs 
the ability to determine if degeneration driven 
FJ remodeling does lead to a change in joint 
orientation.  
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INITIAL TRUNK AND FOOT POSITION CAN BE ADAPTED TO ALLOW LIFTERS 
TO REACH LOWER-LYING OBJECTS WITHOUT ROUNDING THEIR BACK 

Submission ID: 202 

Authors 
Ms. Danielle Carnegie - University of Toronto, Mr. Steven Hirsch - University of Toronto, Dr. 

Tyson Beach - University of Toronto 

Introduction/Introduction 
When lower extremity joint motion is 
restricted (e.g. via physical environmental 
barriers, flexibility deficits, personal protective 
equipment, etc.), greater lumbar spine flexion 
is required to complete the same lifting task. It 
is possible that modifying body position at the 
start of a lift can alter lifting mechanics 
allowing for the redistribution of motion to 
other joints throughout the body linkage. This 
may assist lifters in circumventing constraints 
in lower extremity joint motion, enabling them 
to reach further towards low-lying objects 
without flexing their spines. 

Objective/Objectif 
To describe how aspects of body position at 
lift initiation (trunk inclination, stance width, 
and foot orientation) affect how far lifters are 
able to reach down for an object without 
flexing the spine. 

Methods/Méthodologie 
Forty-two participants performed a maximal 
reaching task while lumbar spine motion was 
physically constrained. Reaching tasks varied 
by combinations of the following task factors: 
1) stance width (narrow = feet hip-width apart; 
wide = feet twice hip-width apart); 2) foot 
orientation (neutral = toes pointed straight 
forward; externally rotated = toes pointed 
outward 30o); and 3) trunk inclination (upright 

= trunk vertically oriented; forward = trunk 
inclined forward 45o). Maximal reach 
displacement was quantified and averaged 
across three repetitions, then compared 
between conditions via three-way factorial 
ANOVA. 

Results/Résultats 
A significant three-way interaction effect was 
found for average reach displacement (F(1,287)= 
3.92, p = 0.0487) (Figure 1). The position that 
afforded the largest average reach 
displacement was the trunk upright–wide 
stance–feet externally rotated condition. 

Conclusions/Conclusions 
Starting position can be modified to enable 
execution of low-lying lifts without flexing the 
lumbar spine. Externally rotating the feet 
allows for greater reach displacement 
compared to a straight-forward foot position, 
regardless of trunk inclination or stance width. 
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MODELING OF HUMAN INTERVERTEBRAL DISC ANNALUS FIBROSUS WITH 
COMPLEX FIBER NETWORKS 

Submission ID: 397 

Authors 
Dr. Farshid Ghezelbash - Polytechnique Montréal, Mr. Morteza Kazempour - University of 

Tehran, Dr. Amir Hossein Eskandari Shahrabi – IRSST, Prof. Saeed Shirazi-Adl - Polytechnique 
Montréal, Dr. Mostafa Baghani - University of Tehran 

Introduction/Introduction 
Annulus fibrosus (AF) plays a key role in the 
load-bearing of an intervertebral disc and 
hence in the disc degeneration and back pain. 
Accurate simulation of AF is the corner stone 
of any biomechanical model of the spine. 
Existing constitutive models of AF overlook 
essential anatomic features (e.g. layer-wise 
collagen fiber distribution, inter-laminar 
network) and are validated under limited 
loading conditions. 

Objective/Objectif 
We aim to develop a non-homogenous 
micromechanical model as well as a 
homogenous hyperelastic model of the AF, 
and then to compare their performances versus 
various reported measurements (uni- and bi-
axial tests at different directions) and 
hyperelastic models. 

Methods/Méthodologie 
The micromechanical model has an accurate 
statistical distribution of collagen fibers in 
each lamella with a complex elastic fibers 
network. Due to the computational cost of this 
micromechanical model, we also propose a 
coarser hyperelastic model of AF, which takes 
account of fiber-matrix interactions. We 
extensively compare the performance of our 
models with available tissue-level 
measurements (matched with the geometry 
and boundary conditions of specimens in 
experiments) and 8 published hyperelastic 
models under uni- and bi-axial loads at 
different directions. Moreover, we re-evaluate 
all models in a whole disc finite element 
model. 

Results/Résultats 
Specimen size/geometry/boundary conditions 
substantially affect strain-stress responses 
particularly in bi-axial tests. The 
micromechanical (R2=0.93) and hyperelastic 
(R2=0.87) models agree well with experiments 
under uni- and bi-axial loadings in different 
directions, Fig. 1. In contrast to our proposed 
models, most constitutive models combine two 
distinct families of collagen fibers and 
lamellae into a single equivalent layer, which 
overestimate stresses (~30%) and erroneously 
predict uniform strain field. 

Conclusions/Conclusions 
Due to substantial effects of boundary 
conditions and specimen geometry on 
predictions, AF models should represent 
experiments as accurately as possible. 
Modeling collagen fibers as a single equivalent 
layer, though popular, does not agree with the 
anatomy of AF and influences computed 
strains/stresses. 
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THE EFFECT OF WHOLE-BODY VIBRATION EXPOSURE ON PEAK ANGULAR 
HEAD KINEMATICS UNDER LOAD 

Submission ID: 469 

Authors 
Mr. Aaron Derouin - Queen's University; National Research Council Canada, Dr. Andrew Law - 

National Research Council Canada, Dr. Heather Wright-Beatty - National Research Council 
Canada, Dr. Steven Fischer - University of Waterloo 

Introduction/Introduction 
Whole-body vibration (WBV) exposure is 
reported to adversely affect visual 
performance and is a known occupational risk 
factor in the development of spinal disorders. 
Added head supported mass (HSM), in the 
form of helmet-mounted equipment, is known 
to delay movement initiation during dynamic 
head movement. Moreover, when combined 
with HSM, long-term WBV exposure may be 
a key contributor to helicopter aircrew neck 
pain. 

Objective/Objectif 
To understand how WBV exposure and HSM 
influence peak kinematics associated with 
time-optimal, reciprocal scanning movements. 

Methods/Méthodologie 
Healthy male participants (n=16; 26.7 ± 5.1 
years) wore a military helmet with replica 
night vision goggles (NVGs) and were 
restrained in a helicopter seat that was secured 
to NRC’s human rated shaker platform. Two 
WBV conditions (noWBV; WBV), two HSM 
conditions (counterweight, HSM-CW; no 
counterweight, HSM-noCW), and two 
movement trajectories (axial movement 
trajectory, MTAXIAL; off-axis movement 
trajectory, MTOFFAXIS) were evaluated. During 
the WBV condition, participants were exposed 
to simulated vertical oscillations comparable 
to that of the Bell 412 helicopter. A 
laserBIRDTM motion tracking system recorded 
head position and orientation at 240 Hz. 

Results/Résultats 
For MTAXIAL, yaw peak velocity was highest 
in the WBV+HSM-noCW condition. For 
MTOFFAXIS, peak velocity in yaw and pitch was 
highest in the WBV+HSM-noCW condition 
(Figure 1). 

Conclusions/Conclusions 
Contrary to most evidence suggesting that 
WBV degrades performance, higher peak 
velocities were observed during WBV 
exposure for both axial and off-axis 
movements. These finding might be 
attributable to WBV-induced enhancement of 
muscle contraction via spinal reflex activity 
known as the tonic vibration reflex. Despite 
higher peak velocities, WBV exposure is 
associated with lengthened target acquisition 
time (see Derouin et al., CSB 2020) and points 
to the need to consider all phases of target 
acquisition to understand the performance and 
potential injury implications of this risk factor 
during goal-oriented movements. 
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POSTURAL CONTROL DURING QUIET STANDING AND VOLUNTARY STEPPING 
RESPONSE TASKS IN STROKE SURVIVORS 

Submission ID: 53 

Authors 
Dr. Gabriel Moisan - CIRRIS; Département de Kinésiologie, Univesité Laval, Ms. Pornprom 
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Prof. Christopher Nester - University of Salford, Dr. Kristen Hollands - University of Salford 

Introduction/Introduction 
Postural control impairments are common 
following a stroke and have impact on 
mobility, reduce independence and increase 
the risk of falls. Most previous studies 
assessed these impairments in stroke survivors 
(SS) during a quiet standing (QS) task and 
focused on centre of pressure (COP) 
measurements. Assessing the postural control 
impairments during tasks more representative 
of real-life situations, such as voluntary 
stepping response (VSR) and use centre of 
mass (COM) and spatiotemporal 
measurements will enhance our understanding 
of how the postural control system is impaired 
in SS. 

Objective/Objectif 
To identify the postural control impairments 
encountered by SS during QS and VSR tasks. 

Methods/Méthodologie 
Twenty SS and sixteen healthy controls (CON) 
were recruited to perform QS and VSR tasks 
while ground reaction forces and whole-body 
motion were respectively measured with two 
force plates and a passive three-dimensional 
motion analysis system. Displacement and  

 

 

speed variation of the COM, displacement of 
the COP and spatiotemporal data were 
calculated and compared between the SS and 
CON groups. 

Results/Résultats 
During the QS task, the SS group exhibited 
greater maximal COP displacement in the 
mediolateral direction and COM displacement 
in the vertical direction compared to the CON 
group. During the VSR task, the SS group 
exhibited smaller step length, brake force, 
posterior foot placement in relation to the 
pelvis and COM excursion in anteroposterior 
direction compared to the CON group. 

Conclusions/Conclusions 
SS presented decreased static and dynamic 
postural stability compared to healthy 
counterparts. The increased postural sway 
during QS, the smaller anteroposterior 
maximal COM displacement before losing 
balance and the altered voluntary 
compensatory steps during the VSR task place 
SS at greater risk of falling when they face a 
postural challenge in the community. 
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DEVELOPING A PROGNOSTIC MODEL BASED ON GAIT MECHANICAL 
STABILITY AND FALL HISTORY TO PREDICT SHORT-TERM FALLS IN OLDER 

ADULTS WITH DEMENTIA 
Submission ID: 258 

Authors 
Dr. Sina Mehdizadeh - Toronto Rehabilitation Institute, Ms. Andrea Sabo - Toronto 

Rehabilitation Institute, Ms. Kimberley-Dale Ng - Toronto Rehabilitation Institute, Dr. Babak 
Taati - Toronto Rehabilitation Institute, Dr. Andrea Iaboni - Toronto Rehabilitation Institute 

Introduction/Introduction 
People with moderate to severe dementia are 
at high risk of imminent falls. Gait mechanical 
stability and fall history are important factors 
known to contribute to risk of a future fall in 
older adults with dementia. However, no 
prognostic models have been developed and 
validated based on these factors to practically 
predict risk of an imminent fall for an 
individual with dementia. 

Objective/Objectif 
The aim of this study was to develop and 
validate a prognostic model based on gait 
mechanical stability and fall history to predict 
the probability of a short-term fall in older 
adults with dementia. 

Methods/Méthodologie 
Fifty-one individuals with dementia at high 
risk of falls participated in this study. A 
vision-based gait monitoring system was used 
to record the natural gait of participants over a 
two-week baseline. Falls were tracked 
throughout the length of stay. Cox 
proportional hazard regression analysis was 
used to build a prognostic model based on gait 
mechanical stability (estimated margin of 
stability) and fall history to determine fall-free 
survival probabilities in short term (i.e. at 7 
days and at 30 days). 

Results/Résultats 
Estimated margin of stability (hazard 
ratio=0.6, p-value=0.001) and fall history  

 

(hazard ratio=6.15, p-value=0.0006) were 
statistically significant predictors of time to 
fall. The model’s predicted survival 
probabilities were close to observed values at 
both 7 and 30 days. The area under the 
receiver operating curve was 0.80 at 7 days, 
and 0.67 at 30 days and the model had a 
discrimination performance (Harrel’s 
concordance index) of 0.71. 

Conclusions/Conclusions 
Gait mechanical stability measured using a 
vision-based gait monitoring system and fall 
history can predict short-term falls in older 
adults with dementia with fair to good 
predictive and discrimination ability. 
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Introduction/Introduction 
Head-on-trunk and eye-in-head position 
influences stability in quiet stance and gait, 
and may similarly affect balance reactions. 
Such effects are likely to be exacerbated in 
older adults (OAs), who are reluctant to shift 
gaze and head orientation from neutral 
position with an impending perturbation. We 
hypothesized that deviated head and eye 
position will compromise the efficacy of 
balance reactions, and bias the response in 
gaze and head direction. OAs are expected to 
be more susceptible to such effects in 
comparison to young adults (YA). 

Objective/Objectif 
Quantify the effect of head and eye position on 
balance reactions in YAs and OAs. 

Methods/Méthodologie 
Balance in YA (12) and OA (12) was 
perturbed via unpredictable horizontal support 
surface translations. Trials began in quiet 
stance, with head and eye position in one of 
nine conditions (Fig. 1). Whole body 
kinematic data was used to determine the 
center of mass (CoM) motion (displacement 
and velocity) and steps taken to regain 
balance. A three-way repeated measures 
ANOVA was used to quantify the associated 
measures (headposition, eyeposition, and 
agegroup) in A-P and M-L perturbation 
directions. 

Results/Résultats 
Both groups displayed a significant increase in 
CoM displacement, congruent with head  

 

position in the left and right direction during 
A-P perturbations. A-P perturbations also 
revealed larger CoM displacements produced 
by OAs in comparison to YAs in every head 
and eye position condition. OAs required more 
steps to regain balance in both A-P and M-L 
perturbations. 

Conclusions/Conclusions 
Head position altered balance reactions 
through sensorimotor transformations, causing 
a biased response to the direction of the head. 
In comparison to OAs, YAs regained balance 
with smaller CoM displacement and velocity, 
and with fewer steps, suggesting that 
sensorimotor transformations decline with 
aging in healthy OAs. 
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Introduction/Introduction 
Falls are the leading cause of injury in older 
adults. Most community-dwelling older adults 
fall in the forward direction and establish 
contact on outstretched hands. Reduced elbow 
flexion while arresting a fall is associated with 
increased maximum hand contact force, which 
may increase risk for distal radius fracture. 
Fall arrest research often focuses on women, 
limiting the data available for analyzing sex-
related differences within older adult 
populations. 

Objective/Objectif 
Characterize sex-related differences in upper-
body impact mechanics during forward fall 
simulations in healthy older men and women. 

Methods/Méthodologie 
Fifty-six older adults (28 women) were 
analyzed using a novel testing apparatus to 
simulate a fall on the outstretched hands. 
Participants were suspended at a body lean of 
60° from horizontal with their arms extended 
and hands 2 cm above force platforms. 
Participants were unexpectedly released and 
instructed to absorb the impact by flexing their 
elbows to 90°. Three trials were recorded and 
averaged. 

Forces under each hand (fs=2000Hz, OR6-7 
force platforms, AMTI, Watertown, MA) and 
three-dimensional kinematics (fs=200Hz, 
VICON, Centennial, CO) were recorded. 
Outcomes analysed over the first 200ms after 
impact included elbow range of motion 
(ROM), normalized elbow joint moments, 
maximum reaction force, and normalized 
overall energy absorption. Independent t-tests 

compared demographics between sexes while 
separate 2 x 2 (arm x sex) repeated measure 
ANOVAs examined outcome variables. 

Results/Résultats 
Body mass index (W:28.0±5.9, M:29.2±3.7 
kgm-2, p=0.344) and age (W:69.3±5.6, 
M:72.1±7.5 years, p=0.118) were not different 
between sexes. Men showed greater elbow 
ROM (W:15.5±10.2, M:21.9±12.7°, p=0.039), 
maximum elbow moments (W:0.017±0.005, 
M:0.021±0.005 Nm/Nm, p=0.001), maximum 
force (W:31.3±5.7, M:35.8±8.6 %BW, 
p=0.008), and energy absorption 
(W:0.007±0.003, M:0.010±0.004 J/J, p=0.008) 
during contact phase. 

Conclusions/Conclusions 
Older men had higher initial contact forces but 
flexed their elbows more and absorbed more 
energy than older women, indicating a 
potentially safer fall arrest strategy. This 
difference may be related to generally higher 
strength in men. 
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Introduction/Introduction 
Previous research has shown post-stroke 
challenges in regulating lower-limb force 
output led to reductions in temporal 
synchronization and spatial symmetry of COP 
displacements in frequency bandwidths > 0.40 
Hz, believed to arise from reactive balance 
corrections (Singer et al., 2014). Lower 
frequency COP modulations, indicative of 
exploratory COP migrations or errors in state 
estimation (Zatsiorsky et al., 2000; Carpenter 
et al., 2010) remained unchanged. 

Objective/Objectif 
To examine the influence of fatigue-induced 
force decrements on the proactive and reactive 
control of standing balance among healthy 
individuals. 

Methods/Méthodologie 
37 healthy young participants performed 60-
second quiet-standing trials before and after a 
repeated treadmill sprint. Motion capture and 
force platform data were used to calculate the 
whole-body centre of mass (COM) and 
individual-limb COP displacements, 
respectively. Individual-limb COP 
displacements underwent an 8-level (9 
bandwidth) discrete wavelet decomposition. 
Inter-limb temporal synchrony and spatial 
symmetry at each timescale were evaluated by 
the cross correlation coefficient (R-xy) at zero 
phase-lag and the RMS ratio, respectively. 
Paired-samples t-tests and 2-factor (fatigue x 
frequency bandwidth) ANOVAs were used to 
evaluate RMS COM displacements, RMS and 
Rxy COP variables at each bandwidth for 
anteroposterior and mediolateral directions. 

Results/Résultats 
Individuals exhibited increased mediolateral 
COM displacements post-fatigue. Between-
limb mediolateral COP synchrony was 
increased and symmetry was reduced post-
fatigue, but only among the higher frequency 
(reactive) bandwidths. Muscular fatigue 
reduced AP spatial symmetry across all 
frequency bandwidths. 

Conclusions/Conclusions 
If flexibility in the temporal relationship 
between limbs is necessary for reactive COM 
control, increased between-limb temporal 
synchrony among higher COP frequencies 
post-fatigue could be responsible for the 
increased ML COM excursions. Increased 
differential use of the limbs in space for 
reactive COP modulations could be due to 
challenges generating rapid muscle force 
output, as a function of fatigue. Further 
exploration of COP synchrony and symmetry 
in regard to central and peripheral fatigue, 
respectively, may be necessary. 
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Introduction/Introduction 
Le liquide synovial à l’intérieur de la 
capsule articulaire de la hanche permet de 
limiter les contacts entre la tête fémorale et 
la surface semi-lunaire de l’acétabulum. Le 
labrum articulaire permet de contrôler les 
échanges de liquide entre le compartiment 
médial et latéral de la capsule. À ce jour, 
aucune étude ne décrit le comportement bi-
compartimental de la pression lors de 
l’évaluation clinique de l’articulation de la 
hanche. 

Objective/Objectif 
Déterminer les niveaux de pression entre les 
compartiments médial (CM) et latéral (CL) 
de la capsule articulaire de la hanche lors de 
mouvements se rapportant à l’évaluation 
clinique. 

Methods/Méthodologie 
Les membres inférieurs de six spécimens 
cadavériques ont été disséquée afin de 
mettre en évidence la capsule articulaire. 
Des voies trans osseuses ont été créées au 
travers le grand trochanter et l’os coxal afin 
de rejoindre les CL et CM sans altérer 
l’anatomie de la capsule (pressurisation). La 
pression intra-capsulaire était mesurée à  

 
l’aide de capteurs de pression à fibre optique 
de la compagnie Fiso Technologies ®. Des 
capteurs de mouvements sont placés sur l’os 
coxal, le fémur et le tibia pour permettre de 
lier le suivi tridimensionnel aux fluctuations 
de pression. 

Results/Résultats 
Les résultats montrent que la pression était 
toujours plus élevée dans le compartiment 
médial et ce, indépendamment du 
mouvement effectué. Le mouvement de 90° 
de flexion présente des fluctuations 
différentes entre les 45 premiers et 45 
derniers degrés. Le mouvement d’extension 
maximale montre des pressions moyennes 
de 18.04±6.73 et 4.92±1.81 mmHg dans le 
CM et CL respectivement. L’adduction 
montre une diminution dans le 
compartiment médial et une augmentation 
dans le compartiment latéral. La 
décoaptation à 90° de flexion montre une 
plus grande dépressurisation du CM que la 
décoaptation en extension maximale. 

Conclusions/Conclusions 
Cette étude montre que la pression est 
dépendante du compartiment évalué et des 
mouvements effectués. 
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Introduction/Introduction 
Lors d’un accident vasculaire cérébral, 
l’équilibre des forces de poussée des membres 
supérieurs est rompu. L’introduction d’un 
entrainement par thérapie de force dans la 
rééducation des personnes atteintes d’AVC 
pourrait permettre aux patients atteints 
d'hémiparésie de retrouver une symétrie des 
forces entre les deux bras.  
 

Objective/Objectif 
L’objectif est le développement de méthodes 
pour investiguer le patron des forces durant 
des exercices de poussées bimanuelles en 
mode symétrique et asymétrique. 

Methods/Méthodologie 
Les données de force de trois sujets sains et 
trois sujets atteints d’AVC ont été collectées à 
600 Hz durant des entraînements de poussée 
manuelle avec des résistances de 15% et 30% 
de la force maximale volontaire. L’analyse des 
courbes a permis de caractériser une phase de 
stabilisation de la force autour de la consigne 
donnée au sujet. Deux paramètres dépendants 
lors de la phase de stabilisation ont été  
 

 
mesurés : la stabilité calculée comme les 
oscillations présentes à ± 2% de la consigne et 
l'entropie approximative définie comme la 
périodicité des fluctuations du signal. 

Results/Résultats 
Les patients sains présentent une stabilité 
moyenne de 39.27% à gauche et 31.28% à 
droite et les patients pathologiques : 25.72% 
coté sain et 22.91% coté lésé. L’entropie 
approximative des patients sains est en 
moyenne de 0.53802 à gauche et 0.5197 à 
droite et chez le patient pathologiques, 0.5710 
côtés sains et 0.5659 cotés lésés. Les sujets 
sains contrôlent mieux leur force 
comparativement aux sujets pathologiques. 
L'entropie est plus faible chez les sujets sains 
que les sujets pathologiques mais elle n'est pas 
corrélée avec la stabilité. 

Conclusions/Conclusions 
On observe une différence de stabilité de 10% 
et de 0.4 pour l'entropie entre les sujets sains et 
les sujets pathologiques. Cette méthode sera 
appliquée pour analyser la base de données de 
41 patients (19 pathologiques et 22 sains) afin 
de pouvoir réaliser des tests statistiques. 
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Introduction/Introduction 
La réadaptation du tendon d’Achille passe par 
la réalisation d’exercices excentriques. 
Toutefois, des protocoles, comme celui 
d’Alfredson, sont limités dans le contrôle des 
paramètres d’exercices (force appliquée; 
amplitude du mouvement; vitesse 
d’exécution). En conséquence, la réadaptation 
s’étire au-delà des délais optimums. La 
conception d’un exerciseur peut aider à 
contrôler ces paramètres. 

Objective/Objectif 
Ce projet a pour but de concevoir, de fabriquer 
et de valider un appareil contrôlant les 
paramètres des exercices excentriques du 
tendon d’Achille. 

Methods/Méthodologie 
La démarche de développement de produits a 
été utilisée. Des spécialistes ont été consultés 
afin de déterminer les besoins et les 
paramètres d’exercices à encadrer 
prioritairement. Un cahier des charges 
fonctionnel a été construit puis un appareil a 
été conçu. Un premier prototype de taille 
réduite a été fabriqué et validé. Un second 
prototype de taille réelle est en cours de 
fabrication. Son fonctionnement et son 
utilisabilité seront validés prochainement. 

Results/Résultats 
L’appareil prend la forme d’un boîtier 
transportable (Figure 1). Des ressorts à force 

constante sont utilisés afin de contrôler la 
charge à appliquer. Cette dernière s’ajuste 
graduellement par des mousquetons engageant 
les ressorts nécessaires. L’appareil est 
ambidextre et universel : il s’adapte aux 
patients du 1er au 99e percentile. Un ajustement 
positionne le centre de rotation de la cheville 
avec celui de l’appareil. Une fois le pied 
positionné, les ressorts sont étirés avec un 
manche activé par le patient. Simultanément, 
le pied atteint un certain degré de flexion 
plantaire. Le patient doit alors résister à la 
force créée par les ressorts pendant que son 
pied regagne une position de flexion dorsale. 
L’exercice est ensuite répété. 

Conclusions/Conclusions 
Enfin, l’appareil développé permet des 
ajustements faciles et rapides pour les 
différents intervenants. Il ne reste plus qu’à 
déterminer avec des spécialistes l’efficacité et 
la viabilité de l’appareil. 
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Introduction/Introduction 
Santé Publique Canada a enregistré en 2015 un 
total de 85170 accidents vasculaires cérébraux 
(AVC) ayant causé une hémiparésie. Des 
asymétries spatio-temporelles lors de la 
marche sont observées dans 48 à 60% de ces 
cas. Les cliniciens se basent en général sur 
l’observation visuelle pour évaluer l’asymétrie 
de la mise en charge durant le processus de la 
réadaptation. Les impacts de cette asymétrie 
sur les activités de la vie quotidienne des 
patients ne sont pas mesurés. 

Objective/Objectif 
Développer une méthode pour quantifier la 
mise en charge en estimant les forces de 
réaction au sol (FRS) avec des capteurs 
inertiels. 

Methods/Méthodologie 
Deux capteurs inertiels ont été utilisés au 
niveau des tibias chez six participants sains 
sous cinq conditions de marche, en mode 
symétrique et asymétrique. Un tapis roulant 
instrumenté à deux voies constituait la mesure 
de référence cinétique. Un modèle non-linéaire 
entrainé par identification a été utilisé pour 
prédire les FRS. Les composantes verticale et 
antéro-postérieure ont été considérées, du côté 
droit et gauche. 

Results/Résultats 
Les résultats ont donné une erreur quadratique 
moyenne normalisée de 5,21 et 7,28% à 
vitesse confortable pour la FRSV et la FRSAP, 
respectivement. À vitesse lente (0,8 m/s), nous 
avons obtenu 3,79 et 6,74% pour les deux 
forces, respectivement. À vitesse très lente 

(0,4 m/s), nous rapportons une erreur de 5,13 
et de 10,31%, respectivement. En mode 
asymétrique avec un ratio d’asymétrie de 
1/1,5, l’erreur était de 5,35 et de 7,45%. Enfin, 
nous avons obtenu une erreur de 6,27 et de 
8,54% pour la marche en mode asymétrique 
1/2, dans les directions verticale et antéro-
postérieure, respectivement. 

Conclusions/Conclusions 
Les résultats de ce modèle sont prometteurs et 
démontrent que l’utilisation des capteurs 
inertiels permettrait d’apprécier les FRS hors 
laboratoire. La méthode développée pourrait 
être appliquée sur les données collectées sur 
des sujets atteints d'hémiparésie évalués à 
l'intérieur et à l'extérieur du laboratoire. 
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Introduction/Introduction 
Body parameters have been 
epidemiologically linked to hip fracture risk. 
However, the mechanistic pathways 
underlying these associations are unclear, 
particularly between sexes. The skeletal 
system and surrounding soft-tissues interact 
to modulate energy delivered to the femur, 
subsequent stress/strain generation and 
fracture risk. Increased understanding of the 
mechanistic roles of these parameters may 
inform targeted interventions and enhance 
fracture risk screening. 

Objective/Objectif 
Primary: Identify sex-specific predictors of 
femoral neck fracture risk index (FRI) during 
simulated lateral hip impacts.Secondary: 
Explore potential mechanisms underlying 
sex-specific differences. 

Methods/Méthodologie 
Thirty-three young adults (17 female) 
underwent a series of lateral fall simulation 
paradigms (FSP; Figure 1). Kinetics, 
kinematics, and load distribution of the left 
(impacting) hip were extracted. FRI was 
calculated through participant-specific beam 
modelling, utilizing dual-energy X-ray 
imaging and experimental impact data. 
Trochanteric soft tissue thickness (TSTT) 
was assessed through ultrasound imaging. 
Multiple linear regressions were performed to 
predict FRI with anthropometrics, femur  

 

 

morphology, and TSTT as potential 
predictors. 

Results/Résultats 
Adjusted r2 ranged from 0.375 to 0.713. 
Across FSP, TSTT was consistently retained 
as a FRI predictor for females but not males. 
In contrast, femoral neck bone mineral 
density (BMD) was consistently a FRI 
predictor for males but not females. 
Secondary analysis revealed a positive 
correlation between TSTT and BMD for 
females (p<0.05) but not males. TSTT was 
positively correlated with body mass for both 
males and females (p<0.05); however, the 
increase in mass per unit TSTT was nearly 
double in males compared to females. Body 
mass, neck width, and neck-shaft angle were 
also retained as predictors inconsistently 
across sex and FSP. 

Conclusions/Conclusions 
Through utilization of detailed impact 
dynamics and simple beam modelling, this 
study provided novel insights into sex-
specific predictors of hip fracture risk. 
Towards enhanced fracture screening, future 
work should characterize the sex-specific 
relationships between TSTT and underlying 
femur morphology in the older adult 
population. 
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Introduction/Introduction 
The lens capsule is a thin membrane, covering 
the crystalline lens in the eyes (Fig. 1A), 
sequestering it from other ocular tissues. This 
membrane is much stiffer, yet much thinner 
than the lens. The zonular fibers stretch the 
lens capsule and change the lens curvature 
which results in adjusting the central optical 
power (COP) of the lens. There is no 
consensus on the mechanical function of the 
capsule and if its role is passive or independent 
in adjusting the COP; in the normal 
accommodation or on presbyopia 
pathophysiology. The finite element 
simulation may help in decomposing its 
contribution and roles in lens biomechanics. 

Objective/Objectif 
The objective of this study was to investigate 
the role of the capsule on the lens 
accommodation using an FE model. 

Methods/Méthodologie 
A 3-D FE model of a 45-year-old lens (Fig. 
1A) was reconstructed from the literature 
considering the capsule (with its spatially 
varying thickness) and zonular fibers to stretch 
the lens by a 0.08 mm displacement along the 
zonular fibers. A 5-parameter Moony-Rivlin, a  

 

 

 

neo-Hookean, and anisotropic Holzapfel-
Gasser-Ogden constitutive laws were assigned 
to the capsule, zonules, and lens, respectively. 
The simulation was performed with and 
without the capsule to study its role in the lens 
accommodation. 

Results/Résultats 
The magnitude of zonular stretch in the FE 
results and in vivo data are in good agreement 
(data not shown). With an identical 
displacement boundary condition, the 
decapsulated lens accommodates 34% less 
than the intact one (Fig. 1B). In general, the 
changes in thickness, radius, and anterior and 
posterior curvatures were higher in the intact 
model (data not shown). 

Conclusions/Conclusions 
The capsule in the FE model caused a more 
uniform distribution of deformations over the 
entire lens and resulted in a greater change in 
COP, meaning that the capsule acts as a 
scaffold or exoskeleton for boosting lens 
accommodation. 

 

 

  



 22 

DÉVELOPPEMENT D'UNE MÉTHODE D'ÉTUDE DE LA FATIGUE MUSCULAIRE 
VIA LA SIMULATION MUSCULOSQUELETTIQUE PAR COMMANDE OPTIMALE 

Submission ID: 353 

Authors 
Mr. Benjamin Michaud - Université de Montréal, Prof. Mickael Begon - Université de Montréal 

Introduction/Introduction 
L'étude des blessures chroniques dues à des 
gestuelles répétitives est une problématique 
qui pose des difficultés techniques. Outre 
l'aspect éthique, la nature à long terme de 
l'apparition de ces blessures rend la mise en 
place de protocoles standardisés pratiquement 
impossible. La simulation numérique est une 
alternative pour étudier ce type de blessure. Le 
jeu musical étant par nature répétitif, 
particulièrement la gestuelle du violoniste, 
celui-ci constitue une excellente application 
pour développer une méthode numérique 
d’évaluation du risque de blessures. 

Objective/Objectif 
Développer une méthode de simulation 
numérique qui permette d’étudier le 
mouvement de haute performance musical 
dans un contexte de fatigue musculaire. 

Methods/Méthodologie 
À l’aide de la librairie de modélisation 
musculosquelettique biorbd, nous avons 
développé un avatar-musicien composé d'un 
violon, d’un archet et de l'ossature du haut du 
corps sur laquelle sont montés 18 muscles 
attachés à l'épaule droite. Cet avatar est utilisé 
par un algorithme de contrôle optimal 
(CasADi/Ipopt) ayant pour objectif de 
minimiser l'activité musculaire lors d’un jeu 
cyclique violonistique lent et doux sur la corde 
grave. Les niveaux et patrons d'activité 
musculaire obtenus sont comparés à ceux de  

 

 

 

violonistes experts pour valider 
l'environnement de simulation. 

Results/Résultats 
La méthode permet de générer un geste 
réaliste de deux allers-retours de l’archet sur le 
violon, capturant ainsi la nature cyclique du 
geste. L’activité musculaire montre des 
niveaux généralement plus faibles que ceux 
obtenus chez les experts. 

Conclusions/Conclusions 
Des défis technologiques subsistent, 
notamment la résolution du problème dans un 
temps raisonnable pour une période de jeu 
induisant de la fatigue, en plus d’une 
intégration plus réaliste des forces de contact 
entre le violon et l'archet. À terme, la méthode 
développée permettra de prédire de nouvelles 
stratégies de jeu plus saines pour les 
violonistes. 
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Introduction/Introduction 
Hip fractures are a substantial public health 
issue. Risk decreases as trochanteric soft tissue 
thickness (TSTT) overlying the proximal 
femur increases, likely due to energy-
absorptive mechanisms. Wearable hip 
protectors can reduce hip fracture risk; some 
designs target the same energy absorption 
pathways as natural TSTT. 

Objective/Objectif 
To use a novel multiscale biomechanical 
model to investigate changes in hip fracture 
risk associated with energy-absorbing hip 
protectors, and the potential mediating factor 
of subject-specific TSST. 

Methods/Méthodologie 
Eleven FEMs of older adult [1] were used to 
build subject-specific mass-spring models of 
fall-related lateral pelvis impacts. Initially, 
impacts for each subject were modelled for 
500 impact velocities (range 0.01-5 m/s). 
Trial-specific dependent measures included 
peak applied force (mass-spring model), femur 
strength (FEM), and applied load-to-strength 
ratio (i.e. fracture probability). A materials 
testing system characterized the stiffness of a 
commercially-available energy-absorbing hip 
protector [2]. Each subject’s pelvis stiffness 
was adjusted based on a springs-in-series 
model of the pelvis-hip protector system, and 
the entire simulation series was repeated. 
Outcomes were compared across hip protector  

conditions (with/without) and subject-specific 
TSTT values. 

Results/Résultats 
On average, the hip protector decreased peak 
applied force by 15%, and probability of hip 
fracture by 53% (from 9.5 to 4.5%). The force 
attenuation provided by the hip protector 
decreased with increasing TSTT, ranging from 
28.0% to 5.7% for subjects with TSTTs of 7 
and 76 mm, respectively. Similarly, the 
fracture risk reduction provided by the hip 
protector decreased as STT increased, ranging 
from 24% to <1% for low and high TSTT 
subjects, respectively. 

Conclusions/Conclusions 
This novel multiscale model predicted that 
energy-absorbing hip protectors substantially 
reduce peak impact force and hip fracture risk. 
Importantly, the model predicts enhanced 
benefits for high-risk older adults with low 
TSTT. This approach may accelerate the 
innovation cycle for new hip protector, and 
supports subject-specific design and clinical 
decision-making. 

1.Fleps_et_al,JBMR,34(10):1837-1850,2019 
2.Laing_et_al,JBiomech,44(15):2627-35,2011. 
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Introduction/Introduction 
Bone mechanical properties are estimated by 
Euler-Bernoulli (EB) and Timoshenko (TI) 
beam theories. Mechanical testing and image-
based finite element analysis (FEA) are 
commonly used for bone mechanical 
assessment; their accuracy is therefore crucial. 

Objective/Objectif 
This study quantified some of the errors in 
long-bone mechanical assessments. 

Methods/Méthodologie 
Four-point bend tests on a bone surrogate were 
performed with three replicates and six repeats 
on each. Deformation was measured at the 
crosshead (CH), midpoint (mid), and with 
digital image correlation (DIC). The 
experimental bending stiffness (KCHand KMid) 
was calculated as the slope of the linear 
portion of the force-(F) deflection (δ) data. 
The same bending test was simulated with 
FEA (Abaqus CAE/2017) on CAD and CT-
based models. The computational bending 
stiffness (KFEA) was calculated by dividing the 
total reaction force at bottom supports over the 
vertical deflection due to bending at the 

midpoint. TI and EB beam theories were used 
to calculate the bone surrogate flexural rigidity 
(EI). 

Results/Résultats 
Relative to DIC results, EB and TI beam 
theories underestimated the KCH and KMid by -
39% and -29%, respectively. While KFEA of 
the CAD-FEA agreed with the DIC results, 
KFEA of CT images showed a 5% 
overestimation. EB theory underestimated the  

 

EI from all methods by ‑60% to -27%; 
whereas, TI theory prediction of EI was more 
accurate with -40% to +5% error. The DIC 
method with TI theory estimated EI with a 
+1% error. 

Conclusions/Conclusions 
Accurate estimation of K and EI is crucial for 
investigations of bone disease prevention, 
treatment, and diagnosis. Limitations of this 
study were: small sample sizes; and testing 
was performed on a bone surrogate with 
simplified geometry and materials. The results 
of this study confirmed that using TI beam 
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theory instead of EB beam theory can improve 
the accuracy of bone health research. 
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Introduction/Introduction 
Falls cause over 80% of traumatic brain 
injuries in older adults (Fu, 2017). 
Approximately one-third of falls by older 
adults in long-term care (LTC) result in head 
impact (Yang, 2017). Improved evidence on 
risk factors for head impact from falls, and 
injury when head impact occurs, may inform 
injury prevention strategies in this population. 

Objective/Objectif 
To determine how the characteristics of falls 
affect risk for head impact, and for injury 
when head impact occurs, based on video 
analysis of real-life falls in LTC. 

Methods/Méthodologie 
We analyzed videos of 2302 falls by 632 
residents (83.7+8.0 years; 43% men) with a 
validated questionnaire (Yang, 2013). We used 
generalized estimating equations to determine 
how fall characteristics (impact surface, 
landing direction, walker/rollator use) 
associated with the occurrence of head impact, 
and injuries to the head when impact occurred 
(e.g., fracture, laceration, hematoma) 
documented on incident reports. 

Results/Résultats 
Head impact occurred in 811 falls (35.2%). Of 
these, head injury was documented in 304 falls  

 

(37.5%). Head impact to the floor (versus 
other surfaces) was common (480/811 impact 
cases; 59.2%), and increased the odds of injury  

by 3.2-fold (odds ratio=3.2; 95% confidence 
interval=2.4-4.5). The odds for head impact, 
and injury given impact, were higher when 
landing forward (10.4% of falls) versus 
backward/sideways (impact: 2.4; 1.8-3.3; 
injury given impact: 4.2; 2.8-6.4). Falling 
while holding a walker/rollator (16.2% of 
falls) versus holding nothing was associated 
with lower odds for head impact (0.6; 0.5-0.9) 
and injury given impact (0.5; 0.3-0.9). 

Conclusions/Conclusions 
Among falls by LTC residents, the odds for 
head impact, and head injury when impact 
occurred, increased when landing forward, and 
decreased with walker/rollator use – 
suggesting that walker/rollator use could 
reduce the frequency and severity of head 
impacts. The increased odds of head injury 
with impact to the floor implies that energy-
absorbing flooring may help to reduce injury 
risk. 
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Introduction/Introduction 
The main goal of rehabilitation in individuals 
with lower limb amputation (iLLA) is to 
improve their walking ability with a prosthetic 
limb. Two and six minutes walking tests 
(2MWT and 6MWT) are validated tests for 
assessing iLLA’s ability. However, both tests 
focus on the performance instead of the gait 
strategy used. Evaluation of iLLA walking 
using inertial measurement units (IMUs) can 
provide more detailed information associated 
with gait strategy in iLLA. 

Objective/Objectif 
To analyze the evolution of walking strategy 
in iLLA during 12 intervals of thirty seconds 
occurring along a 6MWT after discharge (T1) 
and 6 weeks post-discharge (T2). 

Methods/Méthodologie 
Twelve iLLA (6 females) have been evaluated 
at T1 and T2. Demographic characteristic and 
clinical performance are displayed in Table 1. 
Gait parameters were collected with two IMUs 
to analyze cadence, stance ratio, push up ratio 
(PUr), path length and speed in amputee and 
non-amputee legs (AL and nAL). The 6MWT 
was divided in 12 intervals of 30 seconds (I1-
I12). Legs and intervals at T1 and T2 were 
compared with non-parametric repeated 
measures ANOVA tests and Wilcoxon post-
hoc. 

Results/Résultats 
The interval factor during T1 had no 
significant effect. However, cadence ratio, PUr 
and speed parameters in AL and nAL during 
I3 and I4 were greater than during I11 and I12 
(p<.05, effect size: RTE< 0.64) at T2. Stance 
ratio of nAL during T1 and specially I11 was 
significantly higher than AL (p=.007, 
RTE=0.66). Selected parameters during T2 
between the two legs were not significantly 
different. 

Conclusions/Conclusions 
Considering the results (i.e., no interval 
difference at T1), clinicians could save time 
for the evaluation of walking ability using the 
2MWT instead of 6MWT at discharge. 
However, the 6MWT must still relevant to 
evaluate gait evolution at T2 due to cadence, 
PUr and speed differences for intervals, even 
with small effect size. 
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Introduction/Introduction 
Following acute injury, pain serves as a 
protective mechanism that changes movement. 
With Low Back Pain (LBP), this may manifest 
as reduced spinal mobility. In certain 
individuals, this behaviour persists beyond the 
acute phase, contributing to ongoing disability 
via sub-optimal spine and tissue loading. This 
abnormal pain response may be related to 
psychological factors. These are robust 
predictors of future disability in LBP, but their 
relationship with protective motor behavior is 
unknown. 

Objective/Objectif 
To examine whether levels of pain-related fear 
and pain catastrophizing are associated with 
reduced spinal mobility during functional 
tasks, in adults with LBP. 

Methods/Méthodologie 
This review was conducted as per PRISMA 
guidelines. Four databases were searched for 
relevant literature to November 2019. To be 
included, studies had to measure the 
association between pain-related fear or pain 
catastrophizing and mobility of the lumbar 
spine during a functional task, in adults with 
LBP. Two independent reviewers extracted all 
data. The Newcastle-Ottawa Scale assessed for 
risk of bias. When possible, correlation 
coefficients were pooled using the random-
effects model. 

Results/Résultats 
14 studies of low-moderate quality were 
included. Pooled analyses showed a small  

 

negative association between lumbar flexion 
and both pain-related fear (r=-0.213, 95% 
confidence interval=-0.331 to -0.089, 
P=0.001) and pain catastrophizing (r=-0.255, 
95% confidence interval=-0.416 to -0.077, 
P=0.005) (Fig 1). No significant association 
was observed between spinal extension and 
pain-related fear (r=-0.158, 95% confidence 
interval=-0.333 to 0.026, P=0.093). Sensitivity 
analyses did not alter our findings. Five studies 
examining pain-related fear and spinal flexion 
not suitable for meta-analysis reported mixed 
findings. 

Conclusions/Conclusions 
Our findings indicate a small association 
between reduced lumbar flexion and higher 
levels of pain-related fear and pain 
catastrophizing in people with LBP. These 
psychological factors may contribute to 
persistent altered movement patterns in LBP, 
possibly as an abnormal guarding response. 
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Introduction/Introduction 
A semitendinosus (ST) tendon autograft is a 
common graft technique for anterior cruciate 
ligament (ACL) reconstruction (ACLR).1 The 
ST muscle is an ACL synergist, protecting 
against anteriorly directed tibial shear forces, 
and therefore the ST autograft procedure may 
disrupt dynamic knee joint stabilization.2. 

Objective/Objectif 
This study was aimed at analysing the effects 
of ACLR with ST autografts on knee flexion 
strength and ST muscle morphology in athletes 
recently cleared for return to sport. 

Methods/Méthodologie 
Athletes with ACLR (n=11 females, n=4 
males, 1.9 ± 0.6 years post-surgery) and non-
injured, sex-matched, and sport-matched 
control athletes performed maximal voluntary 
contractions of isometric knee flexion and 
extension to obtain maximal torque 
(Torquemax) and maximal RTD (RTDmax) at 
30°, 50°, 70°, 90° and 105° of knee flexion. 
Ultrasound imaging was used to measure 
muscle CSA of the knee flexors at 25%, 50%, 
and 75% of the anatomical distance from the 
knee crease to the ischial tuberosity. 

Results/Résultats 
Deficits were found at all knee joint angles for 
Torquemax and more than 70° of knee flexion 
for knee flexor RTDmax when comparing the 
ACLR limb to the Contralateral limb (P<0.05). 

ST muscle CSA was lower in the ACLR limb 
compared to the Contralateral limb at all  

 

measurement sites (P<0.01). Strong to very 
strong correlations (r=0.6-0.9) were found 
between ST muscle CSA and knee flexor 
strength especially for the distal ST CSA 
measurement site. 

Conclusions/Conclusions 
These results highlight the influence of knee 
joint angle on knee flexor strength assessments 
in ACLR athletes with ST autografts and 
suggest the importance of preserving ST 
muscle architecture following ACLR. 
Furthermore, graft choice should be made with 
consideration of the effect of ACLR on the 
torque-joint angle relationship and the specific 
strength requirements of the athlete’s sport. 

1. Mascarenhas et al., Knee Surg Sport Tr A 
(2012) 

2. Baratta et al., Am J Sports Med (1988) 
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Introduction/Introduction 
Following an anterior cruciate ligament (ACL) 
reconstruction, paediatric patients are typically 
cleared for return-to-activity (RTA) based on 
their performance during a series of functional 
tests. Although adult RTA guidelines 
recommend a >90% limb symmetry index 
(LSI) during functional tests;1 there is limited 
evidence supporting this threshold in 
paediatric patients. 

Objective/Objectif 
The objective of this study was to determine 
the optimal LSI cut-off threshold for 
classifying ACL deficient and uninjured 
paediatric patients. 

Methods/Méthodologie 
Forty-two paediatric patients who had suffered 
an ACL injury (ACLi) and 69 matched 
uninjured controls (CON) were recruited for 
this study. Participants completed isometric 
knee extension and flexion strength tests, as 
well as a series of single-leg hopping tasks.2 

LSIs were calculated as injured/uninjured limb 
for ACLi and non-dominant/dominant limb for 
CON. A classification tree (CT) was used to 
classify ACLi and CON participants using the 
LSI percentages. LSIs were then converted 
from percentage to categorical ‘pass/fail’ 
grades according to cut-off thresholds ranging 
from 70-100%. CTs were then fit to the 
converted categorical data at each cut-off 
threshold and the model accuracies were 
compared. 

Results/Résultats 
The CT using the raw LSI percentages 
correctly classified 85.9% of participants as 
either ACLi or CON (Fig. 1). When data were 
converted from percentage to categorical 
‘pass/fail’ grades, a plateau in classification 
accuracy occurred between LSIs cut-off 
thresholds of ~83-90% (Fig 1). 

Conclusions/Conclusions 
By applying a machine learning model at 
different LSI cut-off thresholds we were able 
to determine that LSI thresholds in the 83-90% 
range provided the most accurate classification 
of paediatric ACL injury status. Furthermore, 
assigning ‘pass/fail’ grades according to pre-
determined LSI cut-off thresholds decreased 
the classification accuracy compared to the 
raw percentages. 

References: 

1. Dingenen B. & Gokeler A. Sport Med2017; 
47:1487-1500 

2. Noyes FR et al. Am J Sports Med 1991; 
19:513-8 

 
 



 30 

ACCURACY OF SPEED PREDICTION BY SMART INSOLES 
Submission ID: 533 

Authors 
Mr. Drew Lawson - University of Calgary, Canadian Sport Institute Calgary, Mr. Nathaniel 

Morris - University of Calgary, Canadian Sport Institute Calgary, Dr. Matt Jordan - University of 
Calgary, Canadian Sport Institute Calgary 

Introduction/Introduction 
Wearable technology allows for real-world 
quantification of kinetic and kinematic 
variables that were previously only possible in 
laboratory settings (1). This provides the 
applied sport scientist with tools to assess the 
movement quality and loading strategy of an 
athlete in sport settings. Additionally, these 
technologies allow for monitoring of 
performance variables in the return to sport 
process following injury (2). 

Objective/Objectif 
The purpose of this investigation was to 
determine the accuracy of predicted running 
speed by smart insoles. 

Methods/Méthodologie 
Eleven recreationally active subjects 
volunteered to perform three treadmill running 
trials at speeds of 14, 16 and 18 kph while 
wearing insoles containing IMUs (Plantiga 
Technologies Platform) sampling at 500 Hz. 
Subjects were instructed to remain centered on 
the treadmill while running for 15 seconds at 
each speed. One minute of rest was given 
between trials. Insole acceleration data was 
analyzed using a custom algorithm to 
determine instantaneous running speed. A 5 
second mean running speed from the middle of 
each trial was used for analysis. Agreement 
between insole and treadmill speeds were 
quantified according to the methods of Bland 
and Altman (3). 

Results/Résultats 
The insoles over estimated treadmill speed in 
each of the 33 trials conducted (mean, std, 
95% random error: 0.15, 0.06, 0.13 m/s). 
Agreement (bias ± 95% random error) and 
coefficient of variation between treadmill and 
insole speed are presented in Table 1. 

Conclusions/Conclusions 
The insoles over predicted running speed by 
0.15 m/s. Machine learning-based algorithm 
updates may improve accuracy in the future. 
These data suggest that smart insoles have the 
potential to accurately and reliably assess 
running speed. This provides applied sport 
scientists with non-invasive technology that 
can accurately quantify movement 
characteristics in sporting environments. 
References: 
1. Poitras et al., Sensors 2019 
2. Ancillao et al., Sensors 2018 
3. Bland & Altman, Stat Methods Med Res 

1999 
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Introduction/Introduction 
Human runners have long been thought to 
consume a constant amount of metabolic 
energy for a given distance travelled, 
regardless of running speed, allowing them to 
adapt their speed to particular task demands 
with minimal energetic consequence. 
However, recent experiments suggest that 
humans have an energetically optimal speed, 
and that they prefer to run at it. 

Objective/Objectif 
Here, we test these competing hypotheses by 
characterizing runners’ chosen speeds during 
real-world running and determining if 
preferences are consistent with task- or 
energy-dependent objectives. 

Methods/Méthodologie 
We analyzed data from 1,452 runners and 
13,434 runs collected with a GPS-enabled 
smartphone app and its accompanying waist-
worn IMU sensor (Lumo Bodytech Inc.) (Fig. 
1A). To determine if runners chose different 
speeds for different tasks, we selected runners 
that ran at least one run at each of three 
distances: 5, 10, and 15 km ± 2.5 km and 
tested for differences in average speed. To 
avoid bias towards runners who run this 
breadth of distances, we also compared 
preferred speeds across runners who ran 3 and 
5 km ± 1.5 km, as well those who ran 15 and 
20 km ± 2.5 km. To determine if runners’ 
preferred speeds were consistent with energy 
minimization, we compared running speeds of 
age- and gender-matched runners from our 

dataset to experimentally determined energetic 
optima. 

Results/Résultats 
Runners’ average speeds were not different 
across any of the distance comparisons (Fig. 
1B). Additionally, age- and gender-matched 
runners had average preferred speeds that were 
indistinguishable from the experimentally 
determined energetic optima (Fig. 1C). 

Conclusions/Conclusions 
Runners appear to prefer a particular speed, 
regardless of running task, and this speed is 
consistent with the objective of energy 
minimization. This work sheds light on the 
internal objectives that shape human running 
preferences—an important consideration when 
developing training strategies to improve 
performance or prevent injury. 
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Introduction/Introduction 
Lateral shuffles and side cuts are common 
movements across different sports. Athletes 
shuffle frequently to transition between multi-
directional movements, which are largely 
facilitated by the ankle joint. Among other 
footwear features, shoe uppers have been 
shown to alter ankle kinetics during walking 
and running. However, it is not known how 
shoe upper modifications affect ankle joint 
kinetics during lateral shuffles. 

Objective/Objectif 
The purpose of this study was to investigate 
the effects of shoe upper construction on 
mechanical ankle joint work during lateral 
shuffles. It was hypothesized that a shoe with a 
reinforced upper will result in decreased 
negative ankle joint work. 

Methods/Méthodologie 
Eight participants (4 ♂, 4 ♀; age: 24.4 ± 2.9 
years; height: 172.6 ± 11.4 cm; mass: 68.0 ± 
8.2 kg) performed one maximal lateral shuffle 
test (LST) to determine their maximum shuffle 
speed, and six submaximal (90% of max) LST 
trials in footwear with a minimal (MU) and 
reinforced upper (RU). Ground reaction forces 
and ankle kinematics were collected in order 
to compute ankle joint power and work. 

Results/Résultats 
Within-subject analyses revealed reduced 
positive work (p< 0.01) in five participants and 

decreased negative work (p< 0.01) in six 
participants when executing LSTs in the RU 
condition. 

Conclusions/Conclusions 
Lateral shuffle kinetics have been studied 
previously; however, this study is the first to 
investigate changes in mechanical ankle joint 
work during this task. Preliminary results 
indicate subject-specific changes in ankle 
kinetics due to reinforcements on the shoe 
upper where 75% of all participants presented 
decreased negative ankle work in the RU 
condition. This decrease in negative work 
could be interpreted as reduced energy 
absorption by the muscles and passive elastic 
structures surrounding the ankle joint, which 
could potentially result in performance 
benefits during lateral shuffles. Future work 
will include a larger sample size in order to 
investigate group differences. 
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Introduction/Introduction 
Achieving high levels of performance in 
running is a multidimensional task requiring 
athletes to be in an optimal physical and 
emotional state (Lane et al., 2009). The 
increased demands set on athletes by their 
sport and interpersonal interactions may lead 
to increased anxiety (Sudano et al., 2017). 
Such negative emotional states have a 
detrimental effect on motor performance and 
task execution (Wilson et al., 2009), however 
little is known about the effect on running 
mechanics. 

Objective/Objectif 
The objective of this proof-of-concept study 
was to quantify changes in running gait 
parameters and a running measure when 
recreational competitive runners experienced a 
sport-specific state of anxiety. 

Methods/Méthodologie 
Ten participants were divided into control 
(30.6 ± 8.0 years; 3 females) and experimental 
(23.0 ± 4.0 years; 3 females) groups. They 
completed a baseline 18-minute progression 
treadmill run followed by a second session 
(control or experimental). To induce anxiety in 
the experimental session, participants were 
told they would have to complete a 3km time 
trial following the progression run with results 
sent to their coach, details which were 
provided with no notice. Running gait 
parameters and running specific measure at 

initial contact were extracted from 3D marker 
trajectories recorded using a 12-camera Vicon 
motion capture system. 

Results/Résultats 
Results for the experimental group compared 
to baseline showed an increase in anxiety, 
measured via the Stress Emotion 
Questionnaire (Jones et al., 2012). The 
experimental group displayed a decrease in 
stride length, consistent with previous research 
(Nibbeling et al., 2012), and a decreased 
height of the pelvis during stance, indicating 
potential changes in hip and knee movement 
under anxiety.  

Conclusions/Conclusions 
Results suggest that sport-specific anxiety can 
be successfully induced in a laboratory. 
Results also suggest that anxiety may impact 
running mechanics, potentially leading to 
changes in gait parameters, and running 
measures reflective of changes in hip and knee 
mechanics while running.  
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Introduction/Introduction 
Protein supplementation is effective in 
enhancing skeletal muscle adaptation 
following resistance exercise. With aerobic 
exercise, structural adaptation of the heart is 
well documented. However, it is unclear how 
aerobic exercise affects the mechanical 
properties of cardiac muscle, and whether 
cardiac mechanical properties can be enhanced 
with systematic protein supplementation. 

Objective/Objectif 
Our purpose was to evaluate adaptations in 
mechanical properties of cardiac muscle in 
response to aerobic exercise, and to determine 
if these adaptations are enhanced through 
systematic whey protein dietary 
supplementation. 

Methods/Méthodologie 
Three-month-old Sprague-Dawley rats were 
randomized into four groups: sedentary-chow 
(n=6), sedentary-high protein (n=5), exercise-
chow (n=6), and exercise-high protein (n=5). 
Training consisted of treadmill running for 60 
minutes 5 days a week, for 11 weeks. The high 
protein diet was identical to the chow diet, 
except that it had twice the protein content. 

Mechanical experiments were performed in 
skinned fibre bundles harvested from the 
trabeculae. Fibre bundles were mounted in a 
testing chamber at an average sarcomere 
length of 2.2 µm and activated to determine 
maximum active stress. Slack tests, with 
shortening magnitudes of 10, 11, 12, and 13% 
of the fibre bundle length (FL), were used to 

calculate the unloaded shortening velocity 
(Vmax). Increasing calcium concentration 
solutions were used to create the force-pCa 
relationship and determine calcium sensitivity 
(pCa50) and crossbridge cooperativity. 

Results/Résultats 
Maximal active stress was not different 
between groups (p=0.499) (Figure 1). 

Vmax, calcium sensitivity and crossbridge 
cooperativity were greater in hearts from both 
trained groups compared to the sedentary 
groups (p<0.008) but were not different 
between diet conditions (p>0.274) (Figure 1). 

Conclusions/Conclusions 
Aerobic exercise led to increases in shortening 
velocity, calcium sensitivity, and crossbridge 
cooperativity. However, the addition of whey 
protein did not enhance these mechanical 
adaptations. Therefore, although protein 
supplementation is an ergogenic aid for 
resistance training, it does not seem to enhance 
mechanical adaptations of the myocardium. 
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Introduction/Introduction 
Bone mineral density (BMD) is often used to 
predict hip fractures due to its association with 
femoral neck bone strength (R2 0.42-0.80) 
(Dall’Ara, 2013). However, most people who 
suffer hip fractures don’t have low BMD, 
suggesting other factors are involved. While 
the fracture toughness of cortical bone 
correlates with the integrity of bone’s organic 
phase (mostly collagen), the link between 
tissue-level fracture toughness and structural-
level bone strength is under studied especially 
under the high-rate loading of falls 

Objective/Objectif 
The goal of this study was to test the 
hypothesis that bone strength would be 
positively associated with high-rate loading 
fracture toughness  

Methods/Méthodologie 
Ten fresh-frozen cadaveric femurs (five 
matched-pairs) underwent DXA scans to 
extract femoral neck BMD. Right femurs were 
mounted in an impact simulator to simulate 
hip-impacts and impacted until failure; bone 
strength was defined as peak impact force. 
Single edge notch bending (SENB) specimens 
where extracted from the inferior femoral neck 
of the left femurs; this region experiences 
tension during lateral hip-impacts. Specimens 
were mounted in three-point bending within a 
micro-mechanical testing system and were 
subjected to high strain rate (40 mm/s) loading 
until failure (Figure 1). High-speed 
microscopy-enabled videography captured 
crack propagation, which was combined with 
loading data to compute fracture toughness 

(JIc). Multi-variate regression was used to 
investigate factors that predict bone strength, 
including age, BMD, and JIc. 

Results/Résultats 
Moderate/strong relationships were observed 
between bone strength and JIC 
(R2=0.432,p=0.14) and BMD 
(R2=0.835,p=0.02). Analysis revealed that 
JIc+age was the most predictive model 
(R2=0.869,p=0.07), outperforming BMD+age 
(R2=0.866,p=0.07), BMD+JIc 
(R2=0.806,p=0.10), and BMD+age+JIc 
(R2=0.763,p=0.31). 

Conclusions/Conclusions 
These findings provide the first insight into the 
relationship between fracture toughness and 
femoral neck bone strength under high-rate 
loading, and specifically that JIc may be a 
complementary predictor of hip fractures to 
BMD. These observations provide compelling 
evidence for additional studies exploring the 
role of fracture toughness in bone strength. 
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Introduction/Introduction 
Lumbar spine biomechanics can be studied 
with Magnetic Resonance Imaging (MRI). 
However, current image processing lacks 
sensitivity to capture the effects of loading. 
Texture analysis may help quantify changes 
not visible to the naked eye. However, texture 
analysis produces many variables, which 
increase the probability of chance findings. 
Machine learning may help data reduction to 
minimise the number of comparisons. 

Objective/Objectif 
To compare the effects of no loading, 
compression and traction loading of the 
lumbar spine using texture features extracted 
from T2 maps. 

Methods/Méthodologie 
Thirty-five volunteers (30±11 yrs.) with and 
without chronic back pain spent the first 20 
minutes lying in a relaxed unloaded supine 
position, followed by 20 minutes loaded in 
compression and then 20 minutes in traction. 
T2-weighted MR images were acquired at the 
last 5 minutes of each loading condition. 
Custom image analysis software was used to 
segment each disc into the nucleus, anterior 
and posterior annulus. A grey-level, co-
occurrence matrix with one to four pixels 
offset in four directions (0°, 45°, 90° and 135°) 
were then constructed (320 feature/tissue). The 
Random Forest Algorithm was used to select 
the most promising classifiers. A linear mixed-
effect model was used to compare conditions.  

Results/Résultats 
All the statistically significant differences 
were observed in the nucleus and posterior 
annulus with different offset distances, all in 
the 135° offset direction at the L4-5 level 
when the lumbar spine underwent traction. 
Correlation (P2-Offset:0.000; P4-Offset:0.001) and 
information measure of correlation 1 (P3-
Offset:0.001; P4-Offset:0.001) were able to detect 
significant changes in the nucleus. Statistically 
significant changes were also observed for 
homogeneity (P2-Offset: <0.001; P3-Offset: 
<0.001), contrast (P2-Offset: <0.001), and 
difference variance (P4-Offset: <0.001) of the 
posterior annulus (Table 1). 

Conclusions/Conclusions 
MRI textural features have the potential to 
identify the response of the disc to loading. 
Our findings showed that the nucleus and 
posterior annulus are more sensitive to 
loading. 
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Introduction/Introduction 
The quest for better predictive tools for bone 
fragility and fracture has led to the need for 
greater mechanistic understanding of the bone 
fracture process. Bone, a hierarchical natural 
nano-composite, engages many mechanisms to 
either delay or slow down crack growth. One 
of these mechanisms is the micro-damage 
process zone (MDPZ), a cloud of very fine 
diffuse micro-cracks that forms ahead of a 
crack, dissipating energy, blunting the stress 
field, and thereby delaying crack growth. 
However, little is known on how different 
loading rates impact this important toughening 
mechanism. 

Objective/Objectif 
Therefore, in this study, the size of MDPZ 
formed was compared between quasi-static 
and impact rate tests in human cortical bone. 

Methods/Méthodologie 
Paired single edged notch bend (SENB) 
cortical bone specimens were prepared from 
the mid diaphysis of five cadaveric human 
femurs. From each pair, one underwent a 3-
point bend quasi-static rate fracture test 
(0.083mm/s) while the other underwent an 
equivalent but impact rate test (40mm/s). 
During each test, a high-speed camera attached 
to a microscope captured images around the 
crack tip. Using digital image correlation, the 
strain fields around the crack tip were 
computed, from which the MDPZ was 
estimated (Figure 1). Considering the peak 
load as a reference point, the MDPZ size and 
the J-integral fracture toughness were 

measured. 
 

Results/Résultats 
The MDPZ formed during the quasi-static rate 
test (1.25±0.24mm2) was significantly larger 
than its impact rate counterpart 
(0.71±0.13mm2, p=0.025) at their peak loads. 
Furthermore, the MDPZ size for all specimens 
correlated strongly (R2=0.9246, p<0.001) with 
the J-integral measured at their peak loads. 

Conclusions/Conclusions 
The results show that higher loading rate limits 
the formation of the MDPZ. This may be 
because micro-damage formation is controlled 
by a rate dependent mechanism linked to 
visco-elasticity/plasticity. Furthermore, the 
strong correlation between MDPZ size and J-
integral reinforces the idea that MDPZ 
formation is an important toughening 
mechanism. 
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Introduction/Introduction 
Epidemiological studies have identified a link 
between low-to-moderate speed rear-end 
collisions and onset of low back pain (LBP). A 
number of studies have focused on injury to 
the lumbar spine during such impacts and 
determined that traumatic injury in the lumbar 
spine is unlikely [1-2]. No in-vitro studies 
have been conducted to explore soft tissue 
injury potential and altered mechanical 
properties from exposure to impact forces. 
After a motor vehicle collision (MVC), the 
cause of a reported LBP is difficult to identify, 
with potential soft tissue strain injury sites 
including the highly innervated facet joint 
capsular ligament (FCL) [3]. 

Objective/Objectif 
This investigation quantified peak shear 
displacement (peak-displacement) and FCL 
strain under varying postures and impact 
severities and evaluated flexion-extension (FE) 
and shear neutral zone (NZ) changes pre-post-
impact. 

Methods/Méthodologie 
Seventy-two porcine cervical functional spinal 
units were exposed to varying impact 
severities (4g, 8g, 11g), and postures (Neutral, 
Flexion, and Extension). Impacts were applied 
using impact parameters similar to those 
experienced in low-to-moderate speed MVC’s. 
Passive FE and shear NZ testing were 
completed prior to and post impact. Peak-
displacement and anterior-posterior (Exx), 
superior-inferior (Eyy), shear (Exy) strain 
components were evaluated during impacts. 
Changes in NZ range and stiffness were 
evaluated pre-post impact testing. 

Results/Résultats 
A main effect of impact severity was observed 
for peak-displacement and peak FCL Exy strain 
(Figure 1). An interaction was observed 
between pre-post and impact severity for FE 
and shear NZ length and stiffness with 
decreased NZ stiffness and increased NZ range 
following the 11g impact severity. 

Conclusions/Conclusions 
The peak-displacements observed are below 
ultimate shear failure displacements [4]. 
Despite main effects of impact severity, no 
influence of posture was observed. This lack 
of influence of posture and small FCL strain 
magnitudes suggest that the FCL does not 
appear to undergo injurious or permanent 
mechanical changes in response to low-to-
moderate MVC impact scenarios. 
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Introduction/Introduction 
Several investigations have suggested, but not 
directly investigated, the predictive value of 
ultrasound assessment in carpal tunnel 
syndrome (CTS) diagnosis. Early signs of CTS 
detected through ultrasound include increased 
median nerve cross-sectional area (CSA), and 
detection of intraneural blood flow with 
increased blood flow velocity and signal 
amplitude. Increased shear strain between the 
flexor digitorum superficialis (FDS) and sub-
synovial connective tissue (SSCT) has also 
been observed in symptomatic individuals in 
early stages of the condition. 

Objective/Objectif 
The purpose of the investigation was to 
determine the predictive ability of ultrasound 
measures in predicting progression of median 
nerve function in a CTS population. 

Methods/Méthodologie 
Twenty-one patients (57 ± 12.4 years) 
diagnosed with CTS attended 2 visits 
(baseline, 6-month follow-up). Nerve 
conduction study (NCS) was used to determine 
CTS severity. Ultrasound with a 12MHz linear 
array transducer was used to collect B-mode, 
pulse-wave, and colour Doppler images of 
patients under three experimental conditions 
assessing: (1) median nerve CSA, (2) peak 
intraneural blood flow velocity of the median 
nerve in three wrist postures; and (3) relative 
displacement and shear strain index (SSI) 
between the FDS tendon of the third digit and  

 

 

its SSCT during repetitive finger motion. 
Linear regressions were performed for each 
measure at baseline on predicting follow-up 
CTS severity, as determined by motor latency. 

Results/Résultats 
Peak relative FDS-SSCT displacement and 
SSI explain 27% and 28% of the variability in 
CTS severity at the follow-up visit, 
respectively. Intraneural blood flow velocity, 
assessed in wrist flexion, significantly 
explained 36% of the variability at follow-up. 
Baseline motor latency was the best predictor 
accounting for 48% of the variability. 

Conclusions/Conclusions 
Carpal tunnel tissue mechanics and nerve 
blood flow velocity can predict 6-month 
progression of CTS severity in patients. These 
measures may be used as markers for CTS to 
identify high-risk patients, and further inform 
physicians in the course of treatment. 
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Introduction/Introduction 
The Ontario Workplace Safety Insurance 
Board (WSIB) reported that the construction 
sector made up 10% of all lost time injury 
claims. Workers are at risk for developing 
upper extremity and low back injuries due to 
high load exposures, yet the mechanical 
demands of team lifting, especially with 
unexpected loading, is unknown. 

Objective/Objectif 
To quantify changes in external forces and 
electromyography (EMG) with unanticipated 
drops during team lifting. 

Methods/Méthodologie 
Six teams consisting of 4 males lifted a 60 kg 
experimental box 30 times, fifteen each with 
2'x2' and 2'x4' configurations. On 8 lifts, one 
lifter was randomly assigned to drop their 
corner. Participant hand forces were measured, 
and EMG was recorded unilaterally on the 
right biceps (BB), anterior deltoid (AD), upper 
trapezius (UT), and lumbar erector spinae 
(LES). Repeated measures ANOVAs tested 
the effects of position and phase (4-person 
steady hold vs. immediate drop) on vertical 
force and EMG amplitude. 
 

Results/Résultats 
Peak vertical force increased during the drop 
compared to 4-person steady hold for the 

lifters to the left and right of the dropped 
corner in the square configuration (ηG2=0.90), 
and short and long adjacent sides in the 
rectangular configuration (ηG2=0.73). This 
corresponds to an individual force contribution 
of up to 43% for the lifter on the short adjacent 
side of the drop . LES activity increased on the 
short adjacent side of the dropper (ηG2=0.40). 
BB (ηG2=0.64), AD (ηG2=0.36), and UT 
(ηG2=0.25) muscle activity increased for the 
lifter to the left of the dropper. 

Conclusions/Conclusions 
While the steady state load with 4 lifters was 
acceptable, the force contribution borne by 
individual lifters during the drop exceeded 
NIOSH lifting recommendations. These 
forces, alongside increased upper extremity 
and erector spinae EMG suggest a mode for 
injury that is dependent on load dimensions 
and symmetry. 

 



 41 

LOAD DIMENSION ALTERS LIFTER DEMANDS BEFORE AND AFTER SUDDEN 
RELEASE IN TEAM LIFTING 

Submission ID: 325 

Authors 
Mr. Riley Craig - McMaster University, Mr. Andrew Wong - McMaster University, Mr. Daanish 

Mulla - McMaster University, Dr. Colin McKinnon - McMaster University, Dr. Peter Keir - 
McMaster University 

Introduction/Introduction 
Heavy and awkward lifts are common in the 
masonry industry, making team lifts necessary. 
During team lifting, concerns with load 
distribution and drops are a large concern. 

Objective/Objectif 
The purpose of this study was to quantify 
biomechanical demands during 4-member 
team lifts, and assess load distribution when 
one member unexpectedly released their grip. 

Methods/Méthodologie 
Twenty-four males aged 18-35 participated. 
Each 4-person team performed 30 lifts of a 60 
kg “slab” in rectangular (2’x4’) and square 
(2’x2’) configurations. Participants lifted and 
held by participants for 20 seconds, before 
returning it to the start position. In 8 of the 
lifts, one participant released their grip to 
simulate a sudden, unexpected drop. Motion 
capture of the apparatus, tri-axial hand forces, 
and surface electromyography (EMG) were 
collected. 

Results/Résultats 
A significant lift position by lift phase (4-
person vs 3-person hold) interaction was 
observed for both shape configurations. For 
the square configuration, participants adjacent 
to the drop experienced a significant increase 
in mean force (η2= 0.82), while participants 
opposite the drop experienced lower force 
(Figure 1). The rectangular configuration 
elicited similar force increases (η2= 0.82), 
however, participants located on the shorter 
adjacent side experienced a greater increase. 

Conclusions/Conclusions 
Prior to load release, load sharing between 
participants was uniform for the square 
configuration (23.3-25.7% of the total load 
each), while the rectangular configuration 
showed more variance across lifters (20.3-
28.7%). Following release of one corner, 
adjacent lifters experienced increased loading 
(41-41.8%), while the opposite corner 
decreased to 17.2% in the square 
configuration. A heightened response was 
found for the rectangular configuration, where 
the short edge lifter experienced greater 
vertical force (47.2% of load). EMG echoed 
force findings but was limited to the right side. 
These findings suggest that the risk of injury 
varies with position during team lifting. 
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Introduction/Introduction 
Approximately 50% of all manual material 
handling tasks require pushing or pulling, and 
this number is only increasing as lifting and 
lowering tasks are being replaced. It has been 
shown that pushing and pulling attributes to 
approximately 9–18% of all low-back injuries. 
While industrial cart handle design can vary 
ones capacity to push (≅9.5%), few studies 
have investigated trunk muscles during 
pushing tasks using surface electromyography 
(EMG). 

Objective/Objectif 
To examine the effects of handle design 
combination of pushing a platform truck cart 
on trunk muscle activity and handle push force 
when initiating a push. 

Methods/Méthodologie 
Twenty participants (mean age = 24.25 ± 4.28 
years) pushed 475 lbs using six different 
handle combinations involving handle 
orientation (vertical/horizontal/semi-pronated) 
and handle height (hip/shoulder). Multichannel 
High-Density EMG (HDsEMG) 
(Sessantaquattro, OT Bioelettronica, Italy) 
data was recorded at 1024 Hz using semi-
disposable 32-channel electrode grids placed 

over the left and right rectus abdominis, 
erector spinae and external obliques. A force 
transducer (Interface, Scottsdale, AZ) was 
instrumented to the cart to collect applied push 
force. Spatial distribution was estimated using 
the Root Mean Square (RMS) and 2-
Dimensional maps were developed to examine 
spatial features including differential intensity 
and intensity. Coefficient of variation and 
entropy were used to examine alterations in 
muscle heterogeneity and pattern.  

Results/Résultats 
Pushing at hip height with a horizontal handle 
orientation design (HH) resulted in 
significantly greater (p<0.05) muscle intensity 
than all other designs. Similarly, HH caused 
significantly higher entropy than the shoulder 
handle height and either the semi-pronated 
(p=0.023) or vertical handle orientation 
(p=0.028). In addition, the use of the HH 
caused significantly lesser force (p<0.05). 

Conclusions/Conclusions 
The current research suggests that the 
combination of a hip height and horizontal 
orientation handle design may require 
increased muscle demand of the trunk and 
alter the overall muscle heterogeneity and 
pattern of the muscle activity.  
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Introduction/Introduction 
Loading the finger flexor tendons during a 
forceful gripping task deforms the median 
nerve (MN) inside the carpal tunnel. 
Specifically, the MN becomes more circular as 
its height increases in the palmar-dorsal axis 
and its width decreases in the radial-ulnar axis. 
While these changes likely have implications 
for work-related carpal tunnel syndrome, very 
few occupational tasks involve gripping in 
isolation; therefore, there is a need to assess 
MN deformation during bi-directional force 
production. 

Objective/Objectif 
This study investigated the combined effects 
of grip and push-pull forces on deformation of 
the MN in the carpal tunnel. 

Methods/Méthodologie 
Ultrasound was used to examine MN cross-
sectional area and circularity within the carpal 
tunnel as fourteen right-hand dominant 
participants performed both a push and pull 
trial. Within each trial, there were 3 distinct 
phases: (a) gripping alone, (b) rest, and (c) 
combined gripping with either pushing or 
pulling (depending on the trial). All 
participants gripped a digital dynamometer at 
40% of their maximal voluntary effort (MVE) 
while concurrent isometric push-pull forces 
were also applied against an inline force 
transducer at 40% MVE. 

Results/Résultats 
MN cross-sectional area did not change in the 
2 trials or the 3 phases. However, there was a 
significant main effect of phase on circularity 
of the MN (F2,20=8.04, p<0.01), with the MN 

becoming more circular during isolated 
gripping as well as combined gripping with 
pushing-pulling compared to rest (Fig 1). 
While there was a trend towards differences in 
MN circularity during the push versus pull 
trials, they did not achieve statistical 
significance, and the effect sizes were 
relatively small. 

Conclusions/Conclusions 
Gripping at 40% of maximal effort influenced 
MN deformation independent of applying push 
and/or pull forces, which may result in 
compression of the MN and development of 
work-related carpal tunnel syndrome. 
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Introduction/Introduction 
Inertial motion capture (IMC) is rapidly 
gaining in popularity to evaluate gait in 
clinical settings. Previous examinations of 
IMC knee kinematics were often limited to the 
sagittal plane and IMC calibration has not 
been thoroughly investigated. 

Objective/Objectif 
The objective was to validate IMC 3D knee 
kinematics calibrated with a double-pose 
during gait with reference to optical motion 
capture (OMC). The hypotheses are that IMC 
can estimate adequately knee kinematics and 
that both systems will detect similarly the 
changes with gait speed. 

Methods/Méthodologie 
Twenty-four healthy participants walked on 
the treadmill at gait speed of 0.6, 0.8, 1.0 and 
1.2 m/s. Knee kinematics were obtained 
simultaneously with two magnetic and inertial 
measurement units and passive markers fixed 
on the KneeKG system. OMC was calibrated 
with a functional anatomical approach and the 
IMC with a double-pose. 

Results/Résultats 
Root mean square differences of the two 
systems yielded 3-6° for knee flexion,  

 

adduction and external rotation. Knee 
kinematics were more similar during the 
stance phase than the swing phase. Gait speed 
showed a significant progressive effect on the 
three knee angles that was similarly detected 
by the two systems. 

Conclusions/Conclusions 
IMC 3D knee kinematics can be obtained 
independently with a simple calibration and 
only two magnetic and inertial measurement 
units at an acceptable level of error especially 
during stance. 
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Introduction/Introduction 
Gait adaptations, in response to novel 
environments, devices or changes to the body, 
can be driven by the continuous optimization 
of energy expenditure. However, whether 
energy optimization is primarily an implicit 
process—occurring automatically and with 
minimal cognitive attention—or an explicit 
process—occurring as a result of a conscious, 
attention-demanding, strategy—remains 
unclear. 

Objective/Objectif 
Here, we use a dual-task paradigm to test 
whether energy optimization during walking is 
primarily an implicit or explicit process.  

Methods/Méthodologie 
To create our primary energy optimization 
task, we used lower-limb exoskeletons to shift 
people’s energetically optimal step frequency 
to frequencies lower than normally preferred 
(n=11) (Fig. 1AB). Our secondary task, 
designed to draw explicit attention from the 
optimization task, was an auditory tone 
discrimination task (Fig. 1A). We measured 
performance in the primary energy 
optimization task through adaptations in step 
frequency. We measured performance in the 
secondary tone discrimination task through 
accuracy and reaction time. 

Results/Résultats 
We found that adding this secondary task did 
not disrupt energy optimization during 
walking; participants in our dual-task 
experiment adapted their step frequency 
toward the optima by an amount similar to 

participants in our previous single-task 
experiment (Fig. 1C). We also found that 
performance on the tone discrimination task 
did not worsen when participants were 
optimizing for energetic cost; accuracy scores 
and reaction times remained unchanged when 
the exoskeleton altered the energy optimal 
gaits. Survey responses suggest that dual-task 
participants were largely unaware of the 
changes they made to their gait to optimize 
energy, whereas single-task participants were 
more aware of their gait changes yet did not 
leverage this explicit awareness to improve 
gait optimization. 

Conclusions/Conclusions 
Collectively, our results suggest that energy 
optimization is primarily an implicit process, 
allowing attentional resources to be directed 
toward other cognitive and motor objectives 
during walking. 
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Introduction/Introduction 
Following sustained kneeling in young adults, 
kinetic changes at the knee during gait have 
been observed1,2,3. It is believed that these 
changes may be the result of altered muscle 
activation, potentially mirroring changes 
which have been observed in osteoarthritic gait 
including a decrease in knee power and knee 
flexion moment, and an increase in ankle 
power and knee adduction moment1,2,4.  

Objective/Objectif 
The purpose of this study was to explore 
whether differences in gait kinematics 
following sustained kneeling mirror those 
occurring in osteoarthritic gait. It was 
hypothesized that prolonged kneeling would 
increase peak adduction moment (PKAM) and 
positive peak ankle power, decrease peak knee 
flexion moment (PKFM) in early stance, and 
decrease the second positive peak knee power 
in late stance. 

Methods/Méthodologie 
Fourteen participants (8M/6F) performed three 
pre- and post-kneeling gait trials at a self-
selected pace while kinematic and kinetic data 
were recorded for the right leg. The kneeling 
protocol consisted of three ten-minute bouts of 
sustained kneeling separated by five-minutes 
of seated rest1. Four two-tailed paired t-tests 
were performed to compare mean peak values 
pre- and post- kneeling (α=0.05). 

Results/Résultats 
Acute exposure to kneeling produced a 
decrease in PKFM, an increase in PKAM and 
a decrease in second positive peak knee power.  

 

 

No differences were found for peak ankle 
power. 

Conclusions/Conclusions 
Sustained kneeling was found to result in the 
adoption of some osteoarthritic gait 
characteristics, potentially in an attempt to 
reduce the demands on knee cartilage1,2,4. 
Future study of gait alterations following 
kneeling exposures in a longitudinal design are 
necessary to explore how cumulative exposure 
to kneeling affect gait, and osteoarthritis 
risk1,2,3. 
1Kajaks et al.(2015). App Ergon., 46(Part 
A),p.224-230 
2Kumar et al.(2015). Clin Orthop Relat R, 
437(8),p.2548-2558 
3Tennant et al.(2018). Ergonomics, 
61(6),p.839-852 
4McGibbon et al.(2002). 
J.Rheumatol,29(11),p.2410-2419.[SA1]  

 



 47 

MARKERLESS MOTION CAPTURE EQUIVALENT TO GAITRITE® FOR 
QUANTIFYING SPATIOTEMPORAL PARAMETERS OF GAIT 

Submission ID: 385 

Authors 
Dr. Elise Laende - Queen's University, Mr. Robert Kanko - Queen's University, Dr. Vincent 
DePaul - Queen's University, Dr. Scott Selbie - Theia Markerless Inc., Dr. Stephen Scott - 

Queen's University, Dr. Kevin Deluzio - Queen's University 

Introduction/Introduction 
The assessment of spatial and temporal 
parameters of gait have important applications 
in biomechanics research and in the clinic. 
Marker-based motion capture systems have 
long been considered prohibitively time 
consuming and technically challenging, 
leading to the adoption of alternative 
technologies, such as the pressure sensor-
based GAITRite® system in clinical settings. 
A new markerless motion capture system 
(Theia3D) has the potential to overcome the 
limitations of traditional motion capture while 
providing substantially more types of 
assessments than pressure mats. 

Objective/Objectif 
To determine if the Theia3D markerless 
motion capture system and GAITRite® system 
provide equivalent spatiotemporal gait 
parameters. 

Methods/Méthodologie 
Twenty-five participants (10 female), mean 
age 28 years (range 21 – 62), mean BMI 23 
(range 17-33) walked over a GAITRite® mat 
(5 m of sensors for recording) with 
simultaneous video-based markerless motion 
capture (Fig.1). Six walks at self-selected pace 
were recorded per subject. GAITRite® data 
was processed using GAITRite® software. 
Motion capture three-dimensional pose data 
was calculated by Theia3D and processed in 
Visual3D to capture kinematic-based 
spatiotemporal parameters for walking over a 
defined volume the same length as the 

GAITRite® mat. Parameters were compared 
for the two systems using Bland-Altman plots 
and quantified with Pearson correlations. 

Results/Résultats 
Bland-Altman plots demonstrated that the two 
systems had equivalent measurements of 
walking speed, step length, step time, and 
stride length. Walking speeds (mean (standard 
deviation)) were measured as 1.48(0.09) and 
1.46(0.10) m/s for the GAITRite® and 
Theia3D, respectively, with a correlation 
coefficient of 1.00. All other parameters had 
correlation coefficients ≥ 0.96. 

Conclusions/Conclusions 
The Theia3D markerless motion capture 
system measured equivalent spatiotemporal 
gait parameters to the Gaitrie®. With the 
development of automated processing 
algorithms, markerless motion capture has the 
potential to provide cost effective and 
expanded assessments of human motion in 
unrestricted settings.
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Introduction/Introduction 
Although gait was once thought to be 
automatic, we now know that locomotion 
requires cognitive input, especially for more 
complex and demanding tasks such as obstacle 
crossing. Despite recent advances, the 
mechanisms by which cognitive resources are 
allocated to perform many complex locomotor 
tasks are still unknown. 

Objective/Objectif 
To explore changes in cognitive resource 
allocation following a required and sudden 
shift in travel direction prior to obstacle 
crossing. 

Methods/Méthodologie 
We required participants (N=19; 10M/9F; Age 
22.7 ± 2.5 years) to form an initial avoidance 
strategy while approaching an obstacle (50 x 2 
cm, height = 15% leg length), as indicated by 
lights on the obstacle (left or right 
circumvention, or step over). Two steps prior, 
a laser trigger could change the light cue, thus 
signalling a new strategy (change from 
circumvention to crossing, or no change). 
Simultaneously, a cognitive load (CL) was 
presented (incongruent or congruent auditory 
Stroop cue, neutral cue, or no CL) and 
response time (RT, seconds) was measured 
(1200Hz). Kinematic measures (e.g. lead limb 
minimum foot clearance; MFC) were collected 
(120Hz; OptiTrack, USA). A 2-way ANOVA 
with Bonferroni post hoc was performed 
(Strategy x CL) along with paired samples t-
tests. 

Results/Résultats 
An interaction was observed for Stroop RT 
(p<0.05). RT were longer for strategy change 
conditions, both incongruent (1.19±0.04s) and 
congruent (1.12±0.04s), compared to standing 
(0.94±0.03 and 0.82±0.04s, respectively). 
Participants also showed shorter lead limb 
crossing steps, initiated earlier in the walkway 
(p<0.05) when responding to either Stroop 
task. 

Conclusions/Conclusions 
Findings suggest that when making a sudden 
change to an ongoing locomotor plan, 
increased demands are placed on cognitive 
processes. This results in both reduced 
cognitive performance and adapted lead limb 
stepping behaviors. Clearly, complex 
locomotor tasks are not automatic, and require 
complex cognitive resource commitments. 
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Introduction/Introduction 
Pectoralis major (PM) activation enables arm 
mobility. Due to incomplete recognition of its 
complex functional importance, numerous 
surgical procedures often resect it without 
considering potential consequences for 
shoulder health and function. 

Objective/Objectif 
The purpose of this study was to characterize 
regional PM activation in several tasks in 
healthy males. 

Methods/Méthodologie 
18 males (25 ± 4.7 years) performed four 
isometric tasks: adduction from 90° abduction 
(AD90), adduction from 90° abduction and 
external rotation (APP), adduction from 60° 
abduction (AD60), and internal rotation from 
60° abduction (IR60) at varying effort levels: 
15%, 25%, and 50% scaled to the participant’s 
maximum (MVE). PM activation was acquired 
using high-density electromyography (128 
channels; EMGUSB2+, OTBioelecttronica) in 
monopolar mode at 2048 Hz. Signals were 
band pass filtered with a 3rd order Butterworth 
filter (20-500 Hz) and differential mode was 
quantified. Mean RMS was quantified for 5s 
for each channel. All RMS values were 
normalized to channel-specific maxima. 

Channels were grouped based on anatomical 
data1 into clavicular, sternocostal, and 
abdominal regions. A 2-way rmANOVA was 
performed with within-subject factors 
Effort (15%,25%,50% MVE) and 
Region(clavicular, sternocostal, abdominal). 
Planned comparisons with a Bonferonni 
correction were performed for significant 
findings (p<0.05). 

Results/Résultats 
Abdominal regions activated highly across 
efforts in APP (F(2,34) = 93.7, p < 0.0001). In 
IR60 and AD60, the abdominal regions 
activated more than the sternocostal at 15% 
and 25% MVE. At 50% and 75% MVE, all 
three regions activated similarly in both 
tasks. In AD90, the abdominal regions 
activated more than clavicular and sternocostal 
at 15%, 25%, and 50% MVE. 

Conclusions/Conclusions 
Distinctive regional contributions across 
several tasks reinforce the importance of 
acquiring EMG signals from all PM regions. 
PM resections may compromise the ability to 
adduct and internally rotate the arm and should 
be revisited as standard practice. 
1Fung et al. (2009). Clinical Anatomy. 22; p. 
500-508. 
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Introduction/Introduction 
Though not fully clear, fatigability may differ 
by sex for dynamic elbow flexion exercise. 
Potential sex differences in the concurrent 
changes in motor unit output (muscle 
activation) and muscle perfusion (oxygenation, 
thickness) may influence fatigue development. 

Objective/Objectif 
Determine if sex affects the time-course of 
changes in muscle activation, oxygenation, 
and thickness during dynamic elbow flexion 
exercise. 

Methods/Méthodologie 
Young adult males (N=15) and females 
(N=15) completed repeated, low-load dynamic 
elbow flexion trials that each contained a 60-
second exercise bout, a 30-second rest, and a 
maximal voluntary isometric contraction 
(MVIC), until MVIC torque was < 70% of 
baseline. During bouts, surface 
electromyography (EMG) sensors on biceps 
brachii and brachialis measured root mean 
square (RMS) activity and near-infrared 
spectroscopy on biceps brachii measured 
tissue oxygen index (TOI). During rests, 
ultrasonography was used to measure biceps 
brachii and brachialis muscle thicknesses 
(MTH). Statistical analyses tested for a Sex 
effect on number of completed trials (i.e. 
fatigability), for Trial (baseline (for TOI and 
MTH), First, 50%, Final) *Sex effects on 

NIRS parameters, and for Trial*Sex*Muscle 
effects on RMS and MTH. 

Results/Résultats 
Number of trials did not differ by sex (p = 
.968). RMS increased in both halves of the 
task for both sexes (T*M: p < .001). TOI 
decreased from baseline during the first trial 
but did not further decrease (T: p = .008), and 
TOI was lower in males than in females (S: p 
= .002). MTH increased in the first half of the 
task for both sexes, and again in the second 
half of the task for males (T*S: p = .009). 

Conclusions/Conclusions 
Muscle activation and perfusion responses to 
dynamic elbow flexion exercise were mostly 
similar between sexes. However, increased 
muscle thickness (swelling) progressed in 
males, which may occur to maintain muscle 
oxygen balance at lower muscle oxygen 
saturations than females. 
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Introduction/Introduction 
Muscle fatigue and repetitive movements are 
risk factors for the development of 
musculoskeletal disorders in pianists. While a 
muscle is often considered as a single unit, its 
activation and the evolution of fatigue are 
heterogeneous. 

Objective/Objectif 
The goal was to investigate the effect of 
fatiguing repetitive piano sequence on the 
development of local forearm muscle fatigue 
using high-density electromyography (EMG) 
and on piano performance parameters. 
 
 

Methods/Méthodologie 
Fifty professional pianists were equipped with 
42 EMG bipolar electrodes arranged on the 
right flexor and extensor muscles of the 
forearm and played repetitive Digital and 
Chord piano sequence tasks. For each task, 
pianists played until reaching a score of 8 out 
of 10 on the perceived exertion level, or were 
stopped after 12 minutes of continuous 
playing. 

Results/Résultats 
Results showed signs of fatigue in the 42 EMG 
signals through a significant decrease of 
instantaneous median frequency, with a 
significantly larger decrease in extensor than 
flexor muscles, during the two tasks. In 

addition, muscle fatigue negatively affected 
key velocity, a central feature of piano sound 
intensity, in both Digital and Chord tasks, and 
note-events, a fundamental aspect of 
musicians’ performance parameter, in the 
Chord task only. 

Conclusions/Conclusions 
The signs of fatigue more pronounced in 
extensor muscles, which act mainly as wrist 
stabilizers while playing piano, than in flexor 
muscles agree with the higher prevalence of 
playing-related musculoskeletal disorders in 
finger and wrist extensor than flexor muscles 
reported in pianists. This result strengthens the 
importance of muscle fatigue as a risk factor of 
playing-related musculoskeletal disorders. Our 
result also highlights that muscle fatigue may 
alter differently pianists’ musical performance 
according to the characteristics of the piece 
played. 
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Introduction/Introduction 
The seemingly uniform striation pattern of 
skeletal muscles, quantified in terms of 
sarcomere lengths (SLs), is inherently non-
uniform across all hierarchical levels. The SL 
non-uniformity has been used to explain 
various mechanical muscle properties, 
including force creep in isometric contractions, 
force depression following shortening of 
activated muscle, and residual force 
enhancement following lengthening of 
activated muscle. Our understanding of 
sarcomere contraction dynamics has been 
derived primarily from in vitro experiments 
using regular bright-field light microscopy or 
laser diffraction techniques to measure 
striation/diffraction patterns in isolated muscle 
fibers or myofibrils. However, the collagenous 
extracellular matrices surrounding muscle 
fibers, as well as the complex architecture of 
whole muscles may lead to different 
contraction dynamics of sarcomeres than seen 
in the in vitro studies and may affect the 
mechanical properties of whole muscles. 

Objective/Objectif 
Here, we used multi-photon excitation 
microscopy to visualize individual sarcomeres 
in situ in intact mouse tibialis anterior (TA) 
muscles, and quantified the temporal changes 
of SL distribution as a function of SLs in 
relaxed and near maximally activated muscles 
for fixed-end isometric conditions. 

Methods/Méthodologie 
The corresponding muscle forces were 
measured using a force transducer. 

Results/Résultats 
We found that SL non-uniformity, quantified 
by the coefficient of variation (CV) of SLs, 
decreased at a rate of 1.9 – 3.1 %/s in the 
activated muscles, but remained constant in 
the relaxed muscles (Figure). The muscle force 
decreased by 2 – 13% during the quasi-steady 
state of isometric contractions. 

Conclusions/Conclusions 
We conclude that SLs in the mid-belly of near-
maximally contracting whole muscles become 
more uniform over time, and that active and 
passive SL non-uniformity is governed by 
different mechanisms. Since our contractions 
were merely 600 ms, and thus fatigue effects 
are likely negligible, it appears that the re-
organization of SL may cause the decrease in 
active force seen in the mouse TA. 
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Introduction/Introduction 
Patients undergo total knee arthroplasty (TKA) 
at different times during the knee osteoarthritis 
(OA) disease process, which may influence 
outcomes. 

Objective/Objectif 
This study aimed to use a data mining 
framework to map OA progression using 
demographic and biomechanical markers, and 
identify patient clusters within the progression 
map. 

Methods/Méthodologie 
Asymptomatic (jsessions=236, nindividuals=152; 
self-reported), moderate knee OA (j=341, 
n=188; American College of Rheumatology 
definition), severe knee OA (j=145, n=145; 
pre-TKA), and OA participants seen one 
(j=136, n=136) and/or two years post-TKA 
(j=65, n=65) underwent three-dimensional gait 
analysis. Lower-limb external ground reaction 
forces and kinematics were captured using a 
force platform and optoelectronic motion 
capture. Principal component analysis was 
applied to frontal and sagittal knee angle and 
moment waveforms, resulting in a new 
uncorrelated PCscore dataset describing 95% 
of gait waveform variability. PCscores, 
spatiotemporal, and demographic features 
were applied to un-supervised Self-Organizing 
Maps (SOM) and hierarchical clustering. 
Clusters were validated by examining inter-
cluster differences by chi-squared and k-way 
ANOVA with Tukey's HSD criterion. 

Results/Résultats 
A SOM model with three clusters yielded 
optimum performance. Cluster 1 was 

predominantly asymptomatic (51%) and 
moderate OA (39%) participants. Cluster 2 
was predominately moderate OA (54%) 
participants. Cluster 3 was predominately 
severe OA (pre-TKA; 37%) and post-TKA 
(38%) participants. Severity could generally be 
represented linearly from mostly 
asymptomatic to mostly severe across the 
SOM’s x-axis, with age (1<2,3, p=0.006) and 
BMI (1<2<3, p<0.001) increasing, and gait 
speed (3<2<1, p<0.001) decreasing stepwise 
across clusters. Objective gait severity patterns 
worsened (became less dynamic) linearly 
across the SOM, as captured by flexion angle 
magnitudes (PC1, 3<2<1, p<0.001), stance-
phase flexion moment range (PC2, 3,2<1, 
p=0.004) and frontal plane loading/un-loading 
range (PC2, 3<2<1, p<0.001; PC3, 3<2<1, 
p<0.001) (Figure 1). 

Conclusions/Conclusions 
Two-dimensional mapping quantifies OA 
severity in terms of multivariable 
demographics, spatiotemporal, and gait 
features visually. Monitoring individual 
progression has utility in supporting 
arthroplasty decisions around intervention 
timing. 
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Introduction/Introduction 
Posterior tibialis tendon dysfunction (PTTD) is 
characterized by a loss of force of the posterior 
tibialis muscle secondary to a tendon 
deterioration (tendinosis). The progression of 
the pathology is frequently associated by an 
increase of ankle inversion moment. Typical 
treatment in the early stage of this pathology 
includes prefabricated foot orthoses (FOs) and 
custom FOs. 

Objective/Objectif 
The aim of this project is to quantify the effect 
of three different types of foot orthoses on the 
ankle kinetic. 

Methods/Méthodologie 
Fifteen participants (n=15) with stage 1 or 2 
PTTD will be recruited for a gait analysis. 
Data were collected with a 10-camera (Vicon) 
three-dimensional (3D) analysis system at a 
sampling frequency of 100 Hz and two forces 
plates (AMTI), recorded the ground reaction 
force at a sampling frequency of 1000 Hz. 
Five walking trials were performed for each 
test condition was used in each condition with 
a shoed condition (Shoe), a prefabricated FOs 
condition (PFO), a neutral custom FOs 
condition (CFO) and a five degrees varus 
(medial wedge) with a 4 mm medial heel skive 

custom FOs condition (CVFO). For each 
condition, one dimensional statistical 
parametric mapping was performed 
(SPM). Meaning threshold was established at 
.05 with a Bonferroni adjustment for multiple 
comparison. 

Results/Résultats 
Figure 1 shows differences at the ankle joint 
during the stance phase of gait. Lower ankle 
inversion moment and higher ankle eversion 
moments were seen throughout the stance 
phase of gait in favor of CFO and CVFO 
conditions compared to shoe and PFO 
conditions (p < 0.001). 

Conclusions/Conclusions 
Results in this study may explain why custom 
FOs are effective in reducing pain as it was 
shown in previous study. Further research 
should focus on the clinical effectiveness of 
those types of FOs. 
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Introduction/Introduction 
Surface electromyography (sEMG) is 
commonly used to elucidate the effect of 
anterior cruciate ligament (ACL) injury on 
neuromuscular function. To facilitate 
comparisons, sEMG is normalized to a known 
value, such as peak activation during a 
maximum voluntary isometric contraction 
(MVIC). However, voluntary muscle 
inhibition after an injury compromises one’s 
ability to achieve a true MVIC value. 
Musculoskeletal modeling can be used to 
quantify this strength deficit by comparing a 
theoretical MVIC torque to the actual MVIC 
torque. 

Objective/Objectif 
This study sought to evaluate voluntary knee 
extensor and flexor strength deficits and 
individual muscle contribution to peak torque 
generation in ACL injured (ACLi) and 
uninjured (CON) adolescent populations using 
a simplified subject-specific modeling 
framework. 

Methods/Méthodologie 
Sixty-three ACLi (45 females) and 69 CON 
(39 females) adolescents (10-18years) 
completed knee extension and flexion MVICs 
on an isokinetic dynamometer. A subject-
specific modeling framework used normalized 
sEMG of the quadriceps, hamstrings, and 
gastrocnemius muscles to determine ideal 
theoretical torque (TI) for each exercise, 
assuming agonist muscles were fully activated. 
Strength deficit ratios (TE/TI) and individual 

muscle contribution to TE were computed. 
Group mean differences were compared using 
independent t-tests. 

Results/Résultats 
ACLi demonstrated significantly lower knee 
extension (2.33±0.89 vs 2.88±0.56Nm/kg, 
p<0.001) and flexion (1.22±0.44 vs 
1.49±0.27Nm/kg, p<0.001) peak torques 
compared to CON (Fig.A). However, only 
knee flexion corresponded to a significantly 
lower strength deficit ratio in ACLi compared 
to CON (0.56±0.24 vs 0.68±0.19, 
p=0.008)(Fig.B). No between group 
differences in muscular contribution to peak 
torques were observed. 

Conclusions/Conclusions 
Significant between group differences in peak 
extensor or flexor torques were observed. 
However, results indicate that knee flexion and 
extension strength tests might not adequately 
identify strength deficits in adolescent ACLi 
populations. Simplified modeling frameworks 
that can be used in a clinical setting may be 
more appropriate for evaluating the 
relationship between neuromuscular control 
and functional outcomes in ACLi populations. 
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Introduction/Introduction 
Developmental dysplasia of the hip (DDH) 
occurs in 5.5/1000 full-term babies. The Pavlik 
harness (PH) treats DDH grades 1-3 with 80-
92% success. Although PH is the best option 
to achieve closed reduction for babies <6 
months, it is restrictive/uncomfortable, 
requiring 24/7 usage for many weeks; a 
duration which varies widely based on the 
severity and among clinicians. Therefore, it is 
critical to better understand the biomechanical 
impact of closed reduction treatment to 
improve upon the decades-old PH. 

Objective/Objectif 
To characterize the biomechanical changes 
infants undergo as a result of PH treatment. 

Methods/Méthodologie 
Electromyography and motion capture 
measured the lower-extremity muscle activity 
and hip range-of-motion of infants with DDH 
being treated with PH (n=3) and infants with 
mild instability under clinical observation 
(n=3) at the start of treatment and after a 
normal ultrasound. The results were compared 
with healthy age-matched controls (n=20). 

Results/Résultats 
DDH infants (in the harness at first visit and 
out of it at follow-up) showed similar muscle 
activity to controls at both visits, while the 
mild instability cohort’s muscle activity was 
similar at the first visit but lower at follow-up. 
This may indicate that while the instability 
initially resolves, the risk of future instability 

still exists for these infants. Additionally, this 
cohort may have lower muscle activity 
compared to the DDH cohort at follow-up due 
to fewer opportunities to actively use muscles 
against resistance (i.e. the PH foot strap). At 
follow-up, DDH infants, as well as the mild 
instability cohort, showed similar hip range-of-
motion to controls. 

Conclusions/Conclusions 
While the Pavlik harness is the gold-standard 
for closed reduction of DDH, understanding 
the biomechanical changes infants undergo as 
a result of this treatment may inform clinical 
decision-making and encourage innovation. 
Future directions include continued enrollment 
for this study, and utilizing hip ultrasound to 
examine infants with hip instability in different 
positions and infant gear. 
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Introduction/Introduction 
Hip arthroscopy is increasingly being used to 
treat non-arthritic hip injuries, however there 
is no consensus on the optimal technique or 
the appropriate rehabilitation. It is proposed 
that a limited understanding of the material 
properties of the hip capsule ligaments is 
contributing to the lack of consensus. 

Objective/Objectif 
The purpose of this study was to quantify the 
regional strain distribution of the hip capsular 
ligaments in response to physiologically 
relevant loading 

Methods/Méthodologie 
800µm radio-opaque, zirconium-dioxide 
(ZRO2) beads were embedded into four 
regions (Figure 1a) within the Superior-
Iliofemoral, Inferior Iliofemoral, 
Ischiofemoral, and Pubofemoral ligaments of 
seven cadaveric hips. A custom designed CT-
compatible hip joint simulator applied an 
internal and external rotation moment (3Nm) 
at 15° of extension, 0°, 30°, 60°, and 90° of 
flexion. A CT scan (250µm resolution) was 
taken with the hip in a zero-load state and in 
each of the loaded states at each flexion angle. 
The scans were thresholded (Figure 1b), bead 
centroids extracted, and the Euclidian 
distances between adjacent beads were 
calculated; regional strains were calculated 
(Figure 1a) 

Results/Résultats 
In the superior iliofemoral ligament there was 
significantly greater strain when the hip was 
externally rotated (0.189 [0.154]) compared to 
internal rotation (-0.175 [0.097]) in the mid-
substance. In the inferior iliofemoral ligament 
there was also a significant difference between 
internal and external rotation in the proximal 
origin (-0.070 [0.074] vs. 0.068 [0.075]) and 
the distal mid-substance (-0.036 [0.038] vs. 
0.031 [0.047]). 

Conclusions/Conclusions 
The results of this study offer a novel look at 
the behaviour of the hip capsule ligaments in 
response to non-destructive loading. The 
regional strain patterns observed suggest that 
each of the hip capsule ligaments strain 
heterogeneously and that this is likely 
dependent on both the position and loading of 
the joint, which is consistent with findings of 
previous studies. 
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Introduction/Introduction 
An estimated one in ten youth sustain a sport-
related concussion each year in Alberta 
(Emery, 2006). Helmet sensors have been used 
to quantify head impact biomechanics in youth 
football to establish normative sub-concussive 
and concussive data (Campolettano, 2019). 
According to this data, the magnitudes for 
youth head impact accelerations are lower than 
adults, which helps establish more appropriate 
concussion risk functions for youth football. 
However, impact monitoring mouthguards 
(IMMs) can yield more accurate 
biomechanical measures for sport-related head 
impact since helmet motion may not reflect the 
true motion of the skull (Hedin, 2016; Joodaki, 
2019). Therefore, more work is needed to 
establish IMM-based reference data for head 
impact biomechanics in youth football players. 

Objective/Objectif 
To identify IMM-based reference data for head 
impact biomechanics in high school football 
players, and compare the results to previously 
published helmet sensor data for youth football 
players. 

Methods/Méthodologie 
Twenty-two high school football players 
participated and wore an IMM (Prevent 
Biometrics®) during Fall 2019 practices and 
games. The IMM provides raw linear 
acceleration, angular acceleration, linear 
velocity, and angular velocity for each head 
impact. Peak magnitudes for these four 

measures were used to determine empirical 
probability density functions (PDFs) and 
descriptive statistics for head impact 
biomechanics. These were then compared to 
previously published helmet sensor data. 

Results/Résultats 
In total, 493 head impacts were included in the 
analyses. The empirical PDFs with median 
values are presented in Figure 1. The median 
peak linear and angular acceleration values 
were 30.9g and 3604.3 rad/s2, respectively, 
which were considerably higher than 
previously reported measures in youth football 
- 19.5g and 972rad/s2 (Compolettano, 2019). 

Conclusions/Conclusions 
To establish the most appropriate concussion 
risk functions for youth athletes, head impact 
data needs to be collected in the field. Our 
findings suggest that this biomechanical data 
needs to be device-specific since IMMs yield 
different results than helmet sensors. 
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Introduction/Introduction 
Most injuries in ice hockey occur from player-
to-player contact, often involving shoulder 
checking (Lynall,2018;JAthlTrain). The force 
generated during collision will depend on the 
stiffness and damping of the impacting 
players. Improved understanding of the 
effective stiffness and damping of the body 
during shoulder checks can lead to more 
biofidelic test rigs for the design and 
evaluation of protective gear. 

Objective/Objectif 
We determined the effective stiffness and 
damping of hockey players when delivering 
shoulder checks to a spring-mounted dome, at 
force levels between 50-600N. 

Methods/Méthodologie 
Participants (n=9) delivered shoulder checks to 
the dome (Fig1A) at three hitting intensities 
(300, 600 and 900N, ±50N). Force and 
position data were sampled at 2560Hz (Bertec 
6040HD) and 640Hz (8-camera Qualisys 
MIQUS), respectively. Force traces were 
dominated by a single frequency (Fig1B). 
Force-displacement traces exhibited hysteresis 
(Fig1C). Accordingly, we modeled the body 
during impact as a horizontally translating 
mass-spring-damper system (Fig1D). We 
calculated shoulder stiffness and damping by 
comparing displacement and velocity at the 
same force level across pairs of trials 
involving different intensities (using 50N force 
increments). Repeated-measures ANOVA and 
post-hoc comparisons were used to examine 
differences in stiffness and damping across 
force levels (α=0.05). 

Results/Résultats 
Shoulder stiffness and damping varied with 
force level (p<0.001). Stiffness increased 
between 50-200N (on average from 3.06 to 
7.47kN/m), was constant between 200-450N, 
and increased between 450-600N (averaging 
14.96kN/m at 600 N). Damping was constant 
between 50-250N, increased between 250-
350N (from 152 to 274N-s/m), and was 
constant between 350-600N (averaging 321N-
s/m at 600 N). Stiffness and damping did not 
associate with body mass or height (p≥0.163). 

Conclusions/Conclusions 
The effective stiffness and damping of the 
shoulder increased with force, to average 
values of 14.96kN/m and 321N-s/m at 600N. 
Our results can inform the development of 
testing standards that evaluate protective gear 
in hockey under conditions that realistically 
simulate the dynamics of shoulder checks. 
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Introduction/Introduction 
Lower limb injuries in artistic gymnastics are 
common. Acute and chronic injuries often 
arise from high impacts at landing. Among 
suggested lower limb injury mechanisms, 
landing asymmetry (i.e. differences in loading 
between legs) has not been well studied and 
even less is known as to why asymmetries may 
occur. It is likely that landing asymmetry has 
antecedents in takeoff mechanics. 

Objective/Objectif 
This study examined the effect of takeoff force 
asymmetry on landing force asymmetry during 
backward saltos in competitive gymnasts. 

Methods/Méthodologie 
Twelve male gymnasts (provincial to 
international level, aged 14-28 yrs) performed 
backward tucked saltos from a raised surface 
(30 cm). Takeoff and landing forces under 
each foot were recorded (4 x AMTI-
BP400600HF, fs=4000Hz) and total body 
kinematics were captured (Xsens Awinda, 
fs=60Hz). Baseline trials were followed by 
randomized left and right takeoff asymmetry 
trials facilitated by real-time visual force 
feedback. Takeoff and landing peak vertical 
forces (PkVF) and impulses (VImp) were 
obtained and asymmetry calculated (right-
left/mean). Total body airborne angular 
momentum was calculated. Differences and 
relationships were assessed using repeated 
measures ANOVAs and correlations 
respectively. 

Results/Résultats 
Mean total baseline landing PkVF was 12.9 
BW (SD 3.5) and landing asymmetry was 
+10.1% (rightwards) and significantly 
different from zero. Significant differences in 
asymmetry were found between all three 
takeoff conditions (Figure 1). Landing PkVF 
and VImp asymmetry in left and right 
asymmetry conditions were significantly 
different from each other but not from baseline 
(Figure 1). Takeoff asymmetry was 
significantly related to airborne angular 
momentum orientation which was in turn 
related to landing force asymmetry. 

Conclusions/Conclusions 
Our novel experimental approach successfully 
produced distinct takeoff asymmetry levels. A 
rightward asymmetry shift was observed in all 
conditions, possibly due to landing limb 
preference or strength (not reported) 
independent of takeoff. Takeoff asymmetry 
was related to airborne and landing mechanics 
indicating an avenue for possible coaching 
intervention.  
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Introduction/Introduction 
Movement screens are frequently used to 
distinguish between stylistic differences in 
movement patterns such as pathological 
abnormalities or skill related differences in 
sport1; however, abnormalities are often 
visually detected resulting in poor reliability2. 
Therefore, our previous research has focused 
on the development of an objective movement 
competency scoring tool to score movement 
based on kinematic data3. Currently, the 
method requires optical motion capture, which 
is expensive and time-consuming to use, 
creating a barrier for adoption within industry. 

Objective/Objectif 
The purpose of this study was to assess the 
objective tool’s performance using data that 
can be collected easily and inexpensively in 
the field using wearable sensors such as 
inertial measurement units (IMU). The 
secondary purpose of this study was to refine 
the architecture of the tool to optimize 
classification rates. 

Methods/Méthodologie 
Motion capture data from 542 athletes 
performing seven dynamic screening 
movements were analyzed. A PCA-based 
pattern recognition technique, ensemble 
feature selection and machine learning 
algorithms with the Euclidean norm of the 
segment linear accelerations and angular 
velocities as inputs was used to classify 
athletes based on skill level. 

Results/Résultats 
Depending on the movement, using metrics 
achievable with IMUs and a linear 
discriminant analysis, 75.1-84.7% of athletes 
were accurately classified as either elite or 
novice (Figure 1). 

Conclusions/Conclusions 
Conclusion:We have provided proof that an 
objective, data-driven method can detect 
meaningful differences from a movement 
screening battery when using data that can be 
collected using IMUs. This provides a large 
methodological advance as these can be 
collected in the field using wearable sensors. 
The method offers an objective, inexpensive 
tool to enhance screening, assessment, and 
rehabilitation in sport and clinical settings. 

References: 
1. Cook et al., 2014. Int.J.Sports Phys.Ther. 9, 
549–563. 
2. McCunn et al., 2016. Sport.Med. 46, 763–
781. 
3. Ross et al., 2018. Med.Sci.Sport.Exerc. 50, 
1457–1464. 
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Introduction/Introduction 
There is a growing appreciation that repetitive 
sub-concussive impacts in football may have 
similar significant effects on overall 
neurological health as isolated diagnosed 
concussions. Studies have associated length of 
playing career to neurologic diseases, but a 
more detailed look at the actual number and 
magnitude of head impacts during a playing 
career is needed. 

Objective/Objectif 
The objective of this study was to determine 
the career head impact exposure profile of a 
Canadian varsity football player across 
positions and number of seasons played. 

Methods/Méthodologie 
A subset of Canadian university football 
players were followed over the course of their 
varsity football careers. The magnitude and 
frequency of head impacts experienced during 
practices and games were recorded using 
helmet-mounted impact measuring devices 
(gForce Tracker, Markham, Ontario, Canada). 
Non-linear mixed effects models were 
performed to evaluate differences in number, 
linear acceleration, and rotational velocity of 
head impacts. Fixed effects of position and 

seniority were inputs to the model with 
random effects of individual players and 
athletic exposures. 

Results/Résultats 
Sixty-three football players were included in 
this study (head impacts = 134-5438, seven 
positions over 3-5 seasons, 71-208 athlete 
exposures). We observed a greater number of 
head impacts in linemen than all other 
positions. Players experienced a significantly 
greater number of head impacts in games than 
in practices, and these impacts had a greater 
magnitude of linear acceleration and rotational 
velocity. There was a strong correlation 
between number of seasons played and 
number of impacts experienced, specifically 
with more games played. Players who 
participated in games earlier in their career 
(first or second year) had larger magnitude 
head impacts for those first two years; 
however, this decreased as they advanced in 
seniority. 

Conclusions/Conclusions 
These results suggest a possible change in 
playing technique(s) as a player progresses 
through their career, or they become more 
conscious of the use of their head. 
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Introduction/Introduction 
Trabecular bone’s viscoelastic behaviour plays 
a significant role at the bone-implant interface 
[1, 2]. Previous studies have modelled 
relaxation and creep responses of bovine 
trabecular bone using empirical models to 
quantify the viscoelastic response in terms of 
stress and strain [1, 2]; however, human 
trabecular bone may behave differently than 
bovine bone. Combining analytical models 
with finite element analysis (FEA) may 
provide a better understanding of the 
viscoelastic response of trabecular bone and 
the bone-implant interface. 

Objective/Objectif 
The objective of this study was to combine 
analytical models with FEA to simulate the 
relaxation response of human trabecular bone. 

Methods/Méthodologie 
5 mm x 10 mm (height x diameter) cylindrical 
trabecular bone samples (n = 76) were 
prepared from femoral heads donated by seven 
hip replacement recipients (five females; ages 
66 – 87 years). This study was approved by the 
Queen’s University Health Sciences and 
Affiliated Teaching Hospitals Research Ethics 
Board (MECH-029-05) and patient written 
consent was provided. Samples were 
individually tested in an ex-vivo bioreactor at 
room temperature and compressed for one 
minute at five strain loads (-2200 με, ‑3000 με, 
-3800 με, -4600 με, and -5400 με) with a 20-
minute recovery period between each load. A 

3-term generalized Kelvin-Voigt analytical 
model (R2 = 0.99) was combined with 
ABAQUS 2017 FEA software to simulate the 
viscoelastic response of trabecular bone cores 
(n = 15) using linear-elastic and hyperfoam 
material models. The analytical model was 
used as a surrogate to analyze the significance 
of the FEA models. 

Results/Résultats 
The linear-elastic FEA (R2 = 0.85) showed a 
stronger average coefficient of determination 
to the analytical model compared to the 
hyperfoam FEA (R2 = 0.62), despite 
underestimating the early stress relaxation 
(Figure 1). 

Conclusions/Conclusions 
Despite using a linear-viscoelastic analytical 
model and bulk representations of the bone 
microstructure, the linear-elastic FEA was able 
to predict human trabecular bone relaxation. 



 64 

DETECTION OF HEEL-STRIKE AND TOE-OFF EVENTS USING PORTABLE, LOW-
COST SENSORS 

Submission ID: 607 

Authors 
Ms. Valerie Bauman - University of Guelph, Dr. Scott Brandon - University of Guelph 

Introduction/Introduction 
Force-sensitive resistors (FSRs) are portable, 
low-cost sensors that measure the contact 
between two surfaces. As an alternative to 
using forceplates, these sensors can be used to 
detect specific gait events when distributed on 
the sole of the foot. 

Objective/Objectif 
Develop and validate an algorithm that detects 
heel-strike and toe-off during walking using 
signals from a custom FSR-embedded insole 
with two FSRs: one under the heel and one 
under the first metatarsal head.  
 

Methods/Méthodologie 
53 healthy adults (29M, 24F, 19-26 years) 
performed five walking steps on a forceplate 
(9281EA, Kistler, Switzerland) while wearing 
the FSR-embedded insole in their right shoe. 
All signals recorded synchronously at 1000Hz, 
and filtered with a 2nd-order, 6 Hz low-pass 
Butterworth filter. A rule-based algorithm to 
detect heel-strike and toe-off events was 
developed and tested offline using peaks in the 
first derivative of filtered FSR signals. Gold-
standard events were detected using the 
forceplate (50N threshold) [1]. For each step, 
FSR-detected event error was quantified in 

time (s) and vertical force-at-event (N). For 
each subject, the force and time differences 
were averaged across 2-5 steps, then used to 
calculate 95% confidence intervals across 
subjects. 
 

Results/Résultats 
95% confidence intervals for the timing of 
heel-strike and toe-off detection were (0.016s, 
0.023s) and (-0.020s, 0.006s) respectively, 
indicating that heel-strike was detected later by 
the FSR algorithm compared to the forceplate, 
while toe-off was detected by the FSR 
algorithm at the same time as the forceplate. 
95% confidence intervals for the force at the 
time of heel-strike and toe-off detected by the 
algorithm were (131.90N, 170.73N) and 
(65.18N, 125.23N) respectively. 

Conclusions/Conclusions 
The algorithm detected heel-strike and toe-off 
with reasonable accuracy and low variability. 
Thus, this algorithm enables the use of 
portable, low-cost sensors as an alternative to 
forceplates to detect gait events. 

[1] – Farah, J. D. et al. (2017). IEEE MeMeA 
2017 Proceedings; pp. 263-268 
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Introduction/Introduction 
To form an image, the ciliary muscles pull and 
release the zonular fibers, that are attached to 
the lens, and change its shape to bend the light 
and focus the image on the retina. The lens 
stiffness increases with age and this is believed 
to be the main cause of presbyopia. The effect 
of the lens nucleus stiffness on its 
accommodation has been a question in the 
clinical applications. A finite element study 
(FE) may provide clues for ‘accommodative’ 
intraocular lens structure design in the future. 

Objective/Objectif 
To investigate the potential role of nucleus 
stiffness in the maintenance and preservation 
of the lens accommodative power using a 
fiber-reinforced lens tissue model. 

Methods/Méthodologie 
Soft and stiff FE models of lens tissue were 
developed with identical geometries, including 
the lens outline, capsule, and zonules (Figure 
1-A). The fibrous structure of the cortex and 
nucleus were modeled with 15000 tangent 
vectors representing the fibers in the 
Holzapfel-Ogden-Gasser model. The material 
properties of the zonules and capsule were 
similar in both models. The material properties 
of the nucleus fibers and cortex fibers were 
identified through spinning test data. 

The stiffness of nucleus fibers was increased 
in the stiff model while other material 
properties were modified to satisfy the 
spinning test data. The zonules in the soft and 
stiff models were stretched 0.08 mm, and the 
change in central optical power (COP) was 
compared. 

Results/Résultats 
The model with a stiff nucleus produced 1.37 
diopters more change in central optical power 
(COP) than the one with a soft nucleus. (3.94 
diopters for the stiff model, compared to 2.57 
diopters for the soft model. See Figure 1B). 

Conclusions/Conclusions 
Unlike the isotropic FE models of lens tissue, 
where softening of the nucleus improved lens 
accommodation, stiffening the nucleus in the 
anisotropic fiber-reinforced model improved it 
(Figure 1B).  
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Introduction/Introduction 
Inertial measurement unit (IMU) based motion 
measurement presents an opportunity for the 
analysis of postures associated with 
musculoskeletal disorders in activities of daily 
living (ADL). Many stand-alone algorithms1,2 
and modifications to previously developed 
simulation packages3 

have therefore been proposed for the IMU-
based estimation of joint kinematics outside of 
laboratory settings. 

Objective/Objectif 
This study sought to quantify the accuracy of 
lower-limb joint kinematics estimated during 
ADLs, between two IMU-based approaches, a 
modified version of the Seel Kinematic 
Algorithm (mSKA)1,2 and OpenSense 
(OpenSim)3, and gold-standard optical motion 
capture. 

Methods/Méthodologie 
Twenty participants completed squatting, 
kneeling, and walking motions while 
instrumented with optical clusters affixed to 
IMUs on the pelvis and right lower 
extremities. The mSKA-based joint angle 
estimates were derived from raw IMU 
accelerations and angular velocities1,2 

while the OpenSim joint angles were derived 
from orientations using a modified Rajagopal 
model4. The degrees of freedom (DoF) in both 
IMU-based approaches were 1DoF for the 
knee and 3DoF for the hip, while the 
Rajagopal ankle had 1DoF compared to the 
3DoF mSKA ankle. Root mean squared error 

(RMSE) and coefficient of multiple correlation 
(CMC) analyses were employed to compare 
the ankle, knee, and hip flexion angles from 
each approach to laboratory-based estimates 
calculated using a 6DoF model in Visual3D. 

Results/Résultats 
Both IMU-based approaches yielded similar 
results to the gold-standard kinematic 
estimates (RMSE: 9.10ᵒ for mSKA and 11.68ᵒ 
for OpenSim), with mean CMC values 
representing very-good to excellent similarities 
at the knee and hip for all motions. 

Conclusions/Conclusions 
The selection between the mSKA and 
OpenSim approaches for lower-limb kinematic 
analyses should be driven by the quality and 
availability of raw and/or calibrated IMU input 
data given the similarity of joint angle 
estimates reported in this study. 
1Seel et al.(2014)Sensors 14;p.6891-6909 
2Küderle et al.(2018)Curr. Dir. Biomed. Eng 
4(1);p.439-442 
3Delp et al.(2007)Trans Biomed Eng 
51(11):p.1940-1950 

4Rajagopal et al.(2016)Trans Biomed Eng 
63(10):p.2068-2079
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Introduction/Introduction 
Osteoarthritis, the most common form of 
arthritis, affects approximately 270 million 
people worldwide. Commonly, total knee 
arthroplasty is performed to alleviate OA's 
effects; however, surgery is not feasible for all 
individuals. Knee joint contact loads are a 
primary factor in developing knee OA; a knee 
brace that includes a passive extension spring 
in parallel with the knee could reduce 
quadriceps forces during knee extension 
movements, thereby reducing knee contact 
loads and potentially mitigating OA 
progression. 

Objective/Objectif 
Study the effects of a spring powered knee 
brace on knee contact loads. 

Methods/Méthodologie 
Eight subjects performed three repetitions for 
each of four different movements at self-
selected: stair ascent, stair descent, overground 
walking and unloaded squats. All movements 
were completed in three conditions: unbraced 
and while wearing a spring-powered brace 
(Spring Loaded Technologies Inc. in "high" 
and "low" torque states. Movements were 
recorded using motion capture, then OpenSim 
was used to compute muscle forces (Static 
Optimization) and tibiofemoral and 
patellofemoral joint contact forces. For each 
movement type, joint kinematics and loads 
were compared between brace conditions 
using a one-factor repeated measures 
ANOVA, with Tukey post-hoc testing (α = 
0.05).  
 

Results/Résultats 
The spring-powered unloading brace was 
estimated to trend toward reducing contact 
loading at the tibiofemoral (p=0.18) and 
patellofemoral (p=0.16) joints during squatting 
and gait trials (14%, 16.5%, respectively), with 
higher effects on the medial compartment. 
Knee flexion angle was reduced by 22% and 
10% for gait and squatting trials, respectively 
(all p<0.05). 

Conclusions/Conclusions 
The spring powered knee brace appears to 
reduce knee joint contact loads at medial and 
lateral tibiofemoral, and patellofemoral, joints, 
which matches previous estimates [1]. 
However, a larger sample size and testing in 
an OA population are needed to evaluate the 
effectiveness of these knee braces for OA 
prevention. 

[1] Budarick et al., J. Biomech., 2019 
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Introduction/Introduction 
Gait asymmetry is present in several 
pathological populations, including those with 
Parkinson’s disease, Huntington’s disease, and 
stroke survivors. Research has found 
conflicting evidence regarding the clinical and 
predictive relevance of gait asymmetry. 
Previous reviews of the gait asymmetry 
literature have identified six commonly used 
metrics for discrete, bilateral data; metrics 
which are not directly comparable. Several 
past studies have identified differences in the 
sensitivities of these symmetry metrics to a 
given amount of asymmetry using real data, 
however, these studies found conflicting 
results regarding which metric is most 
sensitive. Therefore, it remains unclear which 
symmetry metric is the optimal choice for new 
research. 

Objective/Objectif 
The purpose of this study is to determine 
which commonly used discrete symmetry 
metric has the highest sensitivity to 
asymmetry. 

Methods/Méthodologie 
Monte Carlo simulations will be used to 
estimate the statistical power of each 

symmetry metric at a range of population 
asymmetries, variabilities, and sample sizes. 
Power will be estimated by repeated use of a t-
test to compare simulated data sampled from 
identical Normal distributions (the symmetric 
case) against data sampled from Normal 
distributions with different means (the 
asymmetric case); the proportion of significant 
results is equivalent to the power. Significance 
for the t-tests will be set at 0.05. 

Results/Résultats 
Simulations have yet to be performed; results 
to be presented at the conference. 
 

Conclusions/Conclusions 
The results of this study will aid in metric 
choice and the design of future studies which 
include assessments of gait asymmetry. The 
recommended symmetry metric will have the 
highest likelihood of finding a significant 
difference, should one exist. Identifying a 
single discrete symmetry metric for the 
research community to form a consensus on 
will also improve the literature by producing 
easily comparable results, due to the use of the 
same symmetry metric. 
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Introduction/Introduction 
Though manual palpation remains the simplest 
and cheapest form of in vivo soft tissue 
evaluation, it is a qualitative and practitioner-
dependent method. To provide evidence-based 
treatments in the rehabilitation of 
musculoskeletal disorders, quantitative and 
inexpensive soft tissue elasticity (E) 
measurement tools are needed. 

Objective/Objectif 
It is the effort of this research to demonstrate 
the efficacy of a novel device for in vivo soft 
tissue elasticity measurement, specifically in 
the abdominal wall and superficial posterior 
calf muscle. 

Methods/Méthodologie 
Using existing popularized tools as a 
benchmark, namely the MyotonPro and 
IndentoPro, a novel suction device was 
assessed on 14 participants to measure 
reliability and validity of the novel system. 
Tests were conducted 5 cm subxiphoid on the 
abdomen, and at the widest diameter of the 
posterior calf. Intra- and inter-rater reliability 
were calculated using intra-class correlation 
(ICC), while Pearson correlation (r) was used 
to assess convergent validity. 

Results/Résultats 
On the abdomen, intra-rater ICC was 0.581 (p 
< 0.001), indicating moderate reliability, while 

inter-rater ICC was 0.298 (p < 0.2). At the 
calf, intra-rater ICC was 0.553 (p < 0.2). 
Pearson correlation between the novel device 
and MyotonPro was 0.368 (p < 0.1) for the 
abdominal wall. At the calf, Pearson 
correlation between the novel device and 
control devices was 0.580 (p < 0.01) and 0.582 
(p < 0.01) for the MyotonPro and IndentoPro, 
respectively. Of the three tested devices, only 
the novel device demonstrated responsiveness 
to changes in anatomical position (see figure) 
and presented elasticities within range of 
published data. 

Conclusions/Conclusions 
The ability of the novel device to detect 
changes in body position and relative reading 
accuracy promote the novel device as a 
promising tool to measure deep, soft tissue 
elasticity. Further studies are required to 
conclude regarding its ability to gauge 
absolute measures, as with the other tools. 
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Introduction/Introduction 
During the daily activities, such as chewing, 
eating, speaking, etc., the human jaw moves 
and the earcanal is deformed by its anatomic 
neighbor called the Temporomandibular Joint 
(TMJ). While these cyclic deformations can 
influence the positioning, comfort and 
functioning of ear-fitted devices (like hearing 
aids, earphones, hearing protectors and 
earplugs, etc.) they can also provide a 
significant amount of energy to harvest. The 
TMJ movements and earcanal deformations 
have been individually studied so far, however 
their mutual actions are not fully understood 
yet. 

Objective/Objectif 
This presentation details the recent 
development of a six-bar linkage mechanism 
capable of simulating the complicated 
interactions between human earcanal and jaw. 
 
 

Methods/Méthodologie 
The development relies on a two-phase 
mechanism design algorithm to numerically 
optimize and analytically synthesize 
mechanisms for which the classical 
optimization approaches cannot return a 
converged solution. 

Results/Résultats 
The proposed optimization approach enables 
the design of a biomechanical simulator to 
reproduce the TMJ movement and replicate 
the jaw rotation during the mouth opening 
motion by respecting all the hinge-axis 
parameters of the jaw including the condylar 
slope of -38.73°, the horizontal translation of 
16.30 mm and the correlation of 2.05°/mm 
between rotation and translation of the jaw. 
 

Conclusions/Conclusions 
This algorithm can be subsequently used to 
further investigate the TMJ-earcanal 
interactions and ultimately adopted to 
synthesize other nonlinear complex linkage 
mechanisms for biomechanical implants, 
humanoid robots and medical prosthesis. 
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Introduction/Introduction 
When performing a novel task, such as hand 
tracking, a familiarization period is required to 
dissociate experimental effects from learning. 
Task complexity will also influence 
familiarization. Recent studies have evaluated 
the interaction between forearm muscle fatigue 
and hand tracking accuracy with little 
consideration of familiarization. The amount 
of practice required to become familiar with 
various hand tracking protocols is not well 
understood. 

Objective/Objectif 
To determine the effects of familiarization on 
performance during a novel hand tracking task 
using a 3-degrees-of-freedom robotic wrist 
manipulandum. 

Methods/Méthodologie 
Eighteen right-handed participants were 
recruited (8F, 10M). Participants tracked a 
target through a 2:3 Lissajous curve using a 
wrist robot (WristBot, Genoa, Italy). Each trial 
took 20 seconds to complete. Novel to the 
device and task, participants performed 17 
trials on two experimental sessions separated 
by at least 6 days. Performance was measured 
using tracking accuracy (tracking error, TE), 
shape reproduction (figural error, FE), and 
movement smoothness (jerk ratio, JR). 

Results/Résultats 
TE and FE improved by 28% (1.06°) and 
23.5% (0.31°) respectively, in the first four 
trials (p < 0.05), after which no trial-to-trial 

differences were found. JR had slower 
improvement, where a 33.5% increase in 
smoothness was observed at trial 13 (p< 0.05), 
with no subsequent improvements. On day 2, 
TE, FE and JR were reduced by 4.5% (0.14°), 
9% (0.11°), and 12% (11.57), respectively, 
from the end of day 1 to end of day 2. 

Conclusions/Conclusions 
Variations in interpretation of familiarization 
was apparent across the performance metrics. 
TE and FE demonstrated no significant 
reductions in error after trials 7 and 9, 
respectively. JR showed a gradual 
improvement in movement smoothness until 
the trial 13. For this specific tracking task, a 
familiarization period of 13 trials is 
recommended. Future work should evaluate 
task complexity and retention across days.  
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Introduction/Introduction 
Perturbations to the neck extensor muscles, 
such as muscle fatigue or sub-clinical neck 
pain, are known to impair upper-limb 
proprioception [1,2]. However, it is difficult 
isolate the effects of altered sensory input to 
the neck on shoulder motion; thus 
necessitating the need to develop novel 
methods for quantifying potential decrements 
in shoulder proprioception. 

Objective/Objectif 
The purpose of this study was to evaluate 
upper-limb kinematic variability while 
interacting with a novel shoulder rotation joint 
position sense measurement device. This 
device was designed to constrain the upper-
limb and isolate shoulder humeral rotation, 
thereby minimizing axioscapular contributions 
to shoulder motion. 

Methods/Méthodologie 
30 right-handed participants (15 M/15 F) were 
tasked with conducting 4 sets of 3 shoulder 
joint angle matching trials, by recreating target 
humeral rotation postures while blindfolded. 
Target shoulder postures were between 30-60 
degrees of internal rotation from the starting 
shoulder posture of 90 degrees humeral 
abduction, 90 degrees external humeral 
rotation, and 90 degrees elbow flexion. 

Humerothoracic rotation was captured 
simultaneously from the shoulder 
measurement device and an optoelectric 
motion capture system (3D-Investigator, NDI 
Instruments, Waterloo, Canada) in accordance 
with ISB standards [3]. A stepwise 
multivariate regression was utilized to 
examine how much of the shoulder device 
rotation output could be explained by the 8 
upper-limb degrees of freedom (DOF) 
collected with kinematics. 

Results/Résultats 
The multiple regression analysis showed a 
moderate correlation between significant 
device outputs and DOF IVs (R2=0.20, 
F(2,639)=79.6, p≤ 0.0001). Only humeral 
rotation (R2=0.18, F(1,640)=140.3 p≤ 0.0001) 
and wrist deviation (R2change=0.02, 
Fchange(1,639)=15.8, p≤0.001) significantly 
contributed to device rotation. 

Conclusions/Conclusions 
Regression suggests that wrist deviation may 
be confounding the accuracy of the shoulder 
device, and that movement variables 
extraneous to those measured are contributing 
to device measurement. To make this device 
viable for shoulder JPS measurement, further 
analysis may need to quantify full body 
contributions to device measurement and 
consider constraining the wrist. 
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Introduction/Introduction 
Motion capture remains a widely-used tool for 
measuring kinematics; however, the data is 
vulnerable to soft tissue artifact (STA). STA is 
the movement of skin markers relative to bone, 
and results in kinematics error, which can 
become larger than joint physiological 
motion1. It has been theorized that specific 
marker configurations may attenuate STA. 

Objective/Objectif 
To investigate the effect of thigh marker 
cluster location on STA during high knee 
flexion tasks (i.e., knee flexion greater than 
120°). 

Methods/Méthodologie 
Fifty participants (22M/28F) performed 
squatting and kneeling while motion was 
recorded from single clusters on the pelvis and 
shank, and six clusters distributed on the 
anterior, lateral, and anterolateral aspects of 
the distal and middle third of the thighs. To 
estimate STA, the functional hip joint center 
was tracked with the pelvis cluster (i.e. gold 
standard2) and each of the six thigh clusters 
throughout motion. STA was defined as the 
magnitude of the 3D difference between the 
pelvis-tracked and each of the thigh-tracked 
hip joint centers. The peak difference when 
knee flexion was greater than 120° was 
analyzed using Bland-Altman methods3. 

 
 

Results/Résultats 
The mean difference ranged from -0.35 to 3.44 
cm while the lower and upper limits of 
agreement ranged from -9.80 to -4.11 cm and -
0.44 to 4.63 cm, respectively (Table 1). 
Additionally, the mean difference increased 
until approximately 120° in the squat and 140° 
in the kneel, then tended to plateau or 
decrease. 

Conclusions/Conclusions 
The mean difference was smallest for the mid-
anterior and mid-anterolateral clusters and 
largest for the lateral clusters. This is likely 
because the anterior clusters were less 
susceptible to STA during thigh-calf contact. 
As well, clusters on the mid-thigh may less 
affected by skin sliding near the joint or 
contractions of the vasti muscles. Thus, a mid-
anterior or mid-anterolateral cluster placement 
is recommended for use in high flexion. 
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Introduction/Introduction 
As energetic approaches in musculoskeletal 
modeling (i.e. muscle/joint power) account for 
both the net muscle force and the joint rotation 
speed, they should convey a synthetized 
analysis of the impact of the different 
kinematic strategies, as well as the 
musculoskeletal pathologies on all 
biomechanical parameters. For example in 
gait, the power analysis of the lower limb 
joints has been used to develop indices that 
describe the function of each joint. As the 
shoulder has a complex motion that involves 
three rotations at the glenohumeral (GH) joint, 
the power analysis of each degree of freedom 
(DOF) should shed a light on their respective 
functions. 

Objective/Objectif 
The objective of this study was to characterize 
the functions of the three DOFs of the GH 
joint during a relatively complex task. 

Methods/Méthodologie 
40 healthy participants transferred a box (6 or 
12 kg) between shelves at hip and eye levels. 
Joint generalized coordinates were predicted 
from the trajectory of 42 markers using inverse 
kinematics in Opensim. Their respective 
generalized forces were estimated using 
inverse dynamics. Four function indices (strut, 
spring, motor and damper) have been 

calculated to describe the behaviour of the GH 
plane of elevation, elevation, and axial 
rotation. 

Results/Résultats 
The GH joint DOF showcased a minimal strut 
like behaviour (2 ± 8%). The GH axial rotation 
acted mainly as a spring or a damper, whereas 
the GH plane of elevation and elevation 
carried the motor function, with the GH 
elevation increasing its damping function as 
the load was increasing (22%). 

Conclusions/Conclusions 
The implemented indices represent a 
synthetized tool that could improve our 
understanding of the role of the different GH 
degrees of freedom in the overall motion of the 
humerus, as well as the compensation 
strategies due to the different pathologies. 
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Introduction/Introduction 
Surface translations are a method of perturbing 
an individual’s balance to evoke balance 
control responses. However, the equipment 
used to measure responses often contain 
artifacts due to the inertial properties of 
sensors and the nature of the translating 
perturbations. Techniques addressing these 
movement artifacts are not yet well established 
within the literature. Perhaps as a 
consequence, few (if any) studies report on 
lower limb kinetic responses to perturbations 
induced by surface translation platforms. 

Objective/Objectif 
This study quantified the influence of two 
unique data processing techniques employed 
to reduce the presence of inertial-based 
movement artifacts embedded within force 
plate data. The effects of these approaches 
were assessed based on kinetic outcomes: 
namely, stance limb knee moments. 

Methods/Méthodologie 
Forty-five trials of backward surface 
translations (six different accelerations) 
resulting in forward steps were analyzed from 
one participant. Acceleration-matched 
unloaded pre-trials were collected to 
characterize force plate movement artifacts. 
For each trial, baseline data was processed to 
account for inertial artifacts using both 
amplitude- and frequency-based subtraction 
methods. Peak knee flexion/extension 
moments of the stance limb were calculated 
following ISB standards, and compared across 

artifact subtraction approach (baseline, 
amplitude, frequency) and acceleration level 
(six levels). 

Results/Résultats 
Both data processing techniques resulted in 
similar changes to the time series data. 
Specifically, the artifact subtraction 
approaches reduced peak knee flexion moment 
by a range of 1.3-9.2% with a mean of 5.1% 
across all acceleration levels. Figure 1 
demonstrates the influence of both processing 
techniques on peak knee flexion moment 
during single-step responses. 

Conclusions/Conclusions 
These findings demonstrate both data 
treatment techniques are viable options for 
correcting movement artifact in collection 
equipment. Due to ease of implementation, the 
amplitude subtraction method is recommended 
for future use to increase researcher’s 
confidence in using kinetic outcome measures 
to address research questions involving surface 
translations. *More data will be processed at 
time of presentation. 
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Introduction/Introduction 
Many biomechanical analyses rely on the 
availability of subject-specific foot segment 
measurements. Most studies use manual 
measurements of foot parameters, such as arch 
height and truncated foot length, to examine 
foot mechanics and evaluate foot posture. In 
comparison, body segment scanning 
techniques provide rapid and efficient 
measurements of numerous foot measurements 
simultaneously. To date, no studies have 
compared the inter- and intra-rater reliability 
and validity of a three-dimensional (3D) 
scanner to collect foot anthropometric 
measurements vs manual caliper 
measurements. 

Objective/Objectif 
To test the reliability and validity of a portable 
3D white light body segment scanner for foot 
anthropometric measurements. 

Methods/Méthodologie 
Fourteen control participants (9 males, 5 
females, mean age 23.9 ± 1.7 years) were 
recruited to participate. Seven anthropometric 
measures of their dominant foot under weight 
bearing and non-weight bearing conditions 
were obtained using a 3D scanner (TechMed 
3D Inc., QC). The same seven anthropometric 

measures were manually obtained using a 
custom 3D printed foot measurement device 
and calipers (Model #54-100-112-2, Fowler 
High Precision Inc., USA, accurate to 
0.02mm). To test reliability, a two-way mixed 
model intraclass correlation coefficient (ICC) 
analysis and standard error measurement 
(SEM) were used. To assess validity, Pearson 
correlation coefficient (PCC) and variability 
(SD) were examined. To determine accuracy, 
the error between both techniques was also 
calculated. 

Results/Résultats 
ICCs for intra-rater reliability ranged from 
0.99-0.46; inter-rater reliability ranged from 
0.99-0.40. The 3D scanner results showed 
good to excellent ICC with low SEM. Results 
from the PCC showed that both measurement 
techniques were strongly correlated, with a 
lower SD in the 3D scanner measurements. 
For the weight bearing and non-weight 
bearing, the error ranged from -3.2 to 4.7 mm 
and -4.2 to 4.2 mm, respectively. 

Conclusions/Conclusions 
Findings suggest that 3D scanners are a 
reliable and accurate instrument to collect foot 
anthropometrics. Manual measurements 
showed less accuracy due to human error. 
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Introduction/Introduction 
Available Finite Element (FE) models of the 
spine generally consider simplified geometries 
[1], which may hider results and conclusions 
made therefrom. 

Objective/Objectif 
The availability of a full, representative, FE 
spine model would allow to overcome such 
limitations and enhance our biomechanical 
perception. 

Methods/Méthodologie 
Muscles and Intra-Abdominal Pressure (IAP) 
were modelled as fluid filled pressurized 
structures, as previously shown to be valid [2] 
in FE models (Figure 1). Thoracolumbar fascia 
(TLF), tendons, vertebral bodies (VBs), and 
intervertebral discs (IVDs) were modelled as 
flexible bodies. Smooth uniform 3 mm 
triangular/tetrahedral mesh was carefully 
created and contacts between adjacent 
volumes replaced with confirming mesh. 

Due to the high complexity of the model, 
considerable validation was performed. Firstly, 
applying forward angular displacement, 
moment around L5-S1 and the pressure in the 
IVDs were compared to published studies[1], 
[3]. Further, applying forward flexion, the 
displacements of the VBs T10-L5 in the 
sagittal plane were also compared to literature 
results [4]. 

Results/Résultats 
Applying the recorded angular displacements 
[1], the lumbar spine showed an increasing 
moment from 5.5 to 9.3 N.m. Furthermore, 
Dreischarf et. al. [1] reported an average 
moment of 7.5 N.m at 34o, where the model 
predicted this moment at 33o. IVDs pressure 
increased from 0.31 to 0.53 MPa which fell 
within physiological range when compared to 
published results [3]. Furthermore, the vertical 
displacements of the VBs in the sagittal plane, 
under forward flexion, showed a 15% 
maximum discrepancy when compared to 
documented data [4], at T10 (Figure 1). 

Conclusions/Conclusions 
The developed novel model is state of the art 
as it includes most physiological tissues 
known to contribute to spinal loading and low 
back pain. It was indirectly validated against 
numerous published studies. Further, the 
authors’ efforts to reduce computation time, 
mesh quality and conforming volumes, makes 
for an attractive model with which to conduct 
future studies. 
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Introduction/Introduction 
Inertial measurement units (IMUs) offer an 
attractive way to record kinematics outside of 
the lab, however, challenges exist when 
converting from accelerations and angular 
velocities to quantities such as position and 
angle. 

Objective/Objectif 
We propose a method to accomplish this task 
using deep convolutional neural networks to 
estimate knee joint flexion/extension angle. 

Methods/Méthodologie 
Data were recorded using a novel 3D-printed 
wearable device which consists of 2 IMUs 
placed anteriorly 150mm above and 
posteriorly 150mm below the knee joint 
center, and a rotary potentiometer for direct 
measure of knee joint angle. Data were 
collected bilaterally (from two separate 
devices) at 100Hz from 4 healthy individuals 
(1 female and 3 male, aged 25.7±1.6). Subjects 
reported on two occasions and performed a 10-
minute treadmill walking task. 

Each measurand was normalized to its 
maximum for each occasion, to avoid 
weighting inputs by measurand magnitude. All 
angular data were filtered using a 4th order 
Butterworth low pass filter with a cutoff 
frequency of 8Hz. A total of 16 recordings (4 
subjects x 2 occasions x 2 limbs) were 
produced; 14 were used for training and 2 
were randomly selected to test the model. A 
100-sample moving window with a 99-sample 

overlap was applied to the data. Model inputs 
were a 12x100 array of 12 inertial variables 
over 100 time steps. Model outputs were a 
1x100 array of knee flexion/extension angles. 
The model architecture consisted of two 
convolutional layers with rectified linear 
activation functions separated by a max 
pooling layer which fed into a dense output 
layer using sigmoidal activations. 

Results/Résultats 
The output of the model showed reasonable 
agreement with ground truth angle measures 
(mean r-squared=0.911; mean absolute 
error=6.2%). 

Conclusions/Conclusions 
This methodology offers a promising method 
for training deep neural networks, as 
arbitrarily large datasets can be collected with 
minimal effort, offering particular benefit for 
transfer learning applications. 
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Introduction/Introduction 
Scapula morphology is a key to explain patho-
mechanisms of the most frequent shoulder 
disorders. Imaging based studies suggest that 
an unfavorable shape of the acromion may 
foster the development of rotator cuff tear. A 
lateral extension of the acromion is identified 
as one of the main risk factors. [1] 
hypothesized that changes in the lateral deltoid 
force distribution due to the large lateral 
acromion extension might lead to the 
development of rotator cuff tear 

1.Nyffeler et al, J Bone Joint Surg, 88-A:800–
805, 2006. 

Objective/Objectif 
The objective of this study was to investigate 
the effect of the lateral acromion extension on 
forces in the lateral deltoid, the infraspinatus 
and the supraspinatus by using a multibody 
musculoskeletal model of the shoulder. 

Methods/Méthodologie 
A multibody musculoskeletal model of the 
right shoulder was taken from the AnyBody 
Modelling System. It comprises 118 three-
element Hill-type muscle bundles. 
Glenohumeral joint was modeled with 5 
degrees-of-freedom. The lateral extension of 
the acromion was scaled from 35 mm to 47 
mm, which corresponds to values of acromion 
index reported in [1].  An arm elevation in the 
scapular plane from 0° to 120° was simulated 
with two different acromion lengths. 

Results/Résultats 
Large lateral extension of the acromion (47 
mm) reduce mediolateral (ML) force and 
increase inferosuperior (IS) shear force in the 
lateral deltoid (Figure 1a). This leads to 
increased net forces in the rotator muscles: 
infraspisantus (Figure 1b) and supraspinatus 
(Figure 1c). 

Conclusions/Conclusions 
Our findings support the hypothesis of [1]. 
With extended acromion length, compressive 
force component on the lateral deltoid is 
reduced. To maintain joint stability, forces 
produced by rotator cuff muscles are 
augmented, which might lead to tendon 
overuse. 

This study could help implementing 
radiological parameters such as acromion 
index [1] as predictive risk measurements for 
developing shoulder disorder. Further studies 
are needed to better understand patho-
mechanisms related to  scapula morphology. 



 80 

PATELLAR TENDON MOMENT ARM VARIATIONS RELATE TO MECHANICAL 
FUNCTION 

Submission ID: 388 

Authors 
Mr. Mitchell Wheatley - Queen's University, Dr. Darryl Thelen - University of Wisconsin-

Madison, Dr. Michael Rainbow - Queen's University 

Introduction/Introduction 
Previous in vivo and in vitro studies have 
shown that the patella increases the knee 
extension moment arm (MA) and varies with 
knee flexion and quadriceps loading; however, 
the mechanical importance of the variation is 
unclear. A reduced MA may be advantageous 
when rapid joint velocity is required, whereas 
an increased MA increases torque production. 
Recently developed musculoskeletal models 
may elucidate whether MA variation is 
mechanically important. 
 

Objective/Objectif 
The study objective was to use a 12 degree-of-
freedom (DOF) knee model constrained by 
muscles, ligaments, and cartilage to investigate 
the relationship between MA and knee 
mechanics during walking. We hypothesized 
that MAs would vary with knee flexion, as 
assumed in reduced DOF knee models 
traditionally used in gait simulation. We 
further examined MA as a function of knee 
velocity and acceleration to assess possible 
mechanical implications for MA variation. 

Methods/Méthodologie 
We calculated tibiofemoral angular velocity 
over a simulated walking trial from a full-body 
musculoskeletal model with a 12 DOF knee. 
We identified five phases of gait—denoted by 
changes in knee flexion direction—and 
computed the tibiofemoral helical axis across 
each phase. This ensured stable axes as they 
are noisy during direction changes. We used 
the helical axis from each phase and patellar 
tendon line-of-action at each time step to 

calculate patella MAs. 
 

Results/Résultats 
Our hypothesis was rejected because 
equivalent knee flexion angles yielded 
different MAs depending on phase. MA length 
was lower during early stance but increased 
during terminal stance. The MA increased 
16.6% at the beginning of flexion in terminal 
stance. Angular acceleration correlates with 
MA length increase (R2=0.53, p<0.001) 
throughout gait. 
 

Conclusions/Conclusions 
The MA is not constant at a given knee flexion 
angle during gait. Increased MAs during knee 
flexion may regulate knee moment with 
minimal extensor muscle contribution. A 
lower MA during swing may help produce 
knee extension velocity. 
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Introduction/Introduction 
Heavy load carriage contributes to the 
development of musculoskeletal disorders [1] 
and decreases performance [2] in soldiers. 
Modelling changes in movement behaviours 
due to load can lead to objective decision-
making tools for the Canadian Armed Forces 
(CAF). 

Objective/Objectif 
Create a framework that produces morphable 
movement patterns (MMPs) to be applied to 
virtual battle simulators (VBS) and 
musculoskeletal models. 

Methods/Méthodologie 
12 males and 4 female civilians performed 8 
military-based movements (running, walking, 
run-to-prone, run-to-kneel, prone-to-run, 
kneel-to-run, prone-to-kneel, kneel-to-prone) 
under three load conditions: slick (~5.5kg), 
medium (~20kg), and heavy (~32kg). Whole-
body kinematics were recorded using an IMU 
suit (MVN Link, Xsens, Netherlands) and 
exported as 64 time-series marker trajectories. 
In Matlab (Mathworks, USA), movement trials 
were cropped, normalized to 501 data samples 
using dynamic time warping, and processed 
using principal component analysis (PCA); 
>90% explained variance retained. PC scores 
were input to a linear discriminant function 
(LDF) to classify binary load conditions. 

Movements were morphed by adding the mean 
movement pattern to the LDF multiplied by a 
given standard deviation (x̅ + LDF*σ). MMPs 
were converted to filmbox (.fbx) format 
through MotionBuilder (Autodesk, USA) for 
VBS, and were converted to Track Row 
Column (.trc) format for OpenSim (SimTK, 
USA). 

Results/Résultats 
MMPs were imported into a VBS (VBS3, 
Bohemia Interactive, Czech) for future 
simulations, and were imported to OpenSim 
for future musculoskeletal analyses. 

Conclusions/Conclusions 
Creating MMPs based on human kinematics 
can greatly benefit the CAF by investigating 
soldier susceptibility to enemy fire as a factor 
of load in VBS. MMPs can also drive 
musculoskeletal models to investigate how 
incremental load affects musculoskeletal 
health. Gaining knowledge about integrated 
survivability, performance, and 
musculoskeletal health can aid in the 
development of objective decision-making 
tools for the CAF. 

[1]Orr R.M. et al. (2014). Int. J. Inj.Contr. Saf. 
Promot. 21(4);p.388-396.  

[2]Billing D.C. et al. (2015). J. Strength. 
Cond. Res. 29(11S);p.S134-S138. 
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Introduction/Introduction 
Dans les systèmes de posture (ex. : assise, 
dossier), les éléments de positionnement 
standard ne peuvent satisfaire tous les cas 
particuliers. Pour bien gérer le contact entre 
l’usager d’un système de posture et ce dernier, 
il est parfois nécessaire d’avoir recours à du 
sur-mesure pour atténuer les pics de pression 
de contact, minimiser le cisaillement des tissus 
et améliorer le confort global. La conception 
personnalisée usuelle (ex. : moulage) étant 
toutefois coûteuse, nous proposons d’évaluer 
la substitution de ces procédés par des modèles 
paramétrables requérant seulement quelques 
mesures simples. 

Objective/Objectif 
1) Définir une méthodologie de prise de 
mesures ; 2) Concevoir les modèles de gestion 
de contact d’assise et de dossier ; 3) Valider 
les modèles. 

Methods/Méthodologie 
Pour le modèle de fessier, les mesures sont 
réalisées à l’aide d’outils disponibles en milieu 
clinique (ex. :mètre ruban, anthropomètre). 
Pour le modèle de tronc, on utilise plutôt une 
chaise expérimentale (figure 1-d). Des 
modèles constitués de formes simples 
paramétrables sont ensuite développés (figure 
1a-b). Leur validation se fait par comparaison 
avec une numérisation 3D, puis 
expérimentalement avec des prototypes 
d’assise et de dossier et des mesures de 

pressions de contact (figure 1c-d). Ce 
processus est itératif et les modèles sont 
améliorés pour correspondre au mieux à une 
diversité de personnes. 

Results/Résultats 
La comparaison avec une numérisation 3D 
démontre la fidélité des modèles géométriques. 
Des mesures de la pression de contact entre le 
fessier d’un participant et une assise usinée 
selon le modèle personnalisé démontrent une 
répartition relativement égale de la pression. 

Conclusions/Conclusions 
Les modèles développés sont voués à couvrir 
une grande partie de la population, mais les 
cas plus complexes seront encore traités par 
les méthodes usuelles comme le moulage. 
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Introduction/Introduction 
The shoulder rhythm is a set of mathematical 
relationships describing relative orientations of 
the clavicle, scapula and humerus, which are 
difficult to measure directly. Two extant 
shoulder rhythms are the Göteborg shoulder 
rhythm (GSR) [1] and the Waterloo shoulder 
rhythm (WSR) [2]. Their formulation used 
different motions and recording techniques, 
but their ability to accurately predict bony 
orientations for novel data sets, which is 
important for enhancing shoulder 
biomechanical models, is unknown. 

Objective/Objectif 
Evaluate the WSR and GSR with an 
independent dataset to determine which 
shoulder rhythm more closely predicts scapula 
orientation. 

Methods/Méthodologie 
40 participants performed seated right-arm 
elevations in 6 planes from the sagittal to 
frontal in 15 degree increments while motion 
capture data was collected at 50 Hz for the 
upper limb and torso (Vicon Motion Systems). 
Scapula tracking used an acromion cluster. 
The WSR and GSR both use thoracohumeral 
orientation data as input and produce 
thoracoscapular orientations which can then be 
expressed according to international consensus 
[3]. A linear regression was performed 
between the predicted and measured values for 
each participant, generating a coefficient of 
determination (R-squared) and a root-mean-
square error (RMSE) for a 95% confidence 

interval, which were then averaged across 
participants. 

Results/Résultats 
Data for 12 participants is presented for 
humeral abduction, which is a commonly 
performed clinical evaluation motion. The 
WSR demonstrated lower RMSE values for 
scapula anterior/posterior tilt and 
retraction/protraction, and a higher explained 
variance for medial/lateral rotation, with 
similar RMSE. 

Conclusions/Conclusions 
Shoulder rhythm influenced prediction 
accuracy for scapular orientations during 
abduction. The WSR produced lower RMSE 
for 2/3 of the angles, and all lower than 7 
degrees, which is with experimental 
measurement error and suggests it is a 
preferred method. 

[1] Högfors. (1991) J Biomech. 24(8), 699-
709. 

[2] Grewal. (2013) J Biomech. 46(3), 608-611. 

[3] Wu. (2005). J Biomech.38(5), 981-992. 
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Introduction/Introduction 
Prediction of human movements has long been 
a subject of interest to scientists and 
researchers. Computer musculoskeletal 
simulations can be used in sports engineering 
to optimize performance or equipment, or in 
orthopedic surgery to optimize the procedure 
for the specific needs of a patient. 

Objective/Objectif 
The objective of this research is to predict the 
sit-to-stand (S2S) motion of humans using 
optimal control methods. The results of this 
research will enable us to analyze and predict 
the motion and contact force in different joints 
within reasonable bounds. 

Methods/Méthodologie 
A generic human body was modeled as a five-
segment linkage (arm, torso, pelvis, thigh, 
shank) in the sagittal plane. For the sake of 
simplification, the human model was assumed 
to be actuated by torques in each joint. The 
dynamic model of the system was derived by 
MapleSim and used in TrajOpt, which is a 
direct collocation optimal control toolbox for 
MATLAB. The objective was to find the 

optimal trajectory from a seated position to the 
standing position by minimizing a cost-
function of the joint torques. Joint position and 
torque limits, along with a stability 
requirement, defined as the position of ground 
reaction force within the foot, were included as 
constraints in the optimization problem. 

Results/Résultats 
Joint angle and torque profiles were obtained 
for the optimal solution. A snapshot of the 
predicted S2S motion is depicted in Figure 1. 
The predicted motion was in good agreement 
with experimental results from the literature. 

Conclusions/Conclusions 
It was shown that S2S human movement can 
be predicted using optimal control. As future 
work, we intend to replace joint torques with 
muscles in the model to obtain higher 
prediction accuracy. 
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Introduction/Introduction 
In Ontario, chronic neck pain constitutes 3 – 
12 % of lost time claims [1]. It is episodic in 
nature, with only one third of patients 
experiencing a full remission from their 
symptoms [1]. Thus, there may be 
considerable benefits to preventing an initial 
bout of neck pain, which has been shown to 
have a mechanical underpinning. 

Objective/Objectif 
Therefore, the purpose of this project was to 
develop, calibrate, and validate a cervical 
spine model to aid in the understanding of 
chronic neck pain pathomechanics. 

Methods/Méthodologie 
Points on the vertebrae from the BodyParts3D 
database were used to scale each one to a 50th 

percentile male using published dimensional 
data [3]. Functional spinal unit models were 
generated with torsional springs representing 
the intervertebral discs, and ligaments with 
empirical force-elongation curves [4]. 
Moment-angle curves for each FSU model 
were quantified in flexion-extension, lateral 
bending, and axial twisting and compared to 

published human data [5]. FSU models were 
assembled into a whole spine model with Hill 
type muscle elements. 

Results/Résultats 
Moment angle curves closely matched 
experimental results (Figure 1). 

Conclusions/Conclusions 
An OpenSim cervical spine model was 
successfully developed which can be driven 
with experimentally derived kinematics. This 
model may assist in the understanding of the 
pathomechanics of chronic neck pain. 

References: 

[1] Coté et al. (2004). Pain, 112(3): 267-273 

[2] Panjabi et al. (1991). Spine, 16(8):861-869. 

[3] Mattucci et al. (2012). Journal of the 
mechanical behavior of biomedical materials, 
10, 216-226. 

[4] Camacho et al. (1997). SAE 
Transactions,3989-4002. 

[5] McGill et al. (1992). Clinical 
Biomechanics, 9(3), 193-19
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Introduction/Introduction 
The spring-arch of the human foot improves 
the metabolic economy of running through its 
absorption and return of elastic energy. To 
date, arch work has typically been calculated 
from forefoot-rearfoot moments and angular 
velocities around a prescribed arch axis. 
However, errors in assuming the joint axis can 
lead to erroneous power calculations. 

Objective/Objectif 
Using a novel approach with a uniquely 
accurate, high-speed x-ray dataset, we 
determine and compute kinetics about the 
instantaneous arch axis to determine the 
appropriateness of the conventional axis. 

Methods/Méthodologie 
One subject (M/51) with tantalum beads 
implanted in his foot bones ran over-ground at 
various speeds, with the forefoot and rearfoot 
landing on individual force plates. Angular 
velocities and translations about the 
instantaneous axis of the arch were determined 
from 3D bone kinematics (XMALab). External 
arch moments in the talus co-ordinate system 
were calculated about the conventional axis 
(CA), instantaneous helical axis (IHA), and 
average instantaneous helical axis (AIHA) 
over phases of gait with a similar IHA. Six 
degree-of-freedom power and positive work in 
propulsion were calculated from the moments. 

Results/Résultats 
In propulsion, the arch axis is more lateral and 
anterior than the conventional axis (Figure 
1A). The peak dorsiflexion moment was 

similar between methods (CA:121±19 vs 
IHA:127±26 vs. AIHA: 118±15 Nm), while 
the inversion and adduction moments were up 
to 159% and 128% smaller when calculated 
using the IHA and AIHA respectively (Figure 
1B/C), with the CA indicating opposite 
moment directions (i.e. eversion vs inversion). 
The CA had 19% less positive work on 
average than the IHA and AIHA 
measurements. 

Conclusions/Conclusions 
By assuming a sagittal axis during propulsion, 
substantial positive work is missed. 
Calculating moments in propulsion is more 
appropriate around an axis that intersects the 
medial talar neck and the anterior base of the 
5th metatarsal. The AIHA captures the 
moments without the increased variability of 
the IHA. 
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Introduction/Introduction 
Inertial measurement units (IMUs) are used in 
applied sport and rehabilitation settings as an 
alternative to 3-dimensional motion capture 
systems (1). Although IMUs show good 
validity, establishing their reliability is 
important (2). 

Objective/Objectif 
The purpose of this study was to assess the 
test-retest reliability of an IMU system for 
assessing knee flexion angle. 

Methods/Méthodologie 
Participants (n=8) completed seated knee 
extensions (n=4/side) while outfitted with 
thigh and shank IMUs (myoMotion Research 
PRO IMU, Noraxon USA) sampling at 200 
Hz. Standing IMU calibrations were 
performed prior to the first extension and third 
extension on each leg. 

The lower body dynamometer range of motion 
limits were set to the subject’s maximum 
seated knee flexion and extension. Subjects 
started each trial in maximum knee flexion, 
extended to maximum extension and returned 
to maximum knee flexion. Each subject’s 
start-position, full-extension and end-position 
knee angles were compared between trials and 
between calibrations, and agreement between 
trials and calibrations was assessed (3). 

Results/Résultats 
The within-calibration correlation between 
Trial 1 and 2 was excellent (start-position: 

r=0.97; full-extension: r=0.91; end-position: 
r=0.98). The between calibration coefficient 
was excellent for the start-position (r=0.93) 
and end-position (r=0.91) and strong for the 
full-extension position (r=0.77) (Table1). 

Conclusions/Conclusions 
The IMU system showed strong agreement 
when comparing knee angle recordings within-
calibration. The agreement decreased when 
comparing knee angles between calibrations. 
These results highlight the need for robust 
calibration protocols to allow for between-
subject and within-subject comparisons, 
including longitudinal analyses which are 
frequently conducted in sport and 
rehabilitation settings. Despite this, the IMU 
system displayed good reliability for 
measuring the knee flexion joint angle. 

References: 

1. Teufl et al., PLoS ONE 2018 
2. Poitras et al., Sensors 2019 
3. Bland & Altman, Stat Methods Med Res 

1999 
 



 88 

CONTRASTING PERFORMANCE STABILITY OF DYNAMIC KNEE-VALGUS 
ACROSS FOUR METRICS AND TWO TASKS 

Submission ID: 537 

Authors 
Mr. Steven Hirsch - University of Toronto, Dr. David Frost - University of Toronto 

Introduction/Introduction 
Movement variability poses a challenge when 
assessing dynamic knee valgus (DynKV). 
Without knowledge of one’s “general” 
performance, it is difficult to assess risk of 
injury or to guide future training interventions. 
Therefore, it is important that participants 
perform several repetitions of a task to ensure 
a suitable sample is drawn to make inferences. 
It is unknown whether the minimum number 
of repetitions required to represent one’s 
general performance is dependent on the 
DynKV metric used and/or the task being 
performed. 

Objective/Objectif 
Evaluate the number of repetitions necessary 
to achieve performance stability with four 
DynKV metrics during an air-squat and jump-
squat. 

Methods/Méthodologie 
Twenty-six varsity athletes performed 10 air-
squats (AS) and 10 jump-squats (JS). Four 
metrics were computed at peak knee flexion to 
quantify DynKV: 1) Cardan-Euler angle (CA), 
2) orthogonal distance between the knee joint 
center and the hip-foot plane (OD), 3) knee-
ankle separation ratio (KASR) and 4) knee-
foot separation ratio (KFSR). A sequential 
averaging technique was used to establish the 

number of repetitions necessary to achieve 
performance stability. 

Results/Résultats 
There was no difference in the number of 
repetitions required to obtain performance 
stability between DynKV metrics (F(3, 174)= 
0.71, p= 0.55), tasks (F(1,174)= 0.27, p= 0.60), 
or their interaction (F(3, 174)= 1.12, p= 0.34) 
(Table 1). 

Conclusions/Conclusions 
Researchers and professionals assessing 
DynKV can obtain a representation of 
individuals’ performance stability with an 
average of 7-8 repetitions, regardless of the 
metric or task. Therefore, if seeking to 
establish knee injury risk or guide future 
training interventions at least 7 repetitions 
should be included in the assessment. Future 
investigations should consider the number of 
repetitions required to obtain performance 
stability with other kinematic variables and 
higher task demands, or alternatively if fewer 
repetitions are collected, establish the inherent 
variability outside of which would be 
considered a meaningful change. 
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Introduction/Introduction 
Meniscal injuries are common soft tissue 
injuries, with 50% of injured individuals 
eventually presenting radiographic evidence of 
osteoarthritis [1,2]. Meniscus strain has been 
shown to increase with the presence of an 
injury [3]; however, dynamic strain is difficult 
to measure experimentally. Replicating 
experimental kinematics and dynamics in a 
finite element (FE) model can provide a valid 
framework to extract measurements beyond 
experimental limitations. 

Objective/Objectif 
To replicate a double leg squat (DLS) using a 
pre-existing knee FE model and calculate 
posteromedial meniscal (PMM) strain. 

Methods/Méthodologie 
The right leg was extracted from a 50th 
percentile male (M50, v4-4) whole body FE 
model previously developed by the Global 
Human Body Models Consortium. An in-vivo 
DLS was simulated using two kinematic (hip, 
ankle) and four force (hip, hamstring, 
quadriceps, gastrocnemius) boundary 
conditions [4]. Engineering PMM strain and 
flexion angle were calculated from the model. 
Experimental and computational kinematics 
were compared using a cross-correlation rating 
(CORA) [5]. An overall CORA rating (using 
cross-correlation and corridor methods) was 
used to compare computational and in-vitro 
experimental PMM strains [5,6]. 

Results/Résultats 
Fig.1 shows M50 and in-vitro PMM strains. 
The average M50 strain is 2.03% and falls 

within one standard deviation (SD) of the 
experiment (0.79 ± 2.7%, n=10). The peak 
M50 strain is 5.04% and lies within two SDs 
of the experiment (2.52 ± 2.5%, n=10). The FE 
kinematics show a strong correlation with the 
experiment when comparing flexion angle 
(CORA rating = 0.85). The PMM strain has an 
overall CORA rating of 0.64 when compared 
with the experimental mean and corridors. 

Conclusions/Conclusions 
This study demonstrates the ability of an 
existing 50th percentile male knee FE model to 
effectively replicate squat kinematics, 
dynamics and meniscal strain. This validated 
FE model provides a valuable and reliable 
computational tool to supplement experimental 
outcomes and simulate conditions that are not 
feasible due to experimental limitations. 
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Introduction/Introduction 
This paper presents the design and 
development of a novel 3D-printed 
instrumented custom insole with real-time 
measurement of static and dynamic 
assessments of plantar pressure, temperature, 
and humidity. Instrumented insoles can 
provide important data on foot pressure 
distribution as well as environmental 
conditions within the shoe, which play an 
important role in the formation of foot 
ulcerations during gait in persons with 
diabetes.  

Objective/Objectif 
The proposed custom insole was developed 
using a novel foot scanning and 3D printing 
technique and was calibrated and validated 
using a commercial force platform. 
 

 
 

Methods/Méthodologie 
A Pro2 3D Printer (Raise 3D Technologies 
Inc, California, USA) and NinjaFlex flexible 
filament (Fenner Inc., Pennsylvania, USA) 
was used to create a 1.5mm thick (200g) 
custom insole with arch support. Eight force 
sensitive resistor sensors (FlexiForce A301, 
Tekscan Inc., Boston, USA) were placed on 
key areas of the foot to measure plantar 

pressure distribution during standing and gait 
tasks. Calibration and validation of these 
sensors was conducted using a force plate 
(Kistler 9281E, Kistler Instruments, 
Winterthur, Switzerland). The single SHT1x 
sensor (DFRobot, Shanghai, China) was used 
to measure the temperature and humidity of 
the shoe environment. A 3D white-light body 
segment scanner (TechMed 3D Inc., Quebec, 
Canada) was used to model the insole.  A five-
point point calibration for each sensor was 
conducted and linear regression analysis was 
performed to assess calibration and 
comparison to force plate data. 

Results/Résultats 
The average correlation coefficient of the 
calibration was R² = 0.9853. In addition, the 
comparison between the instrumented insole 
and force plate data showed a high average 
correlation (R2 up to 0.99) in both x and y 
directions. 

Conclusions/Conclusions 
Custom instrumented insoles provide a low 
cost, portable solution to health monitoring 
and biomedical applications. This work 
presents a novel method for designing 
customized smart-insoles that measure real 
time plantar pressure distribution, temperature 
and humidity. 
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Introduction/Introduction 
Inertial measurement units (IMUs) are 
becoming prevalent in sport technique 
analysis. Although using IMUs to collect 
kinematic information is promising, it requires 
complex modeling, signal processing, and 
validation, particularly for upper-limb 
movements. 

Objective/Objectif 
The purpose of this research was to validate 
the use of the Notch® IMUs to measure upper-
limb movements by comparing it to traditional 
optical measures. 

Methods/Méthodologie 
Participants (n=15; 5 females; 25.9±4.7 years), 
with no upper limb orthopedic impairments, 
completed two trials of four functional tasks 
[hand to: contralateral shoulder (HCS), mouth 
(HTM), head (HTH), and back pocket (HBP)]. 
Movements were measured, simultaneously, 
using a passive optical system (Optitrack©) 
and five IMUs (Notch®). Retro-reflective 
markers were placed on the sternum and on 
bony landmarks of the right upper arm and 
forearm. IMUs were placed on the sternum 
and at 50% of the length of the right and left 
upper arms and forearms. To test for criterion 
validity, mean differences of range of motion 
in the primary plane of motion were compared 
between the two measurement systems. 

Results/Résultats 
The mean difference between devices for 
elbow flexion/extension ranged from -
4.7±25.8˚ for HCS to -35.2±19.7˚ for HBP, 
and the mean difference for forearm 
pronation/supination ranged from 0.8±11.1˚ 

for HCS to -23.1±11.0˚ for HTM. The average 
difference for shoulder flexion/extension 
ranged from -0.3±28.9˚ for HTH to -10.9±4.0˚ 
for HTM, the average difference for shoulder 
abduction/adduction ranged from 1.8±9.0˚ for 
HTM to -20.3±17.4˚ for HCS, and the average 
difference for shoulder internal/external joint 
rotation ranged from 3.6±21.4˚ for HCS to -
79.7±25.7˚ for HTH. 

Conclusions/Conclusions 
The differences and variance in measured 
angles between the Notch® IMUs and the 
optical system were beyond our analytical goal 
of <10˚. Notch® IMUs did not appear to meet 
our criteria for the measurement of upper-limb 
movements in research or applied sports 
settings. 
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Introduction/Introduction 
Concussions are more common in ice hockey 
than other team sports (Zuckerman,2015). 
Head impact to the shielding (or glass) 
accounts for up to 37% of concussions in 
hockey (Hutchison,2015). Evidence suggests 
that concussion risk depends on shielding 
stiffness (Tuominen, 2015). However, a better 
understanding of how structural properties of 
the shielding influence peak head accelerations 
is required to inform shielding design and 
regulation. 

Objective/Objectif 
We used a mathematical model of head-to-
shielding impacts in hockey to determine how 
peak translational and rotational head 
accelerations depend on shielding stiffness. 

Methods/Méthodologie 
We used MATLAB (R2020b) to solve the 
equations of motion for a three mass, four 
spring model of impact (Figure 1A), for which 
we confirmed conservation of energy. We 
used mean and standard deviation values for 
shielding stiffness of 146.0 and 30.1kN/m 
based on Schmitt, 2018. Values of impact 
velocity, head, shoulder and board mass, and 
neck, board and helmet stiffness were 
maintained constant at 3.37m/s, 6.0kg, 40.5kg, 
74.0kg, 21.7Nm/rad, 512.4kN/m, and 60kN/m, 
respectively (Schmitt,2018; Fanton,2019; 
Vetter,1987; Yoganandan,2009). 

Results/Résultats 
For mean parameter values, the peak head 
rotational acceleration was -1758.4rad/s2 at 
t=0.0176s and the peak head linear 
acceleration was -254.67m/s2 at t=0.0186s. 

These results are in agreement with 
mechanical reconstructions using a Hybrid-III 
headform (Post,2012; Potvin,2019). Maximum 
displacements were 0.042m and 0.478radians 
for the head, and 0.086m and 0.0059m for the 
torso and the boards. Reducing shielding 
stiffness by 58% from 206 to 86kN/m 
(representing mean±2SD) decreased peak head 
rotational and translational acceleration by 
13.9% and 12.9% (Figure 1B and 1C). 

Conclusions/Conclusions 
Our model predicts a 13.9% and 12.9% 
reduction in peak head rotational and 
translational acceleration between the highest 
and lowest range of reported shielding 
stiffness. While further experiments are 
required to validate our model predictions, our 
analysis helps to quantify the importance of 
reducing shielding stiffness to protect the brain 
health of hockey players.
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Introduction/Introduction 
Evaluating skating performance in a laboratory 
is difficult. To address this problem, a variety 
of skating-specific fitness tests simulated on a 
slide board have been investigated. However, 
there is no information about how similar the 
skating technique on a slide board is from real 
skating. 

Objective/Objectif 
This study aims to investigate the kinematics 
of skating on a slide board and skating on a 
treadmill. 

Methods/Méthodologie 
Eleven well-trained speed skaters (17.6 ±0.7 
years) performed an incremental test to 
exhaustion on a slide board and on a treadmill 
to determine the first and second ventilatory 
thresholds (VT1 and VT2) and maximal 
skating intensities (Max). Two video cameras 
were positioned in the frontal and sagittal 
views. Markers were placed at right ankle, hip, 
knee, and shoulder. 1-minute video was 
recorded at 120 fps for each intensity. Three 
strides were tracked continuously for each 
athlete using Tracker and normalized by stride 
length using MATLAB. In a preliminary 
analysis, a t-test was run every 10% of the 
stride to compare the x and y position of each 
marker between intensities on the frontal plane 
only. 

Results/Résultats 
Pooled variance between subjects for VT1 
ranged from 0.019 and 0.003, and for VT2 

between 0.008 and 0.001. Knee and hip 
position in x and y were significantly higher 
for VT1 during the entire stride time. Ankle 
position in y was smaller during the recovery 
phase. 

Conclusions/Conclusions 
These results point out that, as skating 
intensity increases, the body gets lower and 
has a smaller displacement on the lateral 
direction. Similar postural changes have been 
observed during real skating in the literature. 
However, to better understand differences 
between slide board and real skating, a 
complete kinematics analysis, including joint 
angles, velocity and acceleration is being 
performed at this moment and will be directly 
compared with skating on a treadmill, at the 
same physiological intensities.
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Introduction/Introduction 
Recent studies have used wearable sensors, 
commonly placed on the trunk, in conjunction 
with machine learning algorithms to 
successfully classify different sporting 
activities with 74%-93% accuracy. Despite 
recent demonstrations of on-ice data 
collection, few studies have made attempts at 
task recognition in ice hockey. 
 

Objective/Objectif 
The purpose of this study is to assess the 
accuracy of a machine learning algorithm in 
the classification of skating tasks using Center 
Of Gravity (COG) data in hockey players. 

Methods/Méthodologie 
Data collected from 290 on-ice skating trials 
using Vicon Motion Capture System (Vicon 
Motion Systems Inc, Oxford, UK) were 
concatenated to form a sample comprised of 
different skating tasks (start, stride, stop & go). 
COG data for position, velocity and 
acceleration of each trial were used to form 61 
features (mean, standard deviation, skewness, 
kurtosis, etc.). A fine tree model with 100 
splits was used to train and test the supervised 
machine learning algorithm using a 5-fold 
cross-validation technique in MATLAB’s 
Classification Learner application (Natick, 
MA, USA). Accuracy of the algorithm was 
determined by the number of true 
classifications divided by the total number of 
trials. 

Results/Résultats 
The fine tree supervised machine learning 
model accurately classified 99.3% of the 

skating trials. Only two skating trial 
misclassifications were detected (Figure 1). 
The confusion matrix demonstrates a start trial 
classified as a stride trial and a stride trial 
classified as a start trial. 

Conclusions/Conclusions 
Automating task recognition could improve 
the efficiency of player monitoring used to 
improve performance and potentially decrease 
injury risk. This preliminary results 
demonstrate the feasibility of using COG 
kinematic data within machine learning 
algorithms to recognize different ice hockey 
skating tasks. Potentially, estimates from IMU 
worn near the body’s COG can similarly yield 
similar skating task identification.  
 
This research was supported by funding from 
NSERC CRDPJ CRDPJ 533794-18 and Bauer 
Hockey Ltd. 
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Introduction/Introduction 
Performance analysis is a benchmark for 
individual/team advancement, with real-time 
natural context evaluations a forefront desire. 
Integrating wearable sensors into training can 
provide that vital edge above the competition. 
Acquiring reliable and viable data is hindered 
by current technology limitations (e.g., power 
supply, memory capacity, 
connectivity/transferability, 
software/application capabilities, external 
noise/distortion, device robustness to the 
motion) within natural context environments 
(e.g., ice hockey rinks). 

Objective/Objectif 
This study introduces the capability to track 
continuous natural context skating within 
regulation ice hockey arenas via wearable 
sensors. 

Methods/Méthodologie 
Two coin battery-powered inertial 
measurement units tracked an adult male 
expert coach (expert player) while conducting 
ice hockey skill camps over four 1.5-hour ice 
sessions, on three different ice surfaces. An 
average of 70-minutes of continuous data was 
acquired for temperature, accelerometer and 
gyroscope (50 Hz, Gaussian Smoothing 
Window 15) for both the left and right skates. 
Raw data was processed in MATLAB. 

Results/Résultats 
Accelerometer data indicates the capability to 
continuously track natural context skating. 
Clear distinction between stationary and 
dynamic coaching is evident. Common signal 
analysis limitations (i.e., secondary/tertiary 

axis validity, baseline drift over extended use) 
are also present. Further data processing 
addresses such limitations.  
Temperature data indicates a 20-minute device 
acclimatization period is required when 
evaluating cooler environments like hockey 
arenas, particularly on warmer days. Warmer 
temperatures imply softer ice, and softer ice 
implies increased friction or decreased 
momentum (i.e., shorter gliding phases), 
changing the required performance output of 
the athletes. 

Conclusions/Conclusions 
Introductory investigations help to develop 
standard protocols to ensure performance 
analysis can be achieved with confidence. 
Future work involves the development of 
expert systems to correctly identify continuous 
natural context performance in real-time (e.g., 
autonomous coaching), creating a more 
accessible support tool for beginner and expert 
coaches alike. Individual bilateral information 
regarding skating within ice hockey can be 
seen as cutting-edge support for athlete 
development.  



 96 

PREDICTING PERCEPTIONS OF ICE HOCKEY STICKS USING KINEMATIC DATA 
Submission ID: 602 

Authors 
Mr. Taylor Leger - McGill University, Mr. Philippe Renaud - McGill University, Mr. Sean 

Denroche - McGill University, Dr. Shawn Robbins - McGill University, Dr. David Pearsall - 
McGill University 

Introduction/Introduction 
Hockey sticks are a growing segment of the 
$850+ million hockey equipment market due 
to increasing global hockey participation and 
short product shelf life. While the technologies 
used to make sticks have evolved drastically 
over the past 20 years, the retail landscape has 
changed relatively little: Players still buy 
equipment mainly in physical stores where 
they aren’t able to test it before buying. 
Further, few scientific avenues are available to 
players to determine which stick they should 
buy. Instead, players rely on marketing 
information, opinions of sales associates, and 
their own intuition. Inertial measurement units 
provide the opportunity to gather real-time 
data about athletes’ movements in vivo, 
however, no research has yet investigated how 
player kinematics during shooting and 
qualitative perceptions of sticks might be 
related. 

Objective/Objectif 
The primary aim of this study is to explore the 
feasibility of predicting ice hockey stick 

preferences using hand kinematic data and 
player characteristics. A secondary aim of this 
study is to evaluate the relationship between 
quantitative and qualitative measures of 
performance with sticks of different properties. 

Methods/Méthodologie 
Kinematic signals, player profiles and stick 
preferences of 800 trials from 10 participants 
will be fed into a machine learning algorithm. 
Data was originally collected from left and 
right-handed participants with experience at 
the junior, university, and professional levels 
at the Biomechanics and Performance 
Analysis Lab at McGill University. 

Results/Résultats 
The analysis will be conducted in early 2021. 

Conclusions/Conclusions 
These findings may help hockey stick retailers, 
companies and hockey players by providing 
better stick recommendations to players using 
their individual kinematics and demographics. 
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Introduction/Introduction 
Sprint kayaking is an Olympic sport that 
requires specific force application throughout 
a stroke cycle. The sport requires movements 
from both the upper and lower body to transfer 
forces to the boat. Asymmetrical force 
application has been suggested to affect 
performance and increase the likelihood of 
injury. 

Objective/Objectif 
The purpose of this study is to determine if 
stroke rate influences lower limb kinetic 
asymmetry. 

Methods/Méthodologie 
Participants (n=6; 2 females; 17.2±1.3 years; 
67.9±4.0 kg; 174.0±7.5 cm) paddled at varying 
stroke rates (60, 80, 100, maximum strokes per 
minute (spm)) on a kayak ergometer. The seat 
and footboard of the kayak ergometer were 
instrumented using three 6DF load cells 
(AMTI AD2-5D). The outcome measures 
consisted in discrete measures of forces (peak, 
mean, and range), impulses (total stroke). 
Asymmetries were determined by using an 
asymmetry index (absolute difference between 
the sides divided by the average value) with 

lower values generated when both sides are 
symmetric. 

Results/Résultats 
Only the data related to the footboard load 
cells are presented (Table 1). The impulse and 
Peak Push of the Fz forces showed a reduction 
in asymmetry as the paddling frequency 
increased (impulse Fz from 0.60±0.12 to 
0.39±0.07; Peak Push from 0.23±0.03 to 
0.17±0.04). Peak pull and Range of Fz forces 
did not show a pattern of asymmetry related to 
the increase in paddling frequency. No 
statistical analysis was performed due to the 
limited number of participants. 

Conclusions/Conclusions 
Understanding an athlete’s level of asymmetry 
can assist in performance enhancements by 
guiding coaches and sport science staff on the 
planning of training programs. This study 
indicates that asymmetry seems to be related 
to changes in paddling frequency.
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Introduction/Introduction 
The measurement of force and power output 
from a paddle would be beneficial to sprint 
kayak performance evaluation. Recent studies 
have reported data collected using a wireless 
force paddle (One Giant Leap Ltd., NZ) 
(OGL). 

Objective/Objectif 
The purpose of this study was to determine the 
static and dynamic validity of the OGL force 
paddle for sprint kayak measurement. 

Methods/Méthodologie 
Static validation was established, following the 
calibration of the transducer using the 
manufacturer recommended methodology, by 
hanging eight known masses (range: 5 to 40 
kg) from the paddle shaft as it was supported 
by two fulcrums. Static validation was 
determined by using a Bland-Altman analysis 
to determine if fixed and proportional bias 
were present in the measurements. 
On-water (dynamic) validation was established 
by recording elite sprint kayak athletes (n=7; 
seven females; 21.6±4.6 years) while 
completing four, 30-second trials at varying 
stroke rates (60, 80, 100 and maximum strokes 

per minute). The outcome measures consisted 
of the OGL paddle power measurements and 
kayak velocity (10 Hz global positioning 
system). The polynomial characterizing the 
OGL power to kayak velocity relationship was 
established by applying linear and exponential 
trendlines to determine the relationships at 
each stroke rate. 

Results/Résultats 
Bland-Altman analyses showed that there were 
fixed and proportional bias in the left paddle 
shaft (fixed: p=0.008; proportional: p=0.026) 
whereas the right shaft had no bias (fixed: 
p=0.730; proportional: p=0.404). The mean 
difference between the two sides of the shaft 
was 60.4 N. 
The OGL power to kayak velocity relationship 
had a better fit using linear trendlines 
(R2=0.528) in comparison to cubic trendlines 
(R2=0.515) when controlling for stroke rate. 

Conclusions/Conclusions 
These results suggest that the OGL paddle 
may not be a valid measurement tool in static 
or dynamic environments, and therefore might 
not be recommended for use by practitioners 
or researchers. 
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Introduction/Introduction 
Soft sleeve knee braces are easy to access and 
are often worn to relieve different types of 
knee pain or injury. However, there have been 
mixed findings in previous research about the 
effectiveness of these types of knee braces 
when looking at improving the mechanics of 
the knee joint. 

Objective/Objectif 
The objective of this research study was to 
examine lower limb kinematic differences 
between males and females while performing 
two different landing tasks with wearing and 
without wearing a commercially available soft 
sleeve knee brace. 

Methods/Méthodologie 
Eight participants (4 males and 4 females) 
over the age of 19, currently free of lower limb 
injuries volunteered for the study. The Xsens 
MVN motion capture system was used to 
analyze kinematics at the hip and knee 
between two different landing tasks (a double 
leg drop landing and a drop landing followed 
by a countermovement jump) performed off of 
a 40 cm step. The tasks were analyzed while 

wearing and without wearing a commercially 
available knee compression sleeve, using the 
same procedures in both conditions. 

Results/Résultats 
Participants had lower peak knee flexion in the 
left limb (p <0.05), and lower angular velocity 
of the left knee when wearing the brace (p 
<0.05), across both landing conditions. The 
participants also demonstrated a neutral hip 
adduction angle during landing while wearing 
the brace (p < 0.05). When comparing between 
the two tasks, the addition of the counter-
movement led to greater internal rotation of 
the left hip during the landing phase (p < 
0.05). 

Conclusions/Conclusions 
Although landing kinematics were not 
drastically altered between conditions, the 
significant reduction in knee flexion, knee 
angular velocity and hip adduction angles in 
the non-dominant limb may indicate a reduced 
risk of lower extremity injury while wearing 
sleeve style knee braces. 
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Introduction/Introduction 
Wheelchair rugby athletes have a high 
prevalence of shoulder pain likely related to 
chronic tendon degeneration caused by 
repetitive overloading. However, it is unclear 
how shoulder tendons of wheelchair rugby 
athletes change following repetitive activity 
and how tendon adaptations are related to the 
impairment of athletes. 

Objective/Objectif 
To define changes in shoulder tendon 
characteristics of highly trained wheelchair 
rugby athletes with different impairments 
following repetitive activity. 

Methods/Méthodologie 
This study investigated 12 highly trained 
wheelchair rugby athletes (31.8 ± 5.6 years of 
age, 11 males, 1 female, 66.3 ± 12.1 kg body 
mass, 14.8 ± 8.3 years wheelchair use, 9.0 ± 
3.6 years competing). Impairment was divided 
into tetraplegic spinal cord injury (SCI) (67 %) 
and other (33 %). Quantitative ultrasound 
protocols were used to define tendon 
thickness, echogenicity, and variance of the 
region of interest. Two images of the biceps 
and supraspinatus tendon of both the dominant 
and non-dominant side were taken before and 
after a maximal test on a wheelchair treadmill 
(duration ca. 12 min). 

Results/Résultats 
A mixed-effect multilevel analysis that 
controlled for within-subject variability 

demonstrated a significant reduction in the 
echogenicity of the biceps tendon following 
repetitive activity (Table 1). This points 
towards fluid inflow into the tendon that may 
be related to overload and acute inflammation. 
Overall, persons with a SCI had a lower 
variance in the biceps tendon and thicker 
supraspinatus tendon in comparison to persons 
who did not have a SCI (Table 1). Reduced 
variance presents a less healthy tendon and 
increased tendon thickness may be caused by 
chronic inflammation and indicate the 
presence of pathology. 

Conclusions/Conclusions 
There are acute and chronic tendon adaptations 
in highly trained wheelchair rugby athletes. 
Adaptations are associated with the 
impairment of the athlete and may play a role 
in the high prevalence of shoulder problems 
and pain in this population. 
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Introduction/Introduction 
Throughout the baseball pitching cycle both 
the drive and stride leg regulate respective 
propulsion and bracing ground reaction forces. 
Yet, increased pitch count accumulated over 
innings may illicit compensatory stride length 
changes that alter link segment transfer from 
the legs to the trunk and more distal segments 
that may adversely affect overhand throwing 
mechanics. 

Objective/Objectif 
In response to changes in stride length, greater 
knee joint dynamics (kinematics, kinetics and 
joint powers) were hypothesized to occur 
earlier in the delivery for both the drive (hind) 
and stride (lead) legs with increasing stride 
lengths. 

Methods/Méthodologie 
Using a randomized crossover design 15 
collegiate and 4 high school pitchers threw 2 
simulated 80-pitch games at ±25% of their 
desired stride length. An integrated motion 
capture system (240 hz) with two force plates 
(1080 hz) and radar gun tracked each throw. 
Persons were crossed over to the alternate 
condition after a minimum of 72 hours rest.  

Results/Résultats 
Pairwise comparisons identified significantly 
different sagittal knee dynamics for both drive 
and stride legs between stride conditions 
(Figure 1). 
Drive leg   
• With longer strides knee flexion 

significantly greater during generation-
phase (P≤0.001) followed by greater knee 
extension during double-support 
(P≤0.001)  

• Greater knee extensor moments during 
double-support (P≤0.001).  Knee extensor 
moments evident for increased strides, 
whereas shorter strides demonstrated 
knee flexor moments at maximal external 
rotation (P≤0.001).  

• Longer strides evoked eccentric knee 
extensor action throughout the arm 
acceleration-phase, that absorbed power 
by slowing the rate of knee flexion 
whereas under-stride generated power, 
evidenced by concentric knee flexor 
moments increasing the rate of knee 
flexion (P≤0.001). 

Stride Leg 
• Greater knee extension during brace-

transfer (P≤0.001) and acceleration-phase 
(P≤0.05) with longer strides.  

• Shorter strides resulted in greater stride 
knee extensor moments at maximal 
external rotation and acceleration-phase 
(P≤0.05) with greater mean joint power 
(P≤0.001).  

Conclusions/Conclusions 
Knee dynamics sensitive to stride length 

and throwing arm injury prevention.
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Introduction/Introduction 
The reactive strength index (RSI) can be used 
to test muscle power and plyometric ability for 
performance and to monitor athletes after 
injury (1). Wearable technologies, such as 
insoles instrumented with inertial 
measurement unit sensors (IMU), may provide 
a versatile alternative for assessing RSI 
compared to laboratory instruments like a 
force plate (FP). 

Objective/Objectif 
The purpose was to determine the agreement 
between RSI calculated with IMU insoles and 
a FP in an athletic population. 

Methods/Méthodologie 
Participants familiarized with plyometric 
training (n=15) were recruited to perform 4 
series of 5 consecutive countermovement 
jumps (total jump count: n=60) on a FP 
sampling at 1500 Hz while wearing IMU 
insoles sampling at 416 Hz (Plantiga 
Technologies Platform). RSI (jump flight time 
to contraction time ratio) was obtained using a 
deep learning neural network (DL) from the 
IMU insole. The RSI outputs from the DL 

model were compared with an analytical 
algorithm obtained from the vertical ground 
reaction force. Agreement was calculated as 
the percent error between FP RSI and the DL 
RSI. 

Results/Résultats 
The DL RSI model showed high agreement 
with FP RSI (mean difference: 2.1%; 95% 
limits of agreement: -7.7%, 11.8%). 

Conclusions/Conclusions 
The results support the use of these IMU 
insoles for providing an accurate estimate of 
vertical jump RSI in an athlete 
population. This may be useful for remote 
athlete monitoring. As machine learning 
models, specifically deep learning neural 
networks as used in the present study, often 
improve with training on larger data sets, 
future studies should aim to expand the data 
set including with non-athlete populations to 
further increase the system accuracy for 
measuring the vertical jump RSI. 
References: 
1. Tenelsen et al., Sports 2019 
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Introduction/Introduction 
The ice hockey wrist shot is a complicated task 
and few studies have examined joint motion 
during its completion. In golf, increased trunk 
rotation is associated with faster club head 
speeds. However, the contribution of trunk 
rotation on wrist shot performance has not 
been examined.  
 

Objective/Objectif 
The objective was to determine if trunk 
rotation was related to puck and blade speed 
during ice hockey wrist shots in high and low 
calibre players. 

Methods/Méthodologie 
High (n=10; mean age 26 years) and low (n=9; 
mean age 26 years) calibre male hockey 
players completed five to ten wrist shots while 
skating. Ninety-one reflective markers were 
placed on the players, stick, and puck. An 18 
camera Vicon motion capture system sampled 
at 240 Hz captured marker data. Trunk angles, 
in relation to the pelvis, were calculated using 
an Euler YXZ sequence and trunk rotation 
range of motion (ROM) during shots was 
determined. Hierarchical linear models 
examined relationship between puck and blade 
speed (dependent variables) with player 
calibre, trunk rotation ROM, and their 
interaction after accounting for age, body mass 
index, shot stance foot, number of trials, and 
skating speed. 

Results/Résultats 
Trunk rotation angles are provided in Figure 1. 
Higher puck speeds were associated with 

increased trunk rotation ROM (b=0.05, 
p=0.01) and high calibre players (b=2.52, 
p<0.01). Similarly, higher blade speeds were 
associated with increased trunk rotation ROM 
(b=0.04, p<0.01) and high calibre players 
(b=2.14, p<0.01). There were no significant 
relationships between puck or blade speed 
with interactions between player calibre and 
trunk rotation ROM (p>0.05). 
 

Conclusions/Conclusions 
Increased trunk rotation was associated with 
faster puck and blade speeds. This relationship 
was similar for both high and low calibre 
players, although high calibre players 
produced faster shots. Ice hockey players 
should be encouraged to increase their trunk 
rotation during wrist shots to improve 
performance. 
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Introduction/Introduction 
The bilateral vertical drop landing (VDL) is 
used to evaluate landing and energy absorption 
ability, and risk for lower extremity injury in 
athletes (1,2). There is a gap in the literature 
pertaining to the kinetic and kinematic impact 
of initiating the VDL with one leg versus the 
other. 

Objective/Objectif 
The purpose of this investigation was to assess 
how lead leg selection in VDL tasks impact 
landing characteristics. 

Methods/Méthodologie 
Plyometric-trained athletes (n=13, age=23±3.3 
years, body mass=74.4±11.2 kg) were 
recruited to perform right-lead and left-lead 
(n=3/side) VDLs from a 50-cm box onto a 
dual force plate system sampling at 1500 Hz. 
Participants were instructed to land softly and 
reach a 90° squat position as quickly as 
possible. Initial foot contact time, body mass 
normalized peak vertical ground reaction force 
(Fzpeak) and impulse in the first 100ms after 
landing (Impulse100ms) were recorded for the 
lead leg (LL) and trail leg (TL). Paired t-tests 
were performed to determine differences in LL 
and TL initial contact timing, relative Fzpeak 
and Impulse100ms (alpha=0.05). Relative Fzpeak 

and Impulse100ms limb symmetry indexes (LSI) 
were calculated as (1-[(Lead-Trail)/(max of 
Lead & Trail)]. 

Results/Résultats 
The LL made initial ground contact prior the 
TL (5.9±10 ms, p<0.01) and contributed more 
to the Fzpeak (LSI: 86.8%) and Impulse100ms 
(LSI: 67.6%) than the TL (Table 1). 
 

Conclusions/Conclusions 
The LL during a VDL contributed a larger 
fraction of the Fzpeak and dissipated more 
energy in the first 100 ms following ground 
contact compared to the TL. These results 
suggest the importance of controlling the LL 
during VDL assessments, particularly in 
rehabilitation settings when restoring interlimb 
functional symmetry is critical. Varying the 
LL in VDL assessments of energy absorption 
abilities should be considered in the field and 
the clinic. 
References: 
1. Decker et al., Clin Biomech 2003 
2. Hewett et al., Am J Sports Med 2005 
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Introduction/Introduction 
Video-based motion capture is becoming 
prevalent in the biomechanics industry as it is 
more accessible and less costly compared to 
gold standard 3D marker-based motion capture 
systems. Pairing video-based technologies 
(WrnchAI, Montreal, CA) with custom 
software (MyAbilities, CA) allows for real-
world analysis of human movement. Video-
based motion capture had a 75% agreement 
with optical motion capture for video during 
simulated occupational tasks. Baseball 
pitching is a complex motion and it is 
currently unknown how accurate video-based 
motion capture is for these highly dynamic 
tasks. 

Objective/Objectif 
Compare joint angle outputs for baseball 
pitching from PitchAI (MyAbilities, CA) to a 
gold standard 3D motion capture system. 

Methods/Méthodologie 
Six college-aged pitchers threw off a pitching 
mound into a net and, in total, 50 pitches were 
analyzed. Full body 3D kinematics and video 
were recorded using a motion capture system 
with a synced video camera (Vicon, Oxford, 
UK) from the open side view (at 240 Hz). 
Videos were exported and processed with 
PitchAI. The 3D coordinates from both 
PitchAI and functional joint centers from 
Visual 3D (C-Motion Inc., USA) were filtered 
using a low pass Butterworth filter and gaps 

were interpolated in custom software (Python). 
Joint angles were calculated using positional 
data from the joint centres. The overall fit 
between PitchAI and Visual 3D were 
determined using a Pearson correlation and 
root-mean squared error. 

Results/Résultats 
Throwing arm elbow flexion, shoulder 
horizontal abduction and shoulder abduction 
had r2 values of 0.62, 0.14, and 0.61, 
respectively. Figure 1 demonstrates throwing 
arm shoulder abduction normalized as a 
percentage of the throw for both PitchAI and 
Visual 3D models. 

Conclusions/Conclusions 
The video-based system performed well for in-
plane measures, but had low correlations in off 
axis or twisting motions. A subsequent 
analysis found the video-based system 
performed better in assessing kinematics at 
foot strike compared to pitching coaches. 
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Introduction/Introduction 
There are reports of significant correlations 
between neck strength and concussion 
reporting rates in a variety of sporting 
activities (Collins et al., 2014), which implies 
that the muscles of the neck can assist in 
creating a stable/safe platform for the head. 
Mechanistically, the tension created by the 
neck musculature could serve to increase the 
effectiveness mass of the head, raising the 
threshold accelerations required to perturb the 
head during an impact. In older adults, fall-
related head impacts are a common but 
understudied trauma scenario. 

Objective/Objectif 
This study describes the effect that the neck 
musculature has on stabilizing the head during 
an indirect impact to the body during 
representative falls. 

Methods/Méthodologie 
Participants were outfitted with optoelectric 
motion capture markers to measure head and 
torso kinematics. Bi-polar surface EMG 
electrodes measured muscle activation of left 
and right sternocleidomastoids and trapezius. 

A force plate measured forces of the 
participant during the impact phase of the fall. 
Participants fell in three different orientations: 
backwards, sideways and forwards. Variables 
of interest for this study were pre- and post-
impact windowed EMG, and head-torso 
rotational peak deviation from centre. 
 
 

Results/Résultats 
EMG data demonstrated similar levels of 
activation pre- and post-impact (ranging from 
4-87 %MVC) across both muscles. As well, 
muscle activation ranges varied based on the 
falling orientation. It is expected that the head-
torso kinematics currently being extracted will 
provide additional insights into neuromuscular 
control of the head and neck during falls. 

Conclusions/Conclusions 
Based on these initial analyses, the neck 
muscle could be potentially be employed to 
modify the kinematics of the head during a 
fall, but this is dependent on fall direction and 
impact location. 
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Introduction/Introduction 
Rapidly growing sports like para ice-hockey 
(PIH), have large introductory populations 
warranting natural context biomechanical 
investigations. Inertial measurement units 
(IMUs) are capable of measuring natural 
context motion through a combination of 
accelerometers and gyroscopes. PIH is a 
highly explosive, high agility combative sport 
at the elite level. Para skating is the sole 
mechanical means for locomotion. PIH's most 
common skating pattern is a bibrachial 
(bilateral upper limbs analogous to bipedal) in-
phase cycle. 

Objective/Objectif 
Implementing biomechanical principles into 
IMU signal analysis, fundamental gait 
parameters (i.e., phase and temporal analysis) 
are defined, and critical features (i.e., 
symmetry, imbalance, fluidity, positive 
habituation) identified. 

Methods/Méthodologie 
Two waterproof IMUs were secured to the 
bottom and backrest of on-ice sledges. Task 
expert and task naïve participants performed 
linear and curvilinear para skating patterns 
through set courses within a regulation ice-
hockey arena. IMU data was processed via 
MATLAB with ground-truth acquired via 
video-recordings 

Results/Résultats 
Analogous to bipedal gait cycles, contact (a > 0 
m/s2) and swing (a < 0 m/s2) phases are 
identified in the filtered sinusoidal anterior-
posterior accelerometer waveforms (Fig. 1). 

Pickplant/pickoff (a = 0 m/s2) create the 
boundaries for the propulsion phase. Local 
minima are representative of post propulsion 
recovery to subsequent cycle preparation 
boundaries. Fused IMU orientation (q) data 
allows for curvilinear and critical feature 
analysis.  

Conclusions/Conclusions 
The ability to quantify natural context motion 
in sport is highly sought after and relatively 
new. Para-sport information is limited, 
warranting biomechanical investigations. 
Comparing video-recordings to accelerometer 
data, effective, efficient linear para skating can 
be identified from smooth, symmetrical 
waveforms. Deformation within waveforms 
suggest areas of focus for skill improvement 
(i.e., critical features), or indicates a new 
skating pattern (i.e., turn). Orientation data 
provides insight regarding critical feature 
analysis and curvilinear skill assessment. 
Support tools for quantifying performance can 
provide sport developing information, 
enhancing instructional coaching cues for 
fundamental skill development. 
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Introduction/Introduction 
Le ski de fond paralympique se dédie aux 
personnes ayant une déficience visuelle, des 
bras, des jambes ou skiant en luge. Afin 
d’optimiser les performances des athlètes, il 
importe de concevoir une luge sur mesure, car 
les équipements commerciaux sont rares, 
inadaptés aux particularités individuelles et 
non performants. 

Objective/Objectif 
Les objectifs du projet sont de : 1) déterminer 
les paramètres de positionnement et 
d’ajustement qui optimisent les performances 
de l’athlète, et 2) concevoir, fabriquer et 
valider une luge sur mesure. 

Methods/Méthodologie 
Considérant la littérature et en fonction du 
handicap de l’athlète, les essais ont été faits 
dans la position dite « à genoux » grâce à une 
luge paramétrable (figure 1) spécialement 
conçue. Six configurations ont été évaluées en 
mesurant le temps requis pour parcourir de 
courtes distances (30 à 120 m). Les 
configurations offrant le meilleur rendement 
ont été testées sur 3,8 km. Les perceptions de 
l’athlète ont été recueillies. 

Results/Résultats 
Les six configurations testées n’ont pas eu une 
influence significative sur les performances 
sur courte distance. Sur longue distance, 
l’athlète avait de meilleures sensations lorsque 
le siège était le plus incliné. 

Aussi, nous avons observé que l’ajustement 
initial de l’athlète dans la luge était non 
optimal. Il y avait un mouvement relatif 
athlète/luge récurrent et un pied de l’athlète 
touchait parfois à la neige, ce qui affectait la 
stabilité et le contrôle. Des modifications à la 
luge ont été réalisées (figure 1) et celles-ci 
portent leurs fruits. Enfin, une difficulté 
rencontrée est que l’athlète débute dans la 
discipline. Ses sensations et rétroactions par 
rapport à sa performance ne s’avèrent pas 
souvent en accord avec les résultats mesurés 
quantitativement. 

Conclusions/Conclusions 
Le positionnement de l’athlète dans sa luge a 
eu peu d’effet sur les performances. Toutefois, 
les modifications apportées au niveau de 
l’ajustement ont eu un impact significatif.
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Introduction/Introduction 
Soccer shares a major issue with other 
pivoting sports, which is a high incidence of 
anterior cruciate ligament (ACL) injuries. 
Player factors have been shown to impact joint 
mechanics in athletes. In terms of sex, women 
have increased knee abduction angles while 
cutting compared to men, which could 
predispose women to non-contact knee 
injuries. 

Objective/Objectif 
The objective of the study was to examine if 
sex impacts peak lower-limb angles during 
cutting while running. 

Methods/Méthodologie 
Six (3 men and 3 women) healthy soccer 
players were recruited. Motion data were 
collected with a 12-camera three-dimensional 
motion capture system (Vicon-512™) 
recording full-body kinematics at 200 Hz. 
Participants were required to complete an 
unanticipated cutting at a 45º angle from the 
line of direction of the approach run using a 
side-step maneuver. Three-dimensional joint 
angles for the hip, knee, and ankle were 
calculated using joint coordinate systems with 
a customVisual3D script. The kinematic data 
was time normalized with the maneuver’s 
stance phase represented by 101 data points 
ranging from 0% (100ms before foot strike) to 

100% (foot off). The side-cut trials were 
averaged together to create an ensemble 
average profile. Peak angles for hip (sagittal 
and transverse plane), knee (sagittal) and ankle 
(sagittal) were extracted for the comparison 
between sexes for the dominant limb. 
Independent t-tests were used to compare the 
mean differences between men and women. 

Results/Résultats 
No significant differences between sexes were 
found . However, there was a trend towards 
significance for differences in peak hip angles 
(Table 1), where men might have higher 
flexion than women (d=1.34 – dominant; 
d=1.47 – non-dominant). 
 

Conclusions/Conclusions 
Men and women appear to present similar 
peak lower-limb angles when performing a 
running and cutting task. However, definitive 
assumptions cannot be drawn due to limited 
sample size. 
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Introduction/Introduction 
Vertical jump height can be estimated by 
modeling pelvis motion. This method may be 
an alternative to modeling the body center of 
mass (CoM) displacement using link-segment 
modeling. The link-segment method requires 
position and inertial characteristics for all 
segments, which makes it time-consuming and 
may introduce error. 

Objective/Objectif 
The objective of this study was to investigate 
the accuracy of tracking pelvis motion to 
estimate vertical jump height during 
countermovement jumps with and without arm 
swing. 

Methods/Méthodologie 
Seven participants (age = 26.3 ± 2.0 years) 
performed four countermovement jumps, two 
with and two without arms swing, on a force 
platform (AMTI, USA. Sampling frequency = 
1000Hz) while four retro-reflective markers 
were placed on the right and left anterior and 
the posterior superior iliac spine. Twelve 
optoelectronic cameras (VICON, UK, 
Sampling frequency = 100Hz) recorded the 
trajectories of the retro-reflective markers. The 

markers’ trajectories were then filtered using a 
zero-lag low pass fourth-order Butterworth 
filter with a cut-off frequency of 10Hz. 
Vertical jump height was estimated as the 
difference between pelvis CoM at the apex and 
quiet standing. For comparison, jump height 
was calculated implementing the gold standard 
impulse-momentum method using the vertical 
component of ground reaction force, which 
was filtered using a zero-lag low pass fourth-
order Butterworth filter with a cut-off 
frequency of 40Hz. 

Results/Résultats 
Linear regression showed strong and fair 
correlations between jump heights estimated 
from the pelvis CoM and vertical ground 
reaction force methods for jumps without (R2 
= 0.89, S = 0.30 ± 0.23 cm) and with (R2 = 
0.67, S = 0.58 ± 0.47 cm) arm swing. 

Conclusions/Conclusions 
Standing countermovement jump height with 
or without arm swing estimated from pelvis 
CoM is linearly correlated to the vertical 
ground reaction force method. However, arms 
swing diminishes the strength of this 
correlation. 
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Introduction/Introduction 
Data indicate that an optimal traction level 
exists (Luo & Stefanyshyn, 2011) beyond 
which traction increases won’t increase 
performance but may increase injury risk 
(Wannop et al. 2013). The optimal traction 
profile (location/size of traction 
elements/studs) of a rugby boot that minimizes 
lower extremity joint loading while 
maintaining player performance is unknown. 

Objective/Objectif 
Develop a rugby cleat design based on 
biomechanical data that will reduce 
biomechanical injury risk variables during 
rugby movements. 

Methods/Méthodologie 
Twenty-six rugby players performed rugby 
movements, wearing a conventional rugby 
cleat in a laboratory while foot kinematics, 
ground reaction forces and in-shoe pressure 
were recorded. From the data, the location and 
magnitude of the required traction during the 
stance phase of the movements were 
determined. 
Next, novel cleat configurations based on the 
biomechanical data were created using 3-D 
printed screw-in cleats with a prototype carrier 
boot. A robotic traction tester measured the 
traction of the conventional and the prototype 
cleat. The goal of the prototype was to match 
the required translational traction (from the 
biomechanical testing to ensure optimal 

performance), while reducing rotational 
traction (to potentially reduce athlete injury 
risk). 
Lastly, the lower extremity kinetics of fifteen 
rugby players performing rugby movements 
were compared while wearing the control and 
the prototype cleat. Data were compared using 
a paired t-test (α=0.05), with injury risk 
variables defined as the ankle and knee 
transverse and frontal plane resultant joint 
moments. 

Results/Résultats 
The prototype shoe was able to match/exceed 
all target translational traction requirements 
and significantly reduced rotational traction 
(59.6Nm vs. 49.3Nm, p<0.001). During 
biomechanical testing (v-cut movement), 
transverse and frontal plane ankle moments 
and frontal plane knee moments were 
significantly reduced in the Prototype shoe 
(Table 1). 

Conclusions/Conclusions 
A new cleat design optimized to reduce 
rotational traction, while maintaining required 
translational traction resulted in a reduction of 
non-sagittal plane ankle and knee joint 
moments. 
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Introduction/Introduction 
Specific movement patterns at the hip, knee 
and ankle during dynamic landing tasks have 
been associated with risk of lower extremity 
injury. Training strategies may decrease risk of 
injury when addressing altered movement 
patterns. 

Objective/Objectif 
To determine differences in lower limb 
kinematics during three landing tasks (Drop 
Jump, Drop Landing, Slow Step Down) 
between female athletes and non-athletes. 

Methods/Méthodologie 
Lower extremity kinematic data was obtained 
using the Xsens MVN motion capture system 
for 12 university athletes, and 14 university 
non-athletes. Three-dimensional joint angles 
were determined for the hip, knee, and ankle at 
the instant of landing, and peak angles were 
determined throughout both landings. Peak 
angular velocities of the hip, knee and ankle 
joints, and minimum distance between the 
knees were found during landing. Jumping 
variables (jump height, ground contact time, 

flight time, reactive strength index, landing 
knee distance, minimum knee distance, and 
landing ankle distance) were also analyzed. 

Results/Résultats 
Athletes landed with more dorsiflexion at the 
ankle (p < 0.05), more flexion (p < 0.01) and 
less abduction (p < 0.01) at the knee, and more 
abduction (p < 0.05) at the hip during double 
leg tasks. Athletes had a greater distance 
between the knees at landing (p < 0.01), and 
greater minimum distance between the knees 
(p < 0.01) throughout landing phases. Athletes 
showed more favourable performance 
characteristics in all jumping variables (p < 
0.05) although showed no differences in 
landing ankle distance. During the single leg 
task, athletes showed more flexion (p < 0.05) 
and less abduction at the knee (p < 0.001). 

Conclusions/Conclusions 
Trained athletes demonstrated kinematic 
patterns that may have a lower risk of lower 
extremity injury compared to non-athletes 
during the three landing tasks. 
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Introduction/Introduction 
Muscle activation and relaxation need to be 
appropriately modulated to coordinate and 
control movement. However, training muscle 
activation has been favoured over training 
relaxation. Athletes such as runners, 
swimmers, and boxers often shake their limbs 
to allow the muscle to oscillate freely, 
immediately before a bout. We aimed to 
investigate if this commonly observed muscle 
relaxation technique could affect performance 
in a counter-movement jump (CMJ). 

Objective/Objectif 
Evaluate if shaking the legs with the intent to 
relax the thigh muscles can influence CMJ 
performance. 

Methods/Méthodologie 
Participants performed 10 maximal effort 
CMJs on two separate occasions. During a 30 
second rest period between each jump, they 
either shook their legs attempting to allow 
their thigh muscles to oscillate freely and 
wobble side to side (relaxation technique) or 
stood still (control). Force-time curves from 
two force plates were combined and 
partitioned into an unweighting, eccentric and 
concentric phase. Jump height and phase 
specific impulse, peak force and duration were 
used to evaluate changes in performance 
across the 10 jumps. 

Results/Résultats 
Mean jump height was 3.87 % higher on the 
relaxation technique day. Further analysis 

showed that there were responders and non-
responders. The responder group’s jump 
height and concentric phase impulse decreased 
across the 10 jumps on the control day. This 
group improved their performance across 
jumps on the relaxation day by increasing their 
unweighting impulse and unweighting force. 

Conclusions/Conclusions 
Shaking the legs with the intention to relax the 
muscle and allow it to wobble freely, enhances 
CMJ performance through improvements in 
unweighting rather than propulsion, in those 
that fatigue with multiple bouts. Muscle 
relaxation may provide an alternate means of 
performance enhancement during training and 
competition, when fatigue causes decreases in 
propulsion mechanisms.
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Introduction/Introduction 
The evolution of ice hockey equipment has 
allowed goaltenders to adapt their playing 
style to a faster and skill-driven game. Recent 
research has shown that stiffer leg pads may 
allow goaltenders to drop into the butterfly 
position faster but may reduce the amount of 
lower net covered in the butterfly position 
(Frayne, 2017). Stiffer leg pads have also been 
shown to alter lower body kinematics in 
goaltenders (Wijdicks et al., 2014). Thus, 
understanding how the stiffness of specific pad 
components can be modified in order to 
optimize goaltender performance is desirable. 

Objective/Objectif 
The purpose of this study was to investigate 
the effect of a reinforced knee riser on 
goaltender hip and knee kinematics. 

Methods/Méthodologie 
Two recreational goaltenders performed a 
rebound sequence task (skating, a butterfly 

save, and recovery) (Whiteside et al., 2015) 
using two knee riser constructions: 1) 
reinforced/stiff 2) traditional/flexible. Lower 
body kinematics were collected using an IMU 
motion capture system. 

Results/Résultats 
One-way ANOVAs were used to assess 
kinematic differences at butterfly impact. Trail 
leg knee flexion was found to be significantly 
greater with the stiffened riser (116.9o) versus 
the traditional (111.3o) F(1,14) = 5.29, p = 
.037. No other metrics were significantly 
different. 

Conclusions/Conclusions 
These results suggest that the stiff knee riser 
did not significantly alter hip kinematics but 
may affect trail knee kinematics during 
butterfly impact. Further testing with elite and 
recreational goaltenders is warranted to 
evaluate the potential performance benefit of 
this pad modification. 
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Introduction/Introduction 
Despite substantial growth in the popularity of 
women’s ice hockey, biomechanical research 
of female hockey athletes is underwhelming. 
Skating is a complex and dynamic movement 
requiring significant coordination. Previous 
studies have highlighted differences in skating 
mechanics between male and female players, 
but none have compared inter-segment 
coordination. 

Objective/Objectif 
This study’s objective was to compare lower 
extremity inter-segment coordination between 
male and female high-calibre ice hockey 
players during the first four steps of forward 
skating starts. It was hypothesized that 
differences would exist in coordination 
between males and females, with female 
players likely more in-phase. 

Methods/Méthodologie 
Ten high-calibre female and nine high-calibre 
male hockey players were recruited. An 18-
camera Vicon motion capture system was used 
to collect forward skating data on an indoor ice 
surface. Data were sampled at 240Hz 
and  passive retro-reflective markers were 
used. 
Continuous relative phase (CRP) was 
calculated for shank-sagittal/thigh-frontal 
segments by determining the absolute 
difference in phase angles of the segments. 
Phase angles were computed using the Hilbert 
transform approach. Principal component 
analysis (PCA) extracted important 
characteristics from the CRP waveforms called 
principle components. Individual waveforms 
were scored against these principal 

components (PC-scores), and hierarchical 
linear model investigated relationships 
between PC-scores and sex both with and 
without controlling for speed. 

Results/Résultats 
For shank-sagittal/thigh-frontal PC1-scores-, 
adding group significantly improved non-
speed (p=0.019) and speed (p=0.014) models. 
The male group had higher PC1-scores, 
indicating they demonstrated a greater change 
in their mode of coordination from the first 
step to the fourth. 
For remaining shank-sagittal/thigh-frontal 
analyses, there were no other significant 
relationships between group and PC-scores. 

Conclusions/Conclusions 
Male players had a greater change in their 
inter-segment coordination over four starting 
forward skating steps, beginning more in-
phase than females. This aligns with previous 
studies suggesting that females may have less 
coordination variability. 



 116 

A PROTOTYPE BAT USING A DYNAMIC MOMENT OF INERTIA CAN INCREASE 
BAT SWING SPEED IN UNIVERSITY BASEBALL PLAYERS. 

Submission ID: 414 

Authors 
Mr. Tristan Castonguay - Health Kinesiology and applied physiology, Concordia University 

Dr. Geoff Dover - Health Kinesiology and applied physiology, Concordia University 

Introduction/Introduction 
Introduction: While most baseball players 
warm up with a weighted bat, there is evidence 
to suggest the swing speed decreases even 
though the bat feels lighter. Warming up with 
a dynamic moment of inertia may not decrease 
the swing speed and therefore improve the 
performance of the players. 

Objective/Objectif 
Objective: To measure the difference in bat 
wing speed between warming-up with the 
dynamic moment of inertia bat compared to a 
weighted bat. 

Methods/Méthodologie 
Methods:We tested 24 University level 
baseball players. We measured the swing 
speed of all the players after warming with 
either the dynamic moment of inertia bat or a 
weighted bat. The swing speed was measured 
using a high-speed camera and confirmed 
using inertial sensors. We used the arm length 

of each player and a motion analysis software 
to calculate the swing speed. Each player 
completed two swings and then we used the 
average. Then the players repeated the process 
using the other bat they did not start with and 
the order was randomized. 

Results/Résultats 
Results:The post warm-up swing speeds using 
the dynamic moment of inertia bat were 
significantly faster compared to a weighted bat 
warm-up. There was a 1.11mph (±1.82) 
increase in swing speed when using the pro-
impulse swing trainer (p=0.001). This is an 
average increase of 1.85% compared to a 
weighted bat warm-up. 

Conclusions/Conclusions 
Conclusions: Our findings suggest that using 
the pro-impulse swing trainer as a warm-up 
tool improved swing speed. Using a weighted 
bat prior to hitting may decrease swing 
velocity and have an adverse effect on batting. 
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Introduction/Introduction 
Knee joint mechanics during cutting 
maneuvers are associated with anterior 
cruciate ligament (ACL) injuries. Females 
represent an uneven proportion of ACL 
injuries. Previous research suggests 
differences between sexes in lower extremity 
intralimb coordination during a variety of 
movement tasks. 

Objective/Objectif 
This study aimed to compare lower extremity 
sagittal and frontal plane intralimb 
coordination between male and female soccer 
players during a cutting task. 

Methods/Méthodologie 
Six soccer players (3 males, 3 females) 
completed five unanticipated 45˚ cutting 
manoeuvres using their dominant leg. 
Dominant limb sagittal and frontal plane 
kinematics were captured using 12 Vicon 
three-dimensional cameras at 200 Hz during 
the cut stance phase. Continuous relative phase 
using a Hilbert transform method was 
calculated to describe patterns of intralimb 
coordination for the foot-shank and shank-
thigh segments in the sagittal and frontal 
planes. Measures of interlimb coordination 
amplitude (mean absolute relative phase 
(MARP)) and variability (deviation phase 
(DP)) of the two segments in both planes were 

calculated and compared between sexes. 
Independent t-tests were conducted to 
establish significance (p < 0.05). 

Results/Résultats 
No significant differences in intralimb 
coordination amplitude (MARP) of variability 
(DP) were observed between sexes for either 
segment in either plane (figure 1) (p value 
range = 0.31 to 0.95). 

Conclusions/Conclusions 
Results of this study suggest that differences in 
previously observed biomechanical variables, 
and/or in injury rates between males and 
females in sports which involve cutting 
maneuvers are not due to differences in 
sagittal or frontal plane intralimb coordination 
or variability. However, a lack of power 
precludes definitive assumptions of differences 
between sexes. Additionally, the lack of 
measurement of performance variables 
prevents gaining an understanding of whether 
greater in-phase or out-of-phase movement is 
desirable during cutting. 
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Introduction/Introduction 
Measuring body movement kinematics of ice 
hockey skills in an arena is challenging with 
conventional optoelectronic motion capture 
systems. Alternatively, wearable inertial 
measurement unit (IMU) systems show 
potential for unrestricted tracking of body 
segment and joint movements, though to date 
their use in ice hockey skill analysis has been 
limited. 

Objective/Objectif 
To evaluate the accuracy of the Xsens MVN 
Link IMU system to measure joint kinematics 
during an ice hockey shooting task by 
reference to Vicon optoelectronic camera-
based measures. 

Methods/Méthodologie 
Ten high-level ice hockey players performed 
10 wrist shots and 10 slap shots from a 
stationary position on an artificial ice surface 
surrounded by 18 Vicon (8 T40S, 10 MX) 
cameras. Participants concurrently wore 17 
Xsens MVN-Link sensors as well as reflective 
markers so that motion capture data could be 
collected simultaneously by the two systems. 

Results/Résultats 
Root Mean Square Error (RMSE) and the 
Coefficient of Multiple Correlation (CMC) 
were used to compare the participant’s joint 
angle measures between the two systems. 
Across all joints, average RMSE were 
comparable about the X- and Y-axes (within 

12°), though RMSE were much higher about 
the Z-axis. CMC about the X-axis indicated 
very good curve similarity (0.91), with good 
(0.78-0.80) and moderate (0.70-0.74) curve 
similarity observed about the Y- and Z-axes, 
respectively. 

Conclusions/Conclusions 
The relative errors observed in this study were 
predominantly attributed to differences 
between Xsens’ and Vicon’s biomechanical 
models rather than due to differences in 
technologies. Hence, future research should 
focus on the standardization of models and 
calibration procedures, as well as investigate 
tasks of longer duration and greater 
complexity. Given the good to moderate 
agreement between Xsens and Vicon’s X and 
Y axes’ absolute measures and measures over 
time, Xsens is a practical option to quantify 
representative and real time movement 
technique of hockey shot skills. 
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Introduction/Introduction 
Aerial twists in straight position are mainly 
performed using arm add/abduction to tilt the 
body in the frontal plane and transfer angular 
momentum from transversal axis to 
longitudinal axis. 

Objective/Objectif 
The objective of this study was to explore 
more complex, but still anatomically feasible, 
arm movements to innovate in aerial twisting 
somersaults. We assessed the gain in terms of 
twists of the addition of an extra degree of 
freedom (DoF) at each shoulder using optimal 
control. 

Methods/Méthodologie 
Two models (2D and 3D) are composed of 
three rigid articulated segments; a trunk and 
two arms with respectively 1 DoF and 2 DoFs. 
All shoulder DoFs are activated by piecewise 
constant torques. 
The objective of the optimization is to 
maximize twist rotation, while joint torques, 
hands trajectory and somersault rotation at 
takeoff were penalized. Boundary constraints 
were defined in line with the sport 
requirements. 
To find a wide variety of locally optimal 
solutions, the problem is solved using CasADi 
multiple times (n=440) with different number 
of piecewise constant torques intervals and 
different initial guesses. 

Results/Résultats 
Three-dimensional techniques generated more 
twists than 2D techniques regardless of the 
presence of the hand path penalty. The gain 

(3D vs 2D) is of approximately 2.5 and 2 
twists without and with hand penalty, 
respectively. The most twisting technique for 
3D (A) and 2D (B) models are presented in 
Figure 1 with the number of twists above each 
frame. 
Some techniques of the sub-optimal set of 
solutions where chosen for their relevance to 
the sport and further analyzed. They show 
encouraging characteristics: lower complexity, 
lower shoulder torques and more twists 
compared to the best 2D technique. 

Conclusions/Conclusions 
This research shows that athletes could gain in 
performance by adding change in arm plane of 
elevation in their twisting somersaults. 
Innovative twisting strategies found with 
numerical optimization could help coaches 
take enlighten choice. 
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Introduction/Introduction 
Computing joint kinematics from a 3D point 
cloud of motion capture reflective markers is a 
common problem in biomechanics. Classical 
inverse dynamics methods do not provide any 
guarantee on the dynamical consistency of the 
resulting motion, especially in free-fall 
conditions. 

Objective/Objectif 
The main objective of this study was to most 
accurately estimate dynamically consistent 
joint kinematics and kinetics of complex aerial 
movements. 

Methods/Méthodologie 
A 42-degrees-of-freedom model with 95 
anatomical markers was personalized for five 
elite trampoline athletes. They performed 
various backward and forward twisting 
somersaults. Using a multiple shooting 
formulation, the objective function aimed to 
track the states resulting from an Extended 
Kalman Filter (EKF) to identify the gravity 
vector, and then to track the experiment 

markers to refine the solution. Kinematics, 
kinetics, angular momenta, linear momenta 
and residual marker error of the dynamics 
reconstructions were compared with the EKF. 

Results/Résultats 
Angular and horizontal linear momenta were 
conserved throughout the reconstructed 
motion, in accordance with free-fall dynamics. 
The difference between the identified gravity 
and the absolute vertical was validated to be 
within RMS = 0.086° and SD = 0.052°. 
Kinematics and kinetics were smoother and 
differentiable between nodes when made 
dynamically consistent. The average marker 
error increased from 16 ± 13 mm for the EKF 
to 51 ± 34 mm after identifying the gravity 
vector. It then decreased to 31 ± 21 mm after 
tracking the markers, while staying 
dynamically consistent. 

Conclusions/Conclusions 
This approach satisfies the dynamics of aerial 
rigid-body movements while remaining close 
to the 3D marker dataset. 
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Introduction/Introduction 
Contemporary methods to evaluate the impact 
mitigation performance of helmets rely on the 
acceleration response of a head surrogates, 
such as the Hybrid III, on which helmets are 
fitted. The persisting prevalence of concussion 
in professional and recreational sports suggests 
that new approaches for helmet evaluation are 
needed. 

Objective/Objectif 
Use cineradiography to enable the 
measurement of displacements and strains 
within helmet padding and deliver critical 
insights into the interaction between the 
helmet liner and the headform. Investigate 
alternative measurements on the helmet, such 
as internal displacement fields, to move 
beyond diagnostics based on rigid body 
mechanics. 

Methods/Méthodologie 
Experiments are centered on the use of a 
custom-built high-speed X-ray 
cinematography system, providing measures  

 
of the motion and deformation of helmets at 
imaging speeds of up to 10,000 fps. 
Radiopaque markers are implanted into the 
helmet liner to track displacements. Particle 
tracking algorithms are used to investigate 
displacement and derive strain data throughout 
the entire impact event.  

Results/Résultats 
The images captured using the X-ray system 
demonstrate the ability to measure 
displacement and strain fields within the 
helmet to very high accuracy. Values of 
maximum shear and principal strains are 
shown for different regions within the helmets. 

Conclusions/Conclusions 
The experiments successfully demonstrated 
the feasibility of measuring the internal 
response of helmets during impact events. This 
new capability provides unique data collection 
opportunities that can be used to improve the 
performance of helmets in protecting 
professional and amateur athletes. 
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Introduction/Introduction 
Medial knee collapse during the squat, or other 
movements (drop jumps, landing, running) is 
considered an injury mechanism that can also 
impact performance. While elastic resistance 
around the distal thigh can act as a 
proprioceptive aid to mitigate valgus knee 
moments, proper resistance selection is critical 
as heavy resistance could exacerbate collapse, 
rather than reduce. 

Objective/Objectif 
To examine the effects of various 
Theraband™ CLX resistance bands on lower-
limb muscle activity and kinematics in 
resistance trained individuals while performing 
the barbell back squat. 

Methods/Méthodologie 
The participants performed 4 sets (no-band, 
red band, black band, and gold band) of 3 
repetitions of the barbell back squat using their 
5-repeated maximum weight. Neuromuscular 
activity was recorded using electromyography 
(EMG) from 6 lower limb muscles on the 
dominant side and three-dimensional 
kinematics were recorded using a Vicon 

motion capture system. Medial knee collapse 
was calculated as the knee-width index (KWI) 
ratio; the distance between the lateral 
epicondyles of the femur and the lateral 
malleoli. 

Results/Résultats 
There was a significant effect for band on 
gluteus medius EMG [F (3,60) = 8.9, p=0.002, 
pη2=0.31]. The gold band resulted in 
significantly greater gluteus medius EMG 
activity compared to all conditions. There was 
a significant effect for band on KWI [F (3,63) 
= 11.94, p < 0.001, pη2=0.36] where the gold 
band showed significantly lower KWI 
compared to no band and red band. 

Conclusions/Conclusions 
The gold band has the greatest resistance of 
the CLX offerings. While the gold band 
increases muscle activity of the hip abductors, 
it causes greater medial knee collapse in 
comparison to the other bands. This suggests 
that training with a higher resistance band may 
increase barbell back squat strength by 
increasing muscle activity which could lead to 
enhanced stability of the knee. 
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Introduction/Introduction 
Habitual running around curved tracks at high 
speeds creates asymmetric left-right lower 
body joint movements that are implicated with 
increased injury risk. However, obtaining 
accurate and continuous joint movement 
measures to monitor runners’ in such contexts 
has been technically challenging to date.  

Objective/Objectif 
This study explored the use of a wireless 
“smart sensor” Inertial Measurement Units 
(IMUs) system (XSens) to obtain 3D local 
measures of Ankle Joint Complex (AJC), knee 
and hip joint angles of male mid-distance 
athletes on banked and flat curve regions of a 
200m indoor racing track. 

Methods/Méthodologie 
Joint angle patterns of ten male mid-distance 
athletes were recorded on different regions of 
a 200m indoor racing track (flat vs bank 11° 
curve, flat straight vs flat curve). Two factors 
were examined: 1) track running region (a. 
bank curve, b. flat curve, and c. flat straight) 
and, 2) bodyside (a. left b. right legs). 
 
 

Results/Résultats 
Substantial differences in AJC frontal plane 
movements: left AJC eversion was higher on 
the flat curve versus bank curve (peak 21.2° 
versus 14.2° respectively (F < 0.05)) and 
higher than running on the flat straight (8.8°) 
surface. Right AJC eversion was lower on the 
flat curve and bank curve (-2.7° and 4.1° 
respectively) and flat straight. Corresponding 
AJC stance phase differences were found 
throughout left (p<0.001) and 80% of right 
AJC (p<0.001) stances. 

Conclusions/Conclusions 
The AJCs were primarily responsible for 
adapting to changes in the frontal plane both 
by accommodating to the upper body’s inward 
lean during the turn and with respect to 
providing maximum plantar foot surface 
contact perpendicular to the ground surface. 
This study demonstrated the feasibility and 
sensitivity of IMU measures to detect the 
extent of asymmetric AJC frontal plane joint 
kinematics alterations due to curve and/or 
bank running surfaces. Bank curves minimize 
extremes in AJC eversion and inversion at 
mid-distance running speeds. 
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Introduction/Introduction 
Methods of evaluating football head impacts 
in-vivo have predominantly involved 
instrumented equipment (e.g., in-helmet 
sensors), despite questions regarding their 
validity. Alternatively, video-based techniques 
have also been used, but to a lesser extent, and 
with limited focus on concussive impacts in 
professional football. 

Objective/Objectif 
To utilize video analysis to describe the 
mechanisms of head (or more specifically, 
helmet) impacts in the context of youth 
football game play. 

Methods/Méthodologie 
Video of two youth football games (Bantam: 
13-14 years) was recorded using a multi-
camera approach involving stationary cameras 
(41° FOV, 2.7K, 120 fps) positioned around 
the field. Video was reviewed and all 
significant helmet impact events were 
identified. Descriptive impact parameters for 
each event were independently documented by 
three raters, including frequency/type (H2G: 
helmet-to-ground, H2H: helmet-to-helmet, 
H2B: helmet-to-body), activity, source, as well 
as general and detailed helmet locations. Inter-
rater results were compared to limit qualitative 
bias. 

Results/Résultats 
Approximately 30% of all plays (n=205) 
captured on video had ≥1 significant helmet 
impact event. H2G impacts (62.7%, n=64) 
were most common, followed by H2H 
(27.5%, n=28) and H2B (9.8%, n=10). 
Tackling was the primary activity associated 

with helmet impact (42.9%), specifically 
successful tackles. Detailed helmet impact 
locations (Figure 1) showed that the upper side 
and rear shell were frequently impacted at 
29.4% and 26.5%, respectively; the front of 
the helmet in general (facemask central/upper 
edge, front shell) was also impacted often 
(32.4%). 

Conclusions/Conclusions 
Video analysis was supported as an effective 
method for assessing football helmet impact 
mechanisms. H2G impacts were the main 
impact type reported for the Bantam age 
division, reflecting previous findings for 
younger players (≤12 years). Combined with 
the high impact numbers when tackling, these 
results may specify tackling technique as a key 
factor affecting youth football helmet impact. 
Furthermore, the side and rear shell may be 
important locations to consider for youth-
specific helmet standards and design. 
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Introduction/Introduction 
While ice hockey helmet standards mitigate 
the risk of catastrophic head injuries, the risk 
of concussion remains high. To improve 
protection, helmets should be evaluated using 
impact conditions reflecting how concussions 
occur in ice hockey. 

Objective/Objectif 
The purpose of this research was to evaluate 
how three helmet impact tests represent the 
conditions of three concussive events in ice 
hockey. 

Methods/Méthodologie 
A flat anvil drop test (representing head-to-ice 
impacts), 30o and 45oanvil drop tests 
(representing head-to-boards impacts), and 
medium and high compliance pneumatic ram 
tests (representing shoulder-to-head impacts) 
were performed on a Hybrid III headform. 
Finite element analysis used the acceleration-
time curves to calculate maximum principal 
strain (MPS). Stepwise linear regressions 
identified the dynamic response variables 
producing the strongest relationship with MPS 
for each helmet test and the corresponding 
concussion reconstruction data. 

Results/Résultats 
The flat anvil drop test correlated with 
dominant linear acceleration (R2= 0.960, p= 
0.001) and had similar mean linear resultant 
acceleration values to the head-to-ice 
reconstruction data (97.2g (29.5) and 95.4g 

(26.3), respectively). The 30oanvil drop test 
highly correlated with resultant rotational 
velocity (R2= 0.978, p<0.001), the 45° highly 
correlated with dominant rotational velocity 
(R2= 0.977, p<0.001) and the head-to-boards 
concussion reconstructions moderately 
correlated with resultant rotational acceleration 
(R2= 0.649, p=0.029). The 45° anvil was more 
similar to the mean impact angle of the head-
to-board reconstructions which was calculated 
through video analysis (̴ 44°). The medium 
and high compliance ram tests both reported 
correlations between resultant rotational 
acceleration and MPS (R2= 0.671, p= 0.007; 
R2= 0.850, p< 0.001, respectively) as well as 
the shoulder-to-head concussion 
reconstructions (R2= 0.763, p<0.001). 

Conclusions/Conclusions 
This study demonstrated that the 45º anvil 
drop test and the high compliance ram test 
were most representative of head-to-boards 
and shoulder-to-head concussive impacts. 
These findings should be considered by 
standards organizations when designing future 
ice hockey helmet tests. 
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Introduction/Introduction 
Biomechanical static measurements such as 
flexibility and maximum isokinetic torque 
tests have been used to assess an athlete’s 
susceptibility to an injury. However, 
conflicting evidence exists as to whether or not 
these measurements can accurately predict the 
injury outcome. Non-contact injuries typically 
occur during a functional movement such as 
high-speed running, and it would seem 
reasonable to assess if the static measurements 
(i.e. flexibility and maximum torque output) 
can relate to such movements. 

Objective/Objectif 
The aim of this study was to examine the 
correlation between hip and knee flexibility 
and maximum isokinetic torque with high-
speed running kinematics. 

Methods/Méthodologie 
Twenty-nine amateur male soccer 
players[MOU1] (Age (years): 25.9±4.6; 
Height (m): 1.8±0.1; Mass (kg): 78.8±8.4; 
BMI (kg/m2): 23.9±2.1; Experience (years): 
17.8±4.7) were recruited for this cross-
sectional study. Flexibility about the knee and 
hip joints, as well as maximum isokinetic peak 

torque about the same joints, were measured. 
Using a digital photographic camera, 
hamstrings’ flexibility was assessed using the 
active knee extension test. Similarly, the 
modified Thomas test was used to measure the 
hip flexors’ flexibility. Hip and knee 
maximum peak toque were acquired using the 
Isomed2000 dynamometer with an angular 
velocity of 120°/s. Lower body kinematics 
were recorded using an 8-camera Vicon 
motion capture system. A statistical correlation 
was calculated using statistical parametric 
mapping (SPM) with alpha levels set to 0.05.  
 

Results/Résultats 
No correlation was determined between the 
flexibility and peak maximum isokinetic 
torque about the knee and hip joints with the 
running kinematics (p > 0.05). 

Conclusions/Conclusions 
The lack of task similarity between the static 
measurements and functional task (i.e. 
running) is indicative that new approaches 
should be devised, so that predictive tests 
closely represent the movement pattern of the 
intended functional task of interest. 
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Introduction/Introduction 
Bicycling is prescribed for rehabilitation and 
weight management. However, more than 50% 
of cyclists report overuse injuries, most 
commonly at the knee. Bicycle-fit is the 
primary method of mitigating knee injuries; 
however, recommendations have limited 
empirical evidence. 

Objective/Objectif 
To assess the effect of ankle, knee, and hip 
kinematics on patellofemoral and tibiofemoral 
joint reaction forces during bicycling. 
Secondarily, to assess if sex, horizontal saddle 
position, or crank arm length mediate the 
relationship between kinematics and joint 
forces. 

Methods/Méthodologie 
Forty healthy adults (mean (SD); 28.6 (7.2) 
years, 24.2 (2.6) kg/m2) participated in a fully-
crossed research design. Participants bicycled 
under 18 bicycling positions. One position was 
based on commercial guidelines; all remaining 
positions were random deviations of 
commercial. Resultant patellofemoral as well 
as compressive and shear tibiofemoral joint 
reaction forces (JRF) were calculated from 
three-dimensional kinematics, kinetics, and 
muscle forces determined using a previously 
validated weighted static optimization method. 
Statistical analyses were performed using 
mixed effects models with a random intercept 
grouped by leg. 

Results/Résultats 
The resultant patellofemoral JRF was 
predicted by minimum hip flexion (p<0.001), 
maximum ankle dorsiflexion (p=0.881), and 

their interaction (p=0.002) (R2=0.87). 
Tibiofemoral compression was predicted by 
minimum hip flexion (p<0.001) and maximum 
ankle dorsiflexion (p<0.001) (R2=0.90). 
Tibiofemoral shear was predicted by minimum 
hip flexion (p=0.161), maximum ankle 
dorsiflexion (p<0.001), minimum knee flexion 
(p<0.001), and the interaction between 
minimum hip flexion and minimum knee 
flexion (p<0.001) (R2=0.86). Sex mediated the 
relationship between joint kinematics and all 
reaction forces (Figure 1). The sex effect was 
driven by differences in intensity. Horizontal 
saddle position and crank arm length were not 
related to joint reaction forces. 

Conclusions/Conclusions 
Optimizing joint kinematics at the hip, ankle 
and knee should be the primary goal of 
bicycle-fit. Focusing solely on knee kinematics 
is inadequate. Bicycle-fit is of particular 
importance for those working at high 
intensities. 
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Introduction/Introduction 
Inertial measurement units have been 
embedded in football helmets and Impact 
Monitoring Mouthguards (IMMs) to quantify 
head impact biomechanics in the field 
(Campolettano, 2019; Bartsch, 2019). Using 
acceleration data from helmet sensors, 
concussion risk functions have been 
established for youth football athlete 
populations (Campolettano, 2019). However, 
helmet motion may not reflect the true motion 
of the skull (Joodaki, 2019). The incidence of 
concussion also appears to be dependent on 
the head impact location with the side of the 
helmet being the most common for concussion 
(Lessley, 2018). Therefore, a better 
understanding of IMM-based head impact 
biomechanics between different locations may 
help establish more appropriate thresholds for 
concussion risk functions in youth athletes. 

Objective/Objectif 
To compare biomechanical data between 
different head impact locations using IMMs in 
high school football players. 

Methods/Méthodologie 
Twenty-two Canadian high school football 
players participated and wore IMMs (Prevent 
Biometrics®) during Fall 2019 practices and 
games. Peak magnitudes of linear acceleration, 
angular acceleration, linear velocity, and 
angular velocity waveforms for each head 
impact were used as dependent variables. The 
IMM also provides the location of each head 
impact (Front, Side, Rear,andTop).A Kruskal-
Wallis non-parametric test was performed to 

determine whether biomechanical data differed 
between head impact locations (p < .05). 

Results/Résultats 
In total, 493 head impacts were included in the 
analysis: Front(n = 145; 29.4%), Side (n = 72; 
14.6%), Rear (n = 167; 33.9%), and Top (n = 
109; 22.1%). All dependent variables were 
significantly affected by the location (p < 
.001). Mann Whitney follow-up tests with 
Bonferroni corrections indicated that the Side 
and Top head impact magnitudes were 
significantly greater than Rear and Front head 
impacts for all biomechanical variables 
(Figure 1). 

Conclusions/Conclusions 
The magnitudes of impact biomechanics differ 
between head impact locations. This is 
important to consider when developing 
concussion risk functions in youth football 
players. 
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Introduction/Introduction 
The single leg squat (SLS) is a common 
assessment of lumbopelvic-hip complex 
(LPHC) stability. LPHC instability has been 
identified as a possible risk factor for throwing 
athlete pain and injury; therefore, increased 
knee valgus during the SLS may relate to 
softball pitch pathomechanics. 

Objective/Objectif 
To examine and compare knee valgus during 
the SLS and trunk kinematics during the 
softball pitch. 

Methods/Méthodologie 
Forty-two high school and collegiate softball 
pitchers (15.5±1.7yrs, 170.6±6.2cm, 
75.0±16.1kg) completed bilateral SLSs and 
threw three fastballs (averaged for analysis). 
Kinematic data were collected with an 
electromagnetic tracking system. A 
multivariate regression analysis was 
constructed for each leg. The first regression 
used max push knee valgus during SLS ascent 
as the dependent variable. The second 
regression used max stride knee valgus during 
SLS descent as the dependent variable. 
Independent variables included trunk flexion, 
trunk lateral flexion and trunk rotation. The 
push leg regression examined these 
independent variables at peak net ground 
reaction force (GRF) during pitch propulsion. 
The stride leg regression examined 

independent variables at stride foot contact 
(FC). 

Results/Résultats 
The push leg regression was statistically 
significant, F(3,41)=3.141, p=.036, and 
explained ~13.5% of max push knee valgus 
during SLS ascent. Trunk rotation (t=2.973, 
p=.005) at peak GRF was a significant 
predictor (Figure 1A). The stride leg 
regression was also statistically significant, 
F(3,41)=3.232, p=.033, and explained ~14.0% 
of max stride knee valgus during SLS descent. 
Trunk lateral flexion (t=2.791, p=.008) at FC 
was a significant predictor (Figure 1B). 

Conclusions/Conclusions 
Increased SLS knee valgus was associated 
with increased trunk motion during the pitch. 
While LPHC instability has been associated 
with pain in throwing athletes, the SLS may be 
used as a tool for those without motion capture 
to identify pitchers with increased instability 
and perhaps a greater susceptibility to pitching 
pain and injury. 
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Introduction/Introduction 
Ball velocity plays an important role in 
baseball pitching performance. The 
demographic and individual biomechanical 
correlates with throwing velocity remain under 
established in the literature. Most kinematic 
relationships with ball velocity have been 
determined using gold standard, marker based 
motion capture systems. No current research 
exists that demonstrates pitch kinematic 
analysis using markerless motion capture 
technology. 

Objective/Objectif 
To examine the relationship between 
kinematic variables and ball velocity using 
PitchAI markerless motion capture. 

Methods/Méthodologie 
79 collegiate and professional baseball 
pitchers underwent PitchAI markerless motion 
capture analysis (5 pitches per player) while 
ball velocity was recorded with either the 
Rapsodo pitching unit or a radar gun. Open 
side video (sampled at 240 Hz) was recorded 
for each pitch, joint centers were tracked 
(WrnchAI, Montreal, CA) and time series 
kinematic data generated using PitchAI. 
Analysis was performed at time points of foot 
plant, maximal shoulder external rotation, and 
ball release. A Pearson correlation was 
calculated between ball velocity, time series 

kinematics, arm speed, stride length, peak 
elbow torque, and height. 

Results/Résultats 
After removal of outliers, average pitch data 
from 79 pitchers were included in the analysis. 
The average ball velocity was 85 ± 5 mph. The 
kinematics most associated with velocity at 
each time point were glove arm shoulder 
horizontal abduction angle (P<0.05; r=-0.35; 
footplant), trunk lateral tilt angle (P<0.05; r=-
0.27; maximal shoulder external rotation), and 
throwing arm elbow flexion velocity (P<0.05; 
r=-0.39; ball release). The parameters of arm 
speed and height were also significantly 
correlated with ball velocity at all time points 
(Table 1). 

Conclusions/Conclusions 
Compared to previous analyses conducted 
using gold standard motion capture, most of 
our metrics were comparable. PitchAI can be 
recommended as a markerless alternative to 
classic marker based motion capture for 
baseball pitch kinematic analysis. 
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Introduction 
Jumping force time (F-T) curve contains 
kinetic and temporal data including separated 
phases of eccentric, concentric and flight 
phase and is known to represent valuable and 
effective factors. Biomechanical analysis of 
force derivations with respect to 
spatiotemporal parameters will provide useful 
information for jumping analysis. Rate of 
force development (RFD) refers to the slope of 
the force-time curve, which is the development 
of maximal force in minimal time and is 
typically used as an index of explosive 
strength. RFD has been extensively studied in 
dynamic and isometric conditions, confirming 
that it is affected by a number of neural and 
structural factors. 

Objective 
The aim of this research was to analysis of 
force-time curve and spatiotemporal 
parameters of block jump skill in junior 
volleyball players. 

Methods 
21 junior male volleyball players participated 
in this study. F-T curve variables (Initiation 
Phase, Eccentric Phase, Concentric Phase, 
Average Rate of Force Development of 
Eccentric Phase, Peak Rate of Force 
Development of Eccentric Phase, Average 
Rate of Force Development of Concentric 
Phase, and Peak Rate of Force Development of 
Concentric Phase) and spatiotemporal 
parameters (Flight Time and Jump Height) of 
block jump were extracted from force platform 
system (Kistler®, 1000Hz). Pearson product 
moment correlation coefficient was employed 

for the analysis of the relationship between F-
T curve variables and spatiotemporal 
parameters of participants. 

Results 
None of the F-T curve variables have 
significant correlation with flight time and 
jump height. But flight time and jump height 
had significant correlation with each other 
(p<0.05) (Table 1). 

Conclusion 
This results implied that further investigations 
are needed to provide better interpretations 
about importance of kinetic and 
spatiotemporal parameters, as our study 
presented no correlation between mentioned 
variables. 
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Introduction/Introduction 
In order to understand the mechanical effects 
of various biological stimuli on the annulus 
fibrosus, reliable and appropriate mechanical 
testing protocols must be used. The type of 
mechanical test and dissection of the tissue 
needs to appropriately reflect, and ideally 
isolate, the mechanical properties that are of 
interest. There are many different mechanical 
tests and dissection technique used in annulus 
testing research, however none capture the 
mechanical properties of the intact and isolated 
annulus. 

Objective/Objectif 
This in-vitro study aimed to design a novel 
testing protocol to quantify mechanical 
properties in an isolated and intact rat-tail 
annulus. 

Methods/Méthodologie 
Sixteen intervertebral disc samples were 
extracted from four rat rails; care was taken to 
ensure the central nucleus pulposus was 
removed leaving an intact annulus ring. 
Annulus rings were then cultured in 5µg/mL 
DMEM (standard culture media) for 48 hours 
(37°C and 5% CO2). In eight of these samples, 
5µg/mL of bovine decorin (shown to induce 
inflammation in rat tail discs) was added to the 
culture media to examine the effect of an 
inflammatory environment on the mechanical 
properties of the annulus. Post-culture, annulus 
rings were mechanically tested in tension 

(BioTester, Cellscale, Waterloo, ON); Figure 
1. The samples underwent three cycles of 
circumferential stretching to 25% strain, 
followed by one final cycle to 300% strain to 
achieve failure. Various mechanical properties 
were quantified from the force-displacement 
profile; stiffness and maximum strength are 
reported here. 

Results/Résultats 
No statistically significant results were 
observed between the experimental (decorin + 
DMEM) and control (DMEM only) groups. 
Average (standard deviation) stiffness was 
0.81 N/mm (± 0.73), and maximum strength 
was 0.90 N (± 0.78). 

Conclusions/Conclusions 
Although decorin at the tested concentration 
did not induce mechanical changes to the 
intact annulus rings, this study was successful 
at creating a novel testing protocol that is 
capable of testing isolated, intact annulus rings 
in tension. 
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Introduction/Introduction 
Although recent advances in imaging 
techniques allow non-invasively investigating 
the response of vertebrae to loading, use of 
advanced imaging has been mostly limited to 
changes in morphological features. Novel 
image processing techniques such as texture 
analysis and machine learning offer new 
opportunities to use imaging for studying the 
biomechanics of lumbar vertebrae during 
loading. 

Objective/Objectif 
To identify MRI features that are sensitive to 
detect the response of the lumbar vertebrae 
and endplates regions to compression and 
traction loading using texture analysis and 
machine learning. 

Methods/Méthodologie 
Thirty-five volunteers (30±11 yrs.) with and 
without chronic pain spent the first 20 minutes 
lying in a relaxed unloaded supine position, 
followed by 20 minutes loaded in compression 
then 20 minutes in traction. T2-weighted MR 
images were acquired during the last 5 minutes 
of each loading condition. Custom image 
analysis software was used to segment each 
vertebra into the whole vertebra, superior and 
inferior endplates. A grey-level co-occurrence 

matrix with 1-4 pixels offset in 0°, 45°, 90° 
and 135° directions 
was then constructed (320 feature/tissue). The 
Random Forest Algorithm was used to select 
classifiers detecting changes. A linear mixed-
effect model compared conditions. The alpha 
level was set at 0.0025. 

Results/Résultats 
All statistically significant differences between 
loading conditions were observed at the L4, 
and L5 vertebrae in the 0° offset direction. 
Most statistically significant changes were 
observed during compression (Table). 
Correlation (p2-Offset=0.001; p3-Offset=0.001) and 
information measure of correlation 1 (P1-
Offset<0.001; P2-Offset=0.001; P3-
Offset=0.001)  detected significant changes in 
the vertebral body at L4 (Table). Statistically 
significant changes were also observed for 
information measure of correlation 1 (P1-
Offset<0.001) during traction (Table). No 
difference was detected in endplates.  

Conclusions/Conclusions 
MRI texture features could identify the 
response of the lumbar vertebrae to loading in-
vivo. Our findings showed that the L4 vertebra 
was more sensitive to compression and the L5 
vertebra was more sensitive to traction. 
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Introduction/Introduction 
Cartilage cells (chondrocytes) respond to 
mechanical loading by undergoing volume 
changes, which in turn, produce biochemical 
responses. A complete understanding of the 
relationship between mechanical and 
biochemical events, especially for dynamic 
conditions, is lacking. Previous work on 
chondrocyte mechanics was focused on 
imaging stationary cells at steady-state 
following dynamic loading, as techniques for 
determining dynamic cell deformations were 
not available. However, it is thought that 
chondrocyte deformations and biological 
responses differ vastly between stationary and, 
physiologically relevant, dynamic conditions. 

Objective/Objectif 
The objective of this study is to quantify 
chondrocyte deformations in real-time during 
the unloading phase of cyclic loading in the 
three structural zones of articular cartilage. 

Methods/Méthodologie 
Semi-cylindrical femoral cartilage samples 
were harvested from pig knees. Samples were 
stained with Calcein AM to identify live cells 
and fixed in a custom-designed compression 
device that was placed on the stage of a multi-
photon excitation microscope. One cell was 
tracked during a given loading protocol (20% 
compression, 0.2Hz, 100 cycles). Cells were 
imaged at different cycles (Fig. 1) and the 
resultant image stacks were processed using 
ImageJ. Analysis of cell (n=20/zone) strains 

was done using pyCellAnalyst. Axial strain, 
volumetric strain, and maximum strain were 
determined. 

Results/Résultats 
Cells in all zones experienced compressive 
strains after the first load cycle. Cells 
subsequently experienced volume increases 
until cycle 50 when they begin to lose volume 
again. The SZ cells recorded more strains 
when compared to the deeper zones . 

Conclusions/Conclusions 
Chondrocyte deformations differed between 
cartilage zones. We speculate that these 
differences between zones are intimately 
linked to differences in the biological 
responses of these cells, a hypothesis that we 
will address next. Also, dynamic loading 
seems to produce different patterns; - an initial 
cell volume decrease, increase and then a 
decrease when compared to static loading 
where cells experience continuous volume loss 
until reaching steady state. 
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Introduction/Introduction 
Low back pain is one of the most common 
chronic conditions affecting up to 80% of the 
global population. One of the most common 
causes of LBP is intervertebral disc (IVD) 
degeneration. IVD degeneration is a complex 
condition in which both inflammatory and 
mechanical environments play a crucial role. 
In this study, we assessed the effect of 
inflammatory stimulants on annulus fibrosus 
(AF) cells and their interaction with their 
extracellular matrix (ECM) and subsequent 
impact on ECM mechanical properties. 

Objective/Objectif 
The objective of this study was to investigate 
whether inflammation can affect AF cell 
interaction with their extracellular matrix and 
whether this translates to changes in the 
mechanical properties of the ECM. 

Methods/Méthodologie 
AF cells of Sprague Dawley rat tail discs were 
isolated and cultured up to 6 days inside type I 
collagen. Cells+collagen constructs were then 
treated with bovine decorin and 
lipopolysaccharide (LPS) as inflammatory 

stimulants. Post-culture, cells+collagen 
constructs were mechanically tested in tension. 

Results/Résultats 
AF cells were found to be viable and healthy 
within their collagen constructs. An early 
indication of AF cell and collagen interaction 
was a robust contraction of the collagen. 
Cells+collagen constructs decreased to almost 
50% of original length in the first 24 hours 
which plateaued by day 6. LPS, a pathogen-
associated molecular pattern, decreased the 
contraction significantly while decorin’s effect 
(a damage-associated molecular pattern) on 
the contraction was not statistically significant. 
Actin staining revealed that cells under 
inflammation alter their cytoskeleton. Cells, 
specifically treated with LPS, exhibited fewer 
processes and protrusions associated with cell 
attachment to ECM. Mechanical testing 
revealed that cells+collagen constructs under 
LPS-induced inflammation reduced tensile 
strength. 

Conclusions/Conclusions 
In this study, LPS-induced inflammation was 
found to affect the interaction of AF cells with 
their ECM which, in turn, decreased tensile 
mechanical. 
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Introduction/Introduction 
Most commercial headforms are designed to 
replicate human head global kinematics. To 
advance research of head injury biomechanics, 
headforms capable of replicating both global 
kinematics and intracranial mechanics are 
required. A novel head model, the Blast Injury 
Protection Evaluation Device (BIPED), was 
developed to measure head kinematics and 
intracranial pressure (ICP). In previous work, 
we found that its impact pulse durations were 
significantly greater than cadaver data in the 
literature, and acceleration peaks were slightly 
lower than cadaver data for some impacts. 
This difference from cadaver head responses 
may be due to the lower stiffness of the 
BIPED scalp. 

Objective/Objectif 
The objective of this study is to evaluate the 
effect of scalp modulus and thickness on 
acceleration and ICP responses of the BIPED. 

Methods/Méthodologie 
The BIPED, without the scalp, was dropped 
onto different material pads which were placed 
on an aluminum plate. These pads simulated 
the effect of the scalp. A urethane rubber 
(Material 1) provided by Plastiques GyF and a 
butyl rubber (Material 2) were used as pads. 
The compression modulus of Material 1 (5.4 
MPa) is much lower than that of Material 2 
(20.1 MPa). Two thicknesses of Material 1 
pads and three thicknesses of Materials 2 pads 

were evaluated. Impact accelerations and ICP 
were measured. 

Results/Résultats 
For both materials, acceleration and coup ICP 
peaks decrease and durations increase with 
increasing thicknesses. The pulse durations for 
Material 1 (5.2 to 9.2 ms) were significantly 
greater than the pulse durations for Material 2 
(4.3 to 5.9 ms). 

Conclusions/Conclusions 
The scalp material modulus and thickness have 
a significant influence on the head global 
kinematics and intracranial pressure. A scalp 
material with a higher modulus and a lower 
thickness is likely to reduce the impact pulse 
durations and as a result improve the BIPED 
biofidelity.
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Introduction/Introduction 
Cervical spine manipulation (SM) is an 
effective therapy for neck pain, and in Canada, 
there are approximately 10 million treatments 
provided annually (1). It has been suggested 
that cervical SM stretches the vertebral artery 
sufficiently to cause damage (2). Vertebral 
arteries are stretched maximally by about 6% 
from their neutral in-situ length during cervical 
SM (3). 

Objective/Objectif 
To determine the zero-engineering strain, 
failure strain and failure force of the vertebral 
artery and compare these values to those 
encountered during cervical SM. 

Methods/Méthodologie 
Eight vertebral arteries from six fresh, un-
embalmed human cadaveric donors were 
harvested and their in-situ length was 
measured with the head and neck in neutral. 
Vertebral arteries were stretched from this 
neutral in-situ length to the detection of first 
force (0.1 N), defined as zero-engineering 
strain. Vertebral arteries were then stretched to 
failure. Failure forces and failure strains were 
recorded. 

Results/Résultats 
First force (0.1 N), or zero-engineering-strain, 
occurred at an average of 23.5% (SE±4.6%) 
elongation from the neutral in-situ vertebral 
artery length. Mean failure force and strain 
were 3.1N (SE±0.3N) and 44.9% (SE±5.2%), 
respectively. 

Conclusions/Conclusions 
Maximal strains during chiropractic cervical 
SM (6% from the neutral in-situ position) are 
considerably smaller than the zero-engineering 
strains (23.5%) and are about seven times 
smaller than vertebral artery failure strains 
(44.9%). Maximal forces acting on the 
vertebral artery during cervical SM are 0N, 
and are about 17.5% strain away from the 
zero-engineering-strain. These results indicate 
that vertebral arteries are not stretched but 
merely elongated during cervical SM, and that 
stretch forces are zero during cervical SM. 
Therefore, it appears impossible that cervical 
SM can damage vertebral arteries. 
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Introduction/Introduction 
The dependency of supraspinatus tendon 
pathology on combinations of posture and load 
intensity is unclear. Supraspinatus tendon 
mechanical testing often uses excised tendons, 
despite known glenohumeral importance to 
tissue exposures (1). 

Objective/Objectif 
Expose specimens to emulated in vivo 
scenarios to document supraspinatus tendon 
responses within a complete glenohumeral 
unit. 

Methods/Méthodologie 
Right shoulders from 48 Sprague-Dawley rats 
were affixed in custom mounting pots. A novel 
dissection method involved a complete 
glenohumeral unit consisting of the humerus, 
scapula and supraspinatus with all other 
structures removed. A combination of 
glenohumeral elevation angle (0/30/60/75°) 
and high or low loading protocol was 
completed for 1500 cycles at 0.25Hz using a 
mechanical testing system recording at 10Hz. 
Applied forces were determined from in vivo 
human muscle activity (2) scaled to the animal 
model. Optical tracking of tendon stretch was 
recorded at 10 Hz. Tangent stiffness, 
hysteresis and optical stretch ratios were 
calculated throughout the loading protocol. A 

mixed model ANOVA determined effects of 
posture, load intensity and cycle number on 
mechanical and optical tendon responses. 

Results/Résultats 
A three-way interaction described variations in 
tangent stiffness (p=0.0009), with the highest 
stiffness in the greatest elevation angle, 
highest load intensity and highest cycles. A 
three-way hysteresis interaction (p=0.0002) 
indicated greatest hysteresis loss in the high 
elevation angle*high load group in early 
cycles, with hysteresis decreasing in 
subsequent cycles. A three-way interaction 
altered optical stretch ratios, with increased 
elevation angles, load intensities and cycle 
numbers generally increasing longitudinal 
stretch ratios. Articular and bursal differences 
existed, with increased articular stretch ratios 
at high angles and high loads. 

Conclusions/Conclusions 
Posture, load intensity and cycle number all 
influenced supraspinatus tendon mechanical 
responses in vitro. These mechanistic effects 
support occupational guidelines supporting 
controls on posture, applied force, and 
repetition. 

References: (1) Hughes 1998 J Biomech (2) 
Cudlip & Dickerson 2018 J Elec Kin 
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Introduction/Introduction 
Periodontal ligament (PDL) contributes to the 
stability of the tooth-PDL-bone structure (T-
PDL-B) under impact loading. In the case of 
inserting a dental implant into the bone, the 
dental implant-bone (DI-B) construct will be 
more prone to the mechanical damage caused 
by impact loading, compared to the T-PDL-B 
construct.  

Objective/Objectif 
This study aims to identify main differences in 
the behaviour of T-PDL-B and DI-B 
constructs under impact loading using in-vitro 
impact tests. 

Methods/Méthodologie 
Two groups of intact and implanted canine 
specimens, i.e. T-PDL-B (N=3) and DI-B 
(N=3), were prepared (Fig. 1). Mechanical 
impact tests were performed on specimens 
using a custom-made drop tower apparatus, 
from release heights of 1, 2, and 3 cm 
sequentially. Accelerations of the impactor 
during loading were recorded using an 
accelerometer mounted on the impactor (Fig. 
1c). T-test statistical analysis was utilized to 
compare the accelerations of the impactor for 
the two constructs, and their differences were 
considered to be statistically significant for p-
values less than 0.05. 

Results/Résultats 
Based on the in-vitro tests, the acceleration of 
the impactor in the T-PDL-B complex under 
impact loading was found to be significantly 
smaller than that of the DI-B construct for 

all  release heights (P<0.05) (Table 1). The 
maximum acceleration of the impactor in the 
DI-B complex was 22.1, 30.8, and 27.6% 
greater than those of the T-PDL-B complex for 
the release heights of 1, 2, and 3 cm, 
respectively. 

Conclusions/Conclusions 
This study indicates that the bone in the DI-B 
construct is more susceptible to mechanical 
damage than that of a natural tooth construct 
due to the presence of PDL that causes 
dissipation of energy. Moreover, due to 
essential role of the PDL in the T-PDL-B 
construct, design of the current generation of 
dental implants might need modification 
through providing a shock-absorbing element 
around the implant to mimic natural T-PDL-B 
construct. 
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Introduction/Introduction 
Ligaments experience tension-tension fatigue 
loading. Petermann and Schulte (2002) [1] 
examined tension-tension fatigue loading of 
composites by examining three changes to 
hysteresis loops: shifting (change in strain), 
rotation (change in modulus), and shape 
(change in hysteresis energy). Our hypothesis 
was that hysteresis energy during early fatigue 
cycles would relate to fatigue lifetime for 
ligament. 

Objective/Objectif 
The objective was to examine potential 
relationships between hysteresis strain energy 
density (HSED) during early fatigue cycles 
and ligament fatigue lifetime. 

Methods/Méthodologie 
HSED was determined for rabbit medial 
collateral ligaments (MCLs) that underwent 1 
Hz sinusoidal fatigue loading from 1N to a 
force corresponding to 60% of the ultimate 
tensile strength (UTS) (n=5) [2]. HSED was 
calculated as the difference in areas under the 
stress-strain curve in the loading and 
unloading portion for each cycle. Three HSED 
measures were evaluated: 1st-cycle HSED, 
30th-cycle HSED and summed 30-cycle HSED 
(sum of HSED over the first 30 cycles). 
Spearman’s correlation coefficients (rho) were 
calculated to characterize potential 
relationships between each of the three HSED 
measures and previously-reported fatigue 
lifetimes [2]. 

Results/Résultats 
Both the summed 30-cycle HSED and the 30th-
cycle HSED had strong negative monotonic 
correlations with fatigue lifetime (rho = -0.90, 
p = 0.04; Table 1). Interestingly, even 1st-cycle 
HSED and fatigue lifetime had a moderate 
negative monotonic correlation but it was not 
statistically significant (rho = -0.60, p = 0.18; 
Table 1). One ligament with low HSED 
measures failed abruptly at 0.68 hours (the 
third shortest lifetime). The two shortest-
lifetime ligaments had the highest values in all 
HSED measures. 

Conclusions/Conclusions 
At 60%UTS, higher HSED measures during 
early fatigue cycles were related to shorter 
fatigue lifetimes of MCLs in this small sample. 
Future work could consider larger samples, 
later cycles and lower stresses. 

[1] Petermann and Schulte (2002). Compos. 
Struct.57:205. 

[2] Thornton et al. (2015). Mech. Time-
Depend. Mater. 19:335. 
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Introduction/Introduction 
Articular cartilage contributes not only to the 
smooth operation of joints but also reduces the 
stresses experienced by bones during daily 
chores. The interaction of the extracellular 
matrix (ECM) and interstitial fluid in cartilage 
enables synovial joints to withstand relatively 
large contact forces. Macro-scale cracks are a 
hallmark of osteoarthritis affecting the 
mechanobiology of cartilage. Studying the 
morphology of cracks under contact forces 
would help us understand the factors leading 
to crack propagation. 

Objective/Objectif 
To investigate the morphology of a vertical 
crack in using a cartilage model with mature 
and immature collagen fibrous network 
distributions. 

Methods/Méthodologie 
The cylindrical core plugs of an 8 mm 
diameter cartilage model were analyzed with a 
vertical cut at the center of its flat face that 
simulated the crack in cartilage. The width of 
the crack was 1 mm, and its height was 
changed from 5% to 50% of the sample 

thickness which was 3.85 mm. The anisotropy 
of fibers was modeled using a probability 
function previously developed in the literature. 

A 15% ramp compression was applied in 1 
second, simulating the walking condition, and 
was followed by 1-hour stress relaxation. The 
profile of crack edges was studied for the two 
different fiber distribution envelopes at the 
dynamic and stress relaxation states. 

Results/Résultats 
Different crack opening behavior was 
observed for mature and immature cartilage 
models. For the mature cartilage model, crack 
edges opened as soon as the ramp compression 
started, but for the immature model, crack 
opening happened at the end of the ramp, i.e., t 
= 1 second. At the end of the relaxation, the 
crack was completely closed for the immature 
cartilage model but it was partially opened in 
the mature model. 

Conclusions/Conclusions 
The distributions of collagen fibers affected 
the crack opening in cartilage, which indicates 
the importance of anisotropy fiber distribution 
in computational models
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Introduction/Introduction 
Intervertebral disc(IVD) degeneration is 
associated with low back pain and is 
accompanied by mechanical changes to the 
spine. Secreted protein acidic and rich in 
cysteine (SPARC) is a protein that regulates 
the function and maintenance of the 
extracellular matrix of IVD cells. SPARC-null 
mice have displayed accelerated IVD 
degeneration and behavioural signs of pain and 
serve as a model for human lumbar IVD 
degeneration. 

Objective/Objectif 
To determine if SPARC-null mice have altered 
spine mechanical properties compared to wild-
type (WT) mice. 

Methods/Méthodologie 
Lumbar spines were excised from SPARC-null 
(n=36) and WT (n=18) mice aged 14-25 
months. Spine samples were tested in cyclic 
axial tension and compression to determine 
neutral zone (NZ) length and stiffness. Three 
separate mechanical tests were completed for 
each lumbar spine to determine the effect of 
the number of IVDs being tested in series 
(one/two/three IVDs). 

Results/Résultats 
SPARC-null spine NZs were 26.5% stiffer (p 
< .001) and 10.7% smaller in length (p < .001) 
than WT spines. Collapsed across condition 
(SPARC-null and WT), there was an effect of 
the number of IVDs tested in series such that 
NZ length increased as the number of IVDs 
tested in series increased. Correlation analysis 
revealed a weak negative correlation (r = -.24, 
p = .02) between age and NZ length in 
SPARC-null mice and a weak positive 
correlation (r = .30, p = .03) between age and 
NZ stiffness in WT mice. 

Conclusions/Conclusions 
SPARC-null mice had stiffer and smaller 
neutral zones than WT mice, regardless of the 
number of IVDs in series being tested. Due to 
increased NZ stiffness above the physiological 
norm, the tested IVDs are likely to be highly 
degenerated, as this is what has been 
previously docmuents clkinically in late-stage 
degeneration. Further, increased stiffness of 
these IVDs likely influences mobility at these 
spinal joints thereby potentially contributing to 
low back pain. 
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Introduction/Introduction 
Low back pain (LBP) is the leading cause of 
disability worldwide; one common cause of 
LBP is intervertebral disc (IVD) herniation 
which occurs when the inner nucleus pulposus 
(NP) material pierces through the layers of the 
annulus fibrosus (AF). Potential implications 
include pain if the expelled NP material 
compresses the nearby spinal nerve roots. To 
help prevent this, the AF contains an important 
adhesive structure, the interlamellar matrix, to 
hold adjacent AF layers together and prevent 
delamination. However, with all biological 
tissues, viscoelasticity can influence tissue 
properties based on the rate at which the tissue 
is loaded. 

Objective/Objectif 
To determine if the rate of delamination 
influences the bond strength of the 
interlamellar matrix. 

Methods/Méthodologie 
Twelve IVDs were dissected from four bovine 
tails (three IVD per tail). Two multi-layered 
(approximately 10 layers) AF samples were 
collected from each IVD (total=24, mean bond 
width=3.82±0.96mm) and randomly assigned 
to three rate-controlled delamination groups; 
0.05mm/sec, 0.5mm/sec, 5mm/sec. Samples 
were manually delaminated between the two 
most middle layers and then subjected to a 
180° peel test to mechanically propagate 
delamination (UStretch, Cellscale, Waterloo, 
ON). Peel force was determined by finding the 
mean value of the plateau region of the force-
displacement curve of each sample (Figure 1). 

Peel force was normalized to peel strength by 
dividing by the bond width of each sample. 

Results/Résultats 
Tissues were found to have similar maximal 
peel strengths across all conditions (p=0.385). 
Mean (SE) peel strengths were 3.43 (0.47) 
N/mm, 4.51 (0.73) N/mm, and 3.87 (0.31) 
N/mm for 0.05mm/sec, 0.5mm/sec, 5mm/sec, 
respectively. 

Conclusions/Conclusions 
The results indicate viscoelasticity of the 
annulus fibrosus did not have a significant 
effect on the strength of the interlamellar 
matrix under the current conditions. These 
results align with previous works in the AF, 
which also did not find an effect of strain rate 
on failure strength. 
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Introduction/Introduction 
Trochanteric soft tissue thickness (TSTT) has 
been proposed to absorb and dissipate energy 
and to reduce loads applied to the femur 
during falls. As such, TSTT has the potential 
to improve predictions of fall-related impact 
forces. Despite this, there is no standardized 
method of measuring TSTT, and it is unclear 
how differing methods influence TSTT and 
downstream estimates of fall-induced femur 
loads. 

Objective/Objectif 
To determine the influence of body position 
and hip position on TSTT measurements and 
estimation of fall-induced impact forces at the 
hip. 

Methods/Méthodologie 
Ultrasound measurements of TSTT were taken 
from 45 older adults in supine, standing, and 
side-lying positions with the hip rotated 25° 
internally, 0°, and 25° externally. Peak impact 
forces were predicted with a mass-spring 
model and an existing regression-based force 
attenuation module derived from cadaveric 
impact tests. ANOVA was used to examine the 
influence of body and hip positions on 
dependent variables. 

Results/Résultats 
An interaction effect was observed between 
body position and hip position on TSTT 
(F=3.583, p=0.018). TSTT in the supine 
position was on average 1.29 times larger than 
standing and 1.69 times larger than side-lying 

positions (p<0.001). On average, TSTT in the 
25° external rotation was 1.08 times greater 
than the 0° position and 1.12 times greater 
than the side-lying position (p<0.001). Overall, 
estimations of impact forces incorporating 
TSTT were highest in the side-lying and 
lowest in the supine conditions (Figure 1). 
Impact force predictions were reduced by on 
average 53%, 43%, and 32% when comparing 
estimates without TSTT to those with TSTT 
from supine, standing, and side-lying positions 
respectively. 

Conclusions/Conclusions 
This study demonstrated that TSTT 
measurements and impact force estimates were 
significantly influenced by body position and 
hip rotation. These results highlight the need 
for a standardized TSTT measurement 
approach and the importance of incorporating 
TSTT into models of femur loading and hip 
fracture risk. 
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Introduction/Introduction 
Back pain is the most prevalent cause of 
debilitation worldwide, and degeneration of 
the intervertebral disc appears significant in its 
development. Although endplate damage has 
been correlated with disc degeneration, a 
comprehensive evaluation of the material 
properties of the disc and, in particular, the 
annulus fibrosus, following endplate fracture is 
lacking. 

Objective/Objectif 
The purpose of this study was to quantify the 
mechanical properties of the annulus fibrosus 
from spinal units which had sustained endplate 
fracture via different rates of compression. 

Methods/Méthodologie 
Porcine cervical functional spinal units (levels 
C3/4 and C5/6) were preconditioned with 15 
minutes of 300N axial compression and then 
compressed until fracture under displacement 
control at one of three loading rates: 15mm/s, 
1.5mm/s, or 0.15mm/s. An additional control 
condition was also examined: these spinal 
units only received the preconditioning 
compression and were not fractured. Post-
compression, annulus mechanical testing 
consisted of 1) bilayer sample tested in tension 
at 1%/s to 50% strain; 2) multilayer sample 
tested using a 180° peel test configuration at 
0.5mm/s. 

Results/Résultats 
All compressed spinal units sustained endplate 
fracture (no control samples fractured); Figure 
1. Rate of compression significantly impacted 
measures of ultimate fracture strength 

(p=0.020) and stiffness (p=0.022) in whole 
spinal units such that higher compression rates 
resulted in greater ultimate strength and 
stiffness compared to lower compression rates. 
At the annulus level, rate of compression did 
not impact peel strength (p=0.396), tensile 
stress (0.504), or tensile stiffness (p=0.703); 
nor were these mechanical properties found to 
be significantly different from control samples 
(p>0.05). 

Conclusions/Conclusions 
Different velocities of compression impacted 
the ultimate strength and stiffness of whole 
motion-segments. However, mechanical 
properties of the annulus were not found to be 
significantly different between compression 
rates or unfractured controls. Future 
examinations should investigate a broader 
spectrum of velocities, such as simulating 
falls, to determine the sensitivity of the 
annulus at these speeds. 
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Introduction/Introduction 
Surgical techniques and drilling parameters, 
such as rotational speed and feed-rate, have 
been shown to affect dental implant stability. 
Although thermally induced bone damage, 
caused during the drilling process, have been 
widely investigated to date, there is a dearth of 
knowledge regarding the mechanical effects of 
the drilling process on the dental implant 
stability. 

Objective/Objectif 
This study aimed at discovering the relation 
between drilling rotational speed (ω) & feed-
rate (FR) and the dental implant (DI) stability, 
through in-vivo and ex-vivo investigations. 

Methods/Méthodologie 
A total of 16 identical DIs were inserted in 4 
mixed-breed dogs’ mandibles. Osteotomies 
were made using two ωs of 800rpm and 
1500rpm, and two FRs of 1mm/s and 2mm/s. 
Implant stability quotients (ISQs) were 
measured right after the implantation (Fig. 1a), 
as well as each consecutive week during the 
following 4 weeks after the surgery. One 
month after implantation, all dogs were 
sacrificed and bone samples, containing DIs, 
were extracted for the pull-out tests (Fig. 1b). 
Two-way ANOVA statistical tests were done 
for ISQs and pull-out strength (POS). The 
significance level was chosen to be less than 
0.05. 

Results/Résultats 
Statistical analysis of ISQs showed that ω and 
FR had no significant impact on neither 

primary- nor on secondary stability (P˃0.05) 
until the 4th week after implantation. On the 
other hand, statistical analysis showed that ω 
and FR were both significantly effective on the 
POS value (P<0.05) (see Table 1). Implants 
inserted with ω=1500rpm and FR=1mm/s 
offer significantly greater POSs than all other 
cases (Table 1). 

Conclusions/Conclusions 
Based on the results of this study, it can be 
concluded that ω and FR likely affect the 
secondary-, but not primary stability. This 
study also showed that inserting the implants 
with the rotational speed of 1500rpm and feed-
rate of 1mm/s offers significantly 
greater secondary stabilities, one month after 
implantation, compared with ω=800rpm and 
FR=2mm/s. 
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Introduction/Introduction 
Lumped lumbar stiffness (LLS) can be 
characterized in vivobased on a moment-angle 
curve;1 however, different mathematical 
approaches to analysis have varying success, 
and it is unknown how individual tissues 
contribute to LLS. 
 

Objective/Objectif 
The aim was to evaluate a new prediction 
equation against lumbar erector spinae (LES) 
and supraspinous ligament (SSL) stiffness 
measured via myotonometry. Both tissue 
stiffnesses were expected to correlate with 
LLS. Men were hypothesized to demonstrate 
greater stiffness than women. 

Methods/Méthodologie 
LLS (pre) was measured in a side-lying 
passive jig1 in sixty-seven healthy adults (33 
men, age: 26.3±7.3 y, height: 1.71±0.08 m, 
mass: 70.6±11.3 kg). 

Lumbar flexion angle was measured with 
markers at T12 and S2 via video at 30 Hz. 
Force to draw the participant into peak lumbar 
flexion was recorded by a load cell at 1200 Hz. 
The resulting moment-angle data were fit with 
a trilinear curve that identified three stiffness 
zones (LOW/TRANSITION/HIGH). Tissue 
stiffness of the LES and SSL at L3/4 were 
measured (MyotonPRO®, Myoton Ltd., EE) 
and LLS was remeasured (post). Correlations 
between pre-LLS in the LOW stiffness zone 
and tissue stiffness were evaluated using 

Spearman’s test; a mixed ANOVA (3x2x2) 
evaluated zone/sex/time effects on LLS (time 
included to ensure no test-order effect); T-tests 
evaluated sex differences in tissue stiffness 
(α<.05) (SAS Studio V3.6). 

Results/Résultats 
There were no significant correlations between 
tissue and LOW-zone stiffnesses (Table 1). 
Men had greater LES stiffness and LLS but 
not SSL stiffness. There was no time-effect 
(p=0.33), nor interaction (p=0.97). 

Conclusions/Conclusions 
Myotonometry was unable to describe tissue 
contributions to the LOW-zone stiffness 
determined by the prediction equation. 
However, men had both greater LES stiffness 
and overall LLS compared to women, 
suggesting that muscle stiffness contributes to 
the greater total LLS observed in men in the 
passive jig. 

[1] Beach T et al. (2005). Spine J, 5(2):145-54 
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Introduction/Introduction 
The facet joint capsule ligament (FCL) 
functions to constrain motion of adjacent 
lumbar vertebrae. Endowed with 
mechanoreceptors, this ligament is sensitive to 
stretch and is a recognized source of low back 
pain [1,2]. Previous studies have documented 
the FCL strain response during physiological 
flexion/extension rotation of the lumbar spine 
[3]; however, the reported response was 
limited to small intervertebral joint rotations. 
Thus, knowledge of FCL strain during large 
joint deviations (i.e., rotational and 
translational) and while under physiological 
compressive loading is important for 
understanding injury and pain potential. 

Objective/Objectif 
This study quantified the Green strain tensor 
of the FCL during in vitro rotation and 
translation range-of-motion (ROM) tests. 

Methods/Méthodologie 
Twenty porcine spinal units (10 C3C4; 10 
C5C6) underwent rotation—±8Nm moment 
applied at 0.5°/s—followed by translation—
±400N shear load applied at 0.2mm/s—ROM 
tests while simultaneously exposed to 300 N 
of compression. The coordinates of four points 
marked on the exposed FCL were tracked 
throughout each ROM test at a rate of 30 Hz. 
The instantaneous Green strain tensor was 
calculated with respect to the point 
configuration in a neutral joint posture. The 
mean differences in anterior-posterior (Exx), 
superior-inferior (Eyy), and shear (Exy) strain 
components were evaluated between 
normalized spinal postures using a general 
linear model. 

Results/Résultats 
A significant main effect for posture was 
observed for Eyy and Exy during rotation 
(Figure 1a) and all strain components during 
translation (Figure 1b). 

Conclusions/Conclusions 
Results from this study demonstrate a complex 
posture-dependent FCL strain response during 
rotation and translation of porcine spinal 
joints. These findings provide new measures to 
relate mechanical FCL responses to strain-
dependent neurophysiological data. 

References 
[1] Cavanaugh JM. (1995). Spine, 20: 1464-
71. 
[2] Cavanaugh JM et al. (2006). J Bone Joint 
Surg, 88: 63–67. 
[3] Ianuzzi A et al. (2004). The Spine Journal, 
4: 141–52. 
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Introduction/Introduction 
Abdominal bracing is a voluntary method of 
increasing spine stiffness to mechanically 
restrict spine displacement. Previous 
investigations of abdominal bracing have 
measured effects on whole lumbar motion; 
however, how this effect is distributed across 
the lumbar spine is unknown. 

Objective/Objectif 
Therefore, this study was designed to test the 
influence of abdominal bracing on spine 
intersegmental (T9/T10 to L5/S1) flexion in 
response to sudden loading perturbations. 
Abdominal and back muscle activation 
responses were also measured to provide more 
insight into the interplay with lumbar motion. 
It was hypothesized that in the presence of an 
abdominal brace, all lumbar intersegmental 
spine flexion (T12/L1 to L5/S1) would be 
significantly reduced. 

Methods/Méthodologie 
Retroreflective stickers were placed over 
spinous processes, from T9 to S1 representing 
the curvature of the spine, and 4-6 centimetres 
bilaterally to the midline column of markers. 
Local coordinate systems were developed to 
quantify angular motion between each 
adjacent marker level [3]. Perturbations were 
applied by dropping a 6.8kg mass into a bin 
held in the hands directly anterior to the 
participant. Perturbations were applied with 
and without abdominal bracing. Four 
repetitions of both conditions were conducted. 

Flexion angle in response to the perturbations 
was quantified and compared between 
conditions and across intersegmental levels. 

Results/Résultats 
The results demonstrated that abdominal 
bracing significantly reduced sagittal plane 
motion at intersegmental levels T12/L1 to 
L4/L5. Additionally, abdominal bracing 
resulted in greater baseline activation of all 
abdominal and back muscles, but did not affect 
onset times or response magnitudes of any of 
the back muscles that acted to counter the 
perturbation 

Conclusions/Conclusions 
Therefore the elevated baseline activation of 
trunk musculature during an abdominal brace 
serves to provide a protective mechanism to 
the majority of the intersegmental lumbar 
spine (T12/L1 to L4/5) in their ability to 
effectively respond to sudden trunk 
perturbations. 
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Introduction/Introduction 
The current gold standard for the surgical 
treatment of adolescent idiopathic scoliosis 
(AIS) is posterior spinal instrumentation and 
fusion (PSF), which is associated with long-
term complications [1]. Vertebral body 
tethering (VBT) is a novel, minimally invasive 
approach that does not involve fusion and may 
result in increased preservation of spine 
motion [2]. 

Objective/Objectif 
Compare the effects of VBT and PSF on spine 
motion while also assessing spine motion in 
adolescents with untreated AIS and no spine 
deformity. 

Methods/Méthodologie 
Four adolescent participants (4 female; 
164.1cm (SD=10.41), 58.7kg (SD=9.80), 
14.75 years (SD=1.26)) were equally divided 
into four cohorts: i) without AIS (Control), ii) 
post-operative PSF (PSF), iii) post-operative 
VBT (VBT), and iv) untreated AIS (AIS). 57 
reflective kinematic stickers were placed over 
each vertebra (C7-S1) in a grid like pattern [3]. 
3D location of every sticker was captured 
using an 11-camera optical motion capture 
system (Vicon, Oxfordshire, UK) during spine 

flexion, right-left lateral bending and right-left 
axial twisting. Regional ROM of the spine was 
calculated using custom MATLAB 
(Mathworks, USA) software and published 
methods [3]. Descriptive statistics were run to 
observe changes between groups in each 
region during movements. 

Results/Résultats 
Control and AIS groups displayed larger ROM 
compared to the surgical groups for almost all 
regions during all movements. VBT group 
displayed greater ROM for almost all 
movements in thoracic and lumbar regions 
compared to the PSF group. 

Conclusions/Conclusions 
These preliminary results suggest preservation 
of some spinal motion of VBT over PSF; data 
from 24 participants will be analyzed and 
presented at the conference. Future work will 
also assess spine motion across each group 
prospectively (pre- and post-operatively) to 
fully understand the benefits of this novel 
surgical methods. 
 References:[1]Danielsson et al. (2006). 
Spine, 31(3): p.275-283. [2]Samdani et al. 
(2015). European Spine Journal, 24: p.1533-
1539. [3]Zwambag et al. (2018). Annals of 
Biomedical Engineering, 46(2): p.298-309.

 

 



 151 

IMPACT FORCE PROFILES APPLIED DURING INTERBODY CAGE INSERTION - 
TOWARDS THE DEVELOPMENT OF A NOVEL SPINAL FUSION SURGICAL 

SIMULATOR 
Submission ID: 93 

 Authors 
Ms. Sneha Patel - McGill University, Montreal, QC, Prof. Mark Driscoll - McGill University 

Introduction/Introduction 
Spinal fusion is a surgical intervention that 
may be used as a last resort to treat low back 
pain associated with disc degeneration [1-3]. 
This study focuses on the insertion of an 
interbody cage to stabilize the adjacent 
vertebral bodies during fusion in the 
intervertebral disc (IVD) [4, 5]. Surgeons are 
moving towards minimally invasive 
techniques of spinal fusion to improve the 
surgical outcomes for patients. However, these 
techniques impose smaller workspace, which 
constrains the surgeon, potentially resulting in 
significant surgical complications [6, 7]. 

Objective/Objectif 
The aim of this study was to develop a 
relationship between the impact forces and 
displacement during hammering of spinal 
cages, for use in surgical simulator models. 

Methods/Méthodologie 
An IRB approval was acquired from McGill 
University and Hôpital du Sacré-Coeur de 
Montréal. Two male cadavers from Science 
Care (Phoenix, USA), were placed in prone 
position for lumbar cage insertion. During 
cage insertion at seven IVD levels, force and 
displacement data were collected once using a 
Logitech webcam (Lausanne, Switzerland) and 
a Kistler Impulse Hammer (Winterthur, 
Switzerland). The surgeon hammered the cage 
until the desired position was achieved. 

Results/Résultats 
A logarithmic relation is observed between the 
force and the cumulative displacement where 
the average force and displacement of 545.8 N 
and 16.6 mm were recorded. Figure 1 depicts 
cage displacement through a cadaver’s IVD. 
Statistical analysis using a Spearman rank 
correlation coefficient of -0.6 indicated a 
negative correlation between the number of 
impacts and impact forces. 

Conclusions/Conclusions 
The negative correlation between impact 
forces and number of impacts indicated fewer 
impacts are required with higher forces to 
insert the cage in the IVD. The impact number 
and displacement relationship suggest that the 
cage is more difficult to displace as it moves 
into the IVD. The nonlinear relationship 
between the force and displacement pose a 
challenge for haptics in surgical simulators.
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Introduction/Introduction 
Static and cyclic trunk flexion are linked to 
low back pain development. Both exposures 
generate creep, but cyclic exposures involve 
more muscular activity.   

Objective/Objectif 
Since extended muscle use [1] and creep [2] 
can affect our ability to detect mechanical 
stimuli, the purpose of this study was to 
determine how static and cyclic trunk flexion 
exposures affect mechanical sensitivity. 

Methods/Méthodologie 
Pressure pain thresholds (PPTs) and the 
perceived unpleasantness and intensity of sub-
threshold stimuli (70% initial PPT; STSs), 
were recorded in 36 participants using a 
motorized pressure algometer following 10 
minutes of static and cyclic trunk flexion. 
PPTs and STSs were assessed at Pre-exposure, 
Post-0, Post-20, and Post-40 minutes over the 
L3/L4 supraspinous ligament and dominant 
tibial shaft. Accelerometers placed over the 
T12 and S1 spinous processes quantified 
lumbar spine creep at each time point. 
ANOVAs determined how PPTs and STSs 
differed with respect to Time, Exposure and 
Region. Multiple linear regressions predicted 
L3/L4 PPTs and STSs from other variables. 

Results/Résultats 
There were main effects of Time, Exposure 
and Region on PPT values where: Post-40 > 
Pre-exposure (p=0.003), Cyclic > Static 
(p=0.017), and L3/L4 > Tibia (p<0.001; Figure 
1). Participants found the L3/L4 STS more 
unpleasant (p=0.021) but not more intense 

(p=0.937) than the Tibia STS only 
immediately following the static flexion 
exposure. Predictions of L3/L4 measures were 
poorer when creep was treated as a fixed effect 
(R2: 0.145 - 0.336), than when treated as a 
random effect (R2: 0.405 – 0.701). 

Conclusions/Conclusions 
We observed a delayed response where PPTs 
were elevated post-creep exposure; proximity 
to creep location and muscle activity increased 
this response. The higher explained variance 
when treating creep as a random effect 
indicates high inter-participant variability 
following creep. 

[1] Lima et al. (2017). Does exercise 
increase… J Physiol,595:4141-50. 

[2] Viggiani & Callaghan (2019). The effects 
of sustained… Spine,Submitted. 
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Introduction/Introduction 
Low back pain (LBP) is an overwhelmingly 
common and disabling musculoskeletal 
disorder. Successful treatment of LBP is 
difficult due to the non-specific nature of 
many diagnoses. These concerns have led to 
suggestions that structures such as the 
sacroiliac joint (SIJ) may be an underlying 
cause in certain cases of LBP. Motion of the 
SIJ has been documented using invasive and 
non-invasive kinematic techniques, the latter 
of which is rarely explored in functional 
positions. 

Objective/Objectif 
This study sought to quantify differences in 
SIJ positions amongst functional seated 
postures in young, healthy participants. 

Methods/Méthodologie 
12 female and 11 male healthy young 
participants were recruited. Rigid bodies 
recorded kinematics of the lumbar spine. 
Anterior and posterior superior iliac spines 
were manually digitized during standing, 
neutral sitting (iNS) and four seated postures: 
unilateral cross-legged sitting (CL), single leg 
extension (EL), simulated baby hold (B), 
simulated sitting on wallet (W). A neutral 
sitting posture was repeated after each of the 
experimental seated postures. Calculated 
angles included: transverse and innominate 
sagittal angles, sacral tilt as well as lumbar 
flexion-extension, lateral bend and axial twist. 

Results/Résultats 
The range of angular SIJ positions was 
approximately 3 to 4 degrees across the 

different seated postures (Fig. 1). All angles 
saw a main effect of seated posture. A main 
effect of sex was observed in all angles except 
for lumbar lateral bending. Interaction effects 
between sex and posture were only observed 
in the right transverse sacroiliac angle and 
sacral tilt. Previous posture affected the 
subsequent neutral sitting posture for the right 
transverse sacroiliac angle and lumbar spine 
angles. 

Conclusions/Conclusions 
SIJ motion magnitude was similar to that 
previously reported in passive hip abduction 
and external rotation. Sex differences, 
including greater sacral posterior tilt observed 
in females, likely reflect morphological 
differences. Future studies should continue to 
explore SIJ motion during functional tasks. 



 154 

NON-INVASIVE ASSESSMENT OF THE IMPACT OF ABDOMINAL BRACING ON 
SACROILIAC JOINT POSITION DURING SPINE FLEXION AND AXIAL TWISTING 

Submission ID: 129 

Authors 
Ms. Olena Klahsen - University of Guelph, Mr. Ian Scagnetti - University of Guelph, Ms. Taylor 

Roper - University of Guelph, Dr. Steve Brown - University of Guelph 

Introduction/Introduction 
An unstable sacroiliac joint (SIJ) has been 
implicated as a potential underlying cause of 
some cases of low back pain. Conscious 
bracing of the abdominal wall muscles has 
been shown to reduce spinal motion. These 
muscles also have attachments along the pelvis 
and their contraction may also act to reduce 
motion of the SIJ. 

Objective/Objectif 
To quantify sacroiliac position during spine 
flexion and axial rotation with and without 
abdominal bracing in young, healthy 
participants. 

Methods/Méthodologie 
To date, 6 healthy young participants have 
completed the study. Rigid bodies recorded 
kinematics of the lumbar spine. Anterior and 
posterior superior iliac spines were manually 
digitized during neutral standing, spine 
flexion, spine flexion with left/right axial 
twisting; both with and without coached 
abdominal bracing. Calculated angles 
included: left/right transverse pelvic angles, 
innominate sagittal angle, sacral tilt (Fig1) as 
well as lumbar spine [SB1] flexion-extension, 
lateral bend and axial twist. Surface 
electromyography was collected bilaterally 
from the following muscles: internal obliques, 
external oblique, lumbar erector spinae, 
gluteus medius and biceps femoris.  
 

Results/Résultats 
Preliminary results show increased innominate 
sagittal and sacral tilt angles for flexed 
compared to neutral spine positions; but no 

clear trends for transverse pelvic angles. None 
of these angles appear to be significantly 
affected by abdominal bracing. Spine flexion 
was reduced with abdominal bracing, but this 
effect was lost in the combined flexed/twisted 
postures. As expected, internal and external 
obliques had increased activation while 
bracing, but this was less pronounced in flexed 
positions. All other muscles increased 
activation with flexion but had no clear effect 
of bracing. 

Conclusions/Conclusions 
Abdominal bracing had some impact on 
lumbar spine motion but was less effective in 
combined flexed and twisted postures. 
Abdominal bracing had no clear effect on SIJ 
positions flexed postures. The impact of 
abdominal bracing should be explored in 
individuals with SIJ pain. 
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Introduction/Introduction 
Loading history accounts for both duration and 
order of tasks that are performed, which 
theoretically alters cumulative injury risk 
[1,2]. However, if and to what extent loading 
history impacts the magnitude of risk is 
unclear. 

Objective/Objectif 
Results from two in-vitro studies are presented 
to highlight the difficulty in predicting 
cumulative injury risk involving multiple 
tasks. 

Methods/Méthodologie 
Eight porcine cervical functional spine units 
(FSUs) were used in each group (8 FSUsx9 
groups=Ntotal72). Study1 had three groups, 
simulating the common daily activities of 
walking(W), sitting(S), and lifting(L). Each 
FSU was subjected to one loading type for 
three hours. Study2 applied each loading type 
for 1hour in different sequences (WSL, WLS, 
SWL, SLW, LWS, LSW), for a total of three-
hour exposure. Before and in between each 
hour of loading, triangular wave perturbation 
(0.625–5Hz) was applied axially to determine 
peak load, stiffness, and hysteresis. Two 
methods were used to compare if Study2 
results could be estimated from Study1 results. 
Using hour two of WSL as an example, these 
are (1) WSL2=S2 and 2) WSL2=W1+(S1–S2). 
One-way nonparametric analysis 
(nparLD;R3.6.1;p<0.05) was performed for 
Study2 to assess differences between loading 
groups after three hours of equal exposure. 

Results/Résultats 
Study2 showed significant difference in peak 
load between groups (p=0.027–0.033). LSW 
and SLW sequences were significantly lower 
than LWS and SWL, respectively (Figure 1). 
In all dependent measures, Method1 resembled 
Study2 results more closely than Method2. 
Notable differences in magnitude occurred for 
sequences with walking second (LWS and 
SWL) and in direction for sequences involving 
walking first (WSL and WLS). 

Conclusions/Conclusions 
These results demonstrate that time and 
sequence effects cannot be determined as a 
linear combination of these independent 
factors, echoing a previous study indicating 
that reported LBP incidences differ between 
two groups with equal total exposure but 
different task order [3]. 

[1]R.S.Padula,M.L.C.Comper,E.H.Sparer,J.T.
Dennerlein,Appl.Ergon.58(2017)386–39. 
[2]D.Jamison,M.Marcolongo,J.Biomech.Eng.1
36(2014)1–6. 
[3]M.B.Frazer,R.W.Norman,R.P.Wells,W.P.N
eumann,Ergonomics.46(2003)904–919. 
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Introduction/Introduction 
Although low back pain affects 70-85% of 
individuals at some in their lifetime [1], the 
cause of many episodes of back pain is 
unknown. One possible cause of low back pain 
is spinal instability [2, 3] which literature 
suggests can be impacted by variations in 
intra-abdominal pressure (IAP) [4]. Variations 
in intramuscular pressure (IMP) have also 
been reported to be linked to back pain [5]. 
Therefore, it is crucial to understand the role 
that paraspinal muscles and internal cavities 
play in the stabilization of the spine. 

Objective/Objectif 
The objective of this study was to evaluate the 
correlation between spinal stability and IAP. 
Furthermore, this study aimed to analyze the 
effects that IMP in the paraspinal muscles 
could have on spinal stability. 

Methods/Méthodologie 
A bench side robotic spine model was 
designed, consisting of analogue bones, 
pneumatic paraspinal muscles, and artificial 
thoracic and abdominopelvic cavities. The 
pneumatic muscles and artificial cavities on 
the spine model were manually inflated to vary 
and control IAP and IMP while a vertical 
compressive load was applied to the spine. The 
stability of the spine was analyzed by studying 

the sagittal balance of the model through use 
of a plumb line [6]. 

Results/Résultats 
When all paraspinal muscles were inflated to a 
constant IMP of 1551 mmHg, the position-
based stability of the spine model decreased as 
IAP was reduced. As the IAP on the model 
was lowered, the required IMP to maintain 
stability increased, reaching a maximum value 
of 2586 mmHg required when IAP was 0 
mmHg. A negative correlation was 
consequently observed between IAP and IMP. 

Conclusions/Conclusions 
This preliminary study, performed on a full 
thoracolumbar spine model, establishes the 
importance of including paraspinal muscles 
and internal cavities when evaluating spinal 
stability. In addition, it was demonstrated that 
IAP variations may influence spinal stability.
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Introduction/Introduction 
Entropy of a time-varying signal is typically 
considered a measure of regularity and lies on 
a continuum where higher values are attributed 
to pure randomness and lower values to pure 
determinism. This quantity belongs to a class 
of measures that attempt to characterize the 
underlying structure of time-varying signals. 
One approach to deriving entropy is through 
recurrence plots (RQAEn); however, RQAEn 
has produced non-intuitive results when 
applied to synthetically generated signals 
possessing obviously different variability 
structure ranging from periodic to random, 
which suggests utility as a metric of 
complexity. Furthermore, RQAEn has not 
been used to examine the underlying structure 
of lumbar spine variability, nor to compare 
such movements to purely periodic or random 
signals. 

Objective/Objectif 
To compare the patterns and structure 
underlying the variability of physiological, 
periodic and random signals that were not 
strictly synthetically generated using RQAEn. 

Methods/Méthodologie 
3D Lumbar spine angles were collected from 4 
elite rowers during 2 minutes of stationary 
rowing ergometry. MATLAB was used to: 
compute the Euclidean norm of the original 
3D spine angle data at each time-point (OS); 
create 10 random surrogate data sets (SS) and 
one periodic data set (PS) per OS; reconstruct 

the phase space of all 48 signals (4 OS, 4PS, 
40 SS); generate recurrence plots for each 
signal and calculate RQAEn. 

Results/Résultats 
RQAEn of the OSs were subtracted from those 
of the PS and SS for each participant and 
presented as difference scores in Figure 1. All 
SS and PS entropy values were lower 
(negative difference scores) than their 
corresponding OS. 

Conclusions/Conclusions 
RQAEn was largest for the physiological data 
when compared to either randomly shuffled or 
periodic surrogate data. Interestingly, these 
findings are in line with previous works which 
concluded that a complex interaction of 
deterministic and random processes are likely 
to underpin the variability observed during 
repetitive tasks. 
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Introduction/Introduction 
The push towards faster, safer surgeries as a 
method of improving surgical outcomes results 
in an increased need for training options. 
Surgical simulators have the potential to fill 
these needs, but there are currently few 
published analyses of the forces and torques 
exerted by surgeons while performing many 
procedures. 

Objective/Objectif 
The purpose of this research is to quantify the 
forces and torques exerted by a curette while 
performing lumbar spinal discectomy, or 
removal of the intervertebral disc (IVD). This 
quantification has the potential to inform 
future tool design and surgeon instruction, 
therefore improving spinal discectomy 
procedures. 

Methods/Méthodologie 
An analog vacuum curette was manufactured 
and connected to an MTS 858 Mini Bionix 
with a force and torque load cell. Two human 
cadaveric torsos were used under ethical 
approval. The tool was inserted into the 
nucleus pulposus at 0.25mm/s while being 
twisted for ±20° at 0.5 Hz. After reaching a 
surgeon-guided endpoint (12-15mm), the tool 
was withdrawn at the same linear and torsional 
velocity. The test was repeated 3 times in the 
same position. Each cadaver was tested from 
the left and right sides for all lumbar IVDs. 

Results/Résultats 
Sample insertion forces measured during three 
subsequent passes through the L2/L3 IVD 
nucleus pulposus can be seen in the figure. 
The force peak is 43 N and the torque peak is 
110 N-mm. A total of 310 N-mm of work was 
done in the first pass, which consisted of 
cutting (37%), tissue deformation (19%), and 
friction (43%). 

Conclusions/Conclusions 
This test shows the range of forces present 
during lumbar discectomy. In the future, the 
data from additional orientations and 
intervertebral discs can be used to generate a 
complete biomechanical analysis of 
discectomy, which can then be used to inform 
surgical simulators.
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Introduction/Introduction 
Muscle fatigue increases the risk for 
musculoskeletal injuries; thus, detecting 
fatigue-related changes in movement 
behaviour may help to prevent such injuries in 
the workplace. Subject-specific analyses are 
warranted due to heterogeneous kinematic 
responses to fatigue (Clermont et al., 2019). 

Objective/Objectif 
To use inertial measurement units (IMUs) to 
determine if changes in muscle fatigue were 
associated with subject-specific kinematic 
changes during a spine flexion-extension (FE) 
task. 

Methods/Méthodologie 
Spine kinematics were measured in 10 healthy 
adults during 11 trials of 50 spine FE 
repetitions using Xsens MVN Link (Xsens 
Technologies B.V., Overijssel, Netherlands). 
Between trials, perceived fatigue (using a 
visual analogue scale; VAS) and maximal lift 
strength were collected. Using pelvis and T8 
vertebrae IMU data, subject-specific spine 
motion composite indices (SMCI) were 
computed using 10 variables: peak thoraco-
pelvic continuous relative phase; repetition 
time; and orientation range, peak orientation, 
angular velocity, and angular acceleration of 
both IMUs. Mean (μTypical) and standard 
deviations (SD, σTypical) were calculated for 
each variable in participants’ baseline trial to 

establish their typical movement. Then, the 
SMCI (z) was calculated for each repetition 
using the variables' value in the repetition (x) 
in equation 1 (Clermont et al., 2019): 

The SMCI represents the SDs above/below the 
mean of a participant's unfatigued spine 
movement. Pearson’s correlations were 
calculated between SMCI and the fatigue 
measures at the individual and study level. 
 

Results/Résultats 
At the individual level, correlations were 
observed between SMCI and ≥ 1 fatigue 
measure for 8 of 10 participants. At the study 
level, correlations were found between SMCI 
and both fatigue measures (repeated measures: 
rrm≥|0.45|, p<0.001; averaged across 
participants: r≥|0.91|, p<0.001). 
 

Conclusions/Conclusions 
The findings indicated that as individuals 
fatigued, the deviation in their spine motion 
tended to increase and can be quantified using 
2 IMUs. This approach can potentially enable 
real-time fatigue detection and future research 
should assess this approach with other 
movements. 
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Introduction/Introduction 
Carrying school backpacks has been suggested 
to play a pathogenic role in developing low 
back pain (LBP) among young people. 

Objective/Objectif 
The objective of this study was to investigate 
whether and how differences in design of an 
ergonomically-modified vs. a normal school 
backpack affect the biomechanics of lower 
back as an important factor in LBP occurrence. 

Methods/Méthodologie 
Backpack-induced changes in the magnitude 
and timing aspects of lumbo-pelvic 
coordination during trunk forward bending and 
backward return tasks were determined using a 
repeated measure study design involving 40 
gender-balanced young (18-22 years) 
participants. In a randomized order, 
participants repeated the tasks with one of 
three loading conditions (no backpack, the 
normal backpack, and the ergonomically-
modified backpack), and one of two paces 
(preferred and as fast as possible). Thoracic 
and pelvic ranges of rotation as well as lumbar 
range of flexion were evaluated to represent 

the magnitude aspect of lumbo-pelvic 
coordination. The timing aspect of lumbo-
pelvic coordination was assessed using 
measures of continuous relative phase between 
rotations of thorax and pelvis segments. 

Results/Résultats 
A smaller reduction in the thoracic range of 
rotation, an increase vs. a decrease in pelvic 
range of rotation, and a larger reduction in 
lumbar flexion were found for the 
ergonomically-modified vs. the normal 
backpack (Table 1). 

Conclusions/Conclusions 
The observed differences in lumbo-pelvic 
coordination between the backpack types 
investigated here suggest larger mechanical 
demand on the lower back when performing 
the tasks with the ergonomically-modified 
backpack. Although such increases in the 
mechanical demand of the task and subsequent 
tissue responses will result in larger spinal 
loads, the effects of likely differences in the 
stability demand of the task between the 
backpack conditions and the resultant effects 
on spinal loads shouldn’t be overlooked in 
evaluation of the backpack related risk of LBP. 
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Introduction/Introduction 
Goniometry is a widely used tool in both 
clinical and ergonomic assessments. While 
exclusively planar measures of motion, their 
portability and reliability lend an advantage for 
quick assessment of tolerable joint motion 
(Saur et al., 1996). The shoulder and spine 
share many musculoskeletal relationships, 
both structurally and functionally, but it is 
suspected that the shoulder-spine interactions 
are typically overlooked during assessments. 

Objective/Objectif 
To determine if underlying relationships 
between the shoulder and spine exist as 
measured by active range of motion (ROM), 
and to use multivariate analyses to investigate 
the underlying patterns of multiple outcome 
variables. 

Methods/Méthodologie 
A series of anthropometric, and active 
goniometer and inclinometer ROM parameters 
were measured on the shoulders (bilaterally), 
and the back of 163 asymptomatic university-
aged adults. Descriptive and multivariate 
statistics, including a canonical correlation, 
were performed for dimension reduction and 
to determine latent parameter relationships. 

Results/Résultats 
Significant correlations were found between 
and within the parameters representing a 
functional shoulder and spine relationship 
(canonical correlation Wilks λ= .502, F(64,750) = 
1.49, p=0.010, effect size of 
R2c=0.498).  Bilateral shoulder flexion, 
internal and external rotation were significant, 
however right shoulder flexion (coef = 0.690, 
rs2=20.7%), and left internal (coef = 0.466, 
rs2=21.3%), and left external rotation (coef = 
0.668, rs2=15.1%), accounted for the greatest 
percentage of variance. Relevant spine 
variables included lumbar lordosis index (coef 
= 0.416, rs2=14.4%), and trunk flexion (coef = 
0.700, rs2=45.8%). Both had positive 
associations with the shoulder-spine 
relationship. 

Conclusions/Conclusions 
The interpreted patterns of the ROM 
parameters support the need to capture the 
functional shoulder-spine relationship during 
clinical and ergonomic assessments. The use 
of multivariate analyses for comprehensive 
interpretation of the relationships such as those 
presented improve the understanding of 
function and support current practice. Further, 
they may help to better assess and rehabilitate 
shoulder and spine dysfunction, and responses 
to workplace exposures.  
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Introduction/Introduction 
Inertial measurement unit (IMU) capture can 
create a large influx of data necessary for 
performing big data analytics in healthcare and 
rehabilitation; however, there are concerns 
related to data quality, with data potentially 
being collected via low-cost, low-quality 
systems (as compared to optical motion 
capture systems), in uncontrolled 
environments, and by non-expert users. Our 
previous work has validated the ability of the 
MetaMotionR IMUs (Mbientlab Inc, USA) to 
measure spine control and range of motion 
(ROM); however, the use of on-board sensor 
fusion prohibited any investigation of 
individual sensor signal quality that may have 
contributed to the reported error, and any 
detection/mitigation of error was performed by 
an individual who is highly trained in inertial 
and biomechanical signal-processing. 

Objective/Objectif 
The overarching goal of this work is therefore 
to establish a custom framework for 
performing automated assessments of IMU 
signal quality prior to human movement 
analyses, with minimal user interaction. This 
work specifically focuses on developing 
sensor signal-processing and sensor fusion 
processes to detect and mitigate error. 

Methods/Méthodologie 
Triaxial accelerometer, gyroscope, and 
magnetometer data were collected from IMUs 
placed superficial to the T12 and S1 vertebrae 
on one participant during spine forward 

flexion, lateral bending, and axial twisting. 
Individual sensor signals were processed using 
custom procedures and fused using an adapted 
version of the Madgwick (2011) algorithm 
(outlined in Figure 1) for estimation of spinal 
ROM. 

Results/Résultats 
We were able to detect and mitigate sensor 
error and fuse individual sensor signals for 
estimation of spine ROM; however, inclusion 
of sensor calibration procedures (e.g., 
Zimmerman et al., 2018) is necessary for 
further improvement of performance. 

Conclusions/Conclusions 
Procedures for signal-processing and sensor 
fusion have been developed. A deep learning 
calibration procedure will be performed, and 
comparisons with optical motion capture (i.e., 
by comparing local coordinate system 
orientations) will be completed for 
presentation at the conference. 



 163 

THE EFFECTS OF A ONE-HOUR SITTING EXPOSURE AND TRANSIENT LOW 
BACK PAIN ON THE FLEXION-RELAXATION PHENOMENON IN THE LUMBAR 

ERECTOR SPINAE AND LUMBAR MULTIFIDUS MUSCLES IN ADULTS WITH AND 
WITHOUT A HISTORY OF LOW BACK PAIN 

Submission ID: 392 

Authors 
Ms. Mona Frey - Memorial University of Newfoundland, Ms. Sarah Mackey - Memorial 

University of Newfoundland, Dr. Samuel Howarth - Canadian Memorial Chiropractic College, 
Dr. Diana De Carvalho - Memorial University of Newfoundland 

Introduction/Introduction 
Previous work reported that prolonged 
submaximal spine flexion, induced by sitting, 
delayed the onset of the lumbar flexion-
relaxation phenomenon (FRP), which was 
suggested to indicate viscoelastic creep in the 
spine’s passive tissues [1]; however, it has not 
been determined whether the delayed onset 
was mediated by either the development of 
transient low back pain (LBP), known to occur 
from prolonged sitting, or a history of LBP. 

Objective/Objectif 
To determine whether sitting affects the FRP 
in the lumbar erector spinae (LES) and lumbar 
multifidus (LM) muscles, the role transient 
sitting induced LBP plays, and whether there 
are any differences in the FRP between adults 
with (-veHX) and without a history LBP 
(+veHX). 

Methods/Méthodologie 
Fifty participants (21M/29F) were recruited. 
Each participant’s history of LBP was 
obtained at intake. Spine flexion angle at FRP 
onset in LES at L1 and LM at L4 was 
measured before and after a one-hour sitting 
exposure. Additionally, participants were 

classified as pain developers (PDs) or non-pain 
developers (NPDs) from their perceived back 
pain reported every 7.5 minutes throughout the 
sitting exposure on a digital 100 mm visual 
analog scale. Spine flexion angles at FRP 
onset were compared between pain groups 
before and after sitting, as well as between 
+veHX and -veHX prior to sitting. 

Results/Résultats 
Spine flexion angle at FRP did not increase 
after the one-hour sitting exposure for either 
NPDs or PDs (LES: p=0.376; LM: p=0.518), 
and was not significantly different between 
+veHX and -veHX prior to the sitting 
exposure (LS: p=0.998; LM: p=0.886). 

Conclusions/Conclusions 
Contrary to previous work, a one-hour sitting 
exposure did not alter the spine flexion angle 
at FRP onset, regardless of transient LBP 
development and no differences were found 
between people with and without a history of 
LBP. 

[1] Howarth, et al. (2013). Does prolonged 
seated deskwork alter the lumbar flexion 
relaxation phenomenon?. J Electromyogr 
Kines. 
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Introduction/Introduction 
Recently, haptics manipulators have grown to 
become the most significant robotics 
technology development, being widely used 
successfully in surgical training simulators. 
This allows human operators to interact with a 
virtual reality (VR) environment and enhance 
the sensory experience. However, this 
technology remains to be fully exploited and 
its success is contingent on overcoming 
several challenges, among them: controlling 
these haptics devices that are considered 
highly nonlinear systems. 

Objective/Objectif 
This study presents the design, 
implementation, and validation of a new 
adaptive control system based on the Modified 
Function Approximation Technique (MFAT) 
augmented with backstepping control for a 
haptic robot with unknown dynamic and 
actuator parameters, employed in a spinal 
surgical simulator. 

Methods/Méthodologie 
The combination of the backstepping control 
and the MFAT policy ensures the continuous 
performance tracking using state and output 
feedback. The use of basis functions in 
dynamic and actuator parameter 
approximations is eliminated. The proposed 
control scheme was improved by integrating a 
high order sliding mode observer to eliminate 
the need for velocity measurements. By 
utilizing the Lyapunov function theory, it can 
be demonstrated that all signals are bounded in 
a closed loop. 

Offline simulation studies were carried out to 
validate the effectiveness of the proposed 
control scheme. Controlled experimental cases 
were conducted using the haptic manipulator 
(Entact W3C) to validate the scheme in real-
time. 

Results/Résultats 
The verification of the control scheme through 
experimentation was conducted to output 
results similar to that of the validation 
simulations. The proposed controller was able 
to approximate the haptic robot dynamic 
model and track the desired trajectories 
without velocity measurements. The tracking 
errors converged to nearly zero. 

Conclusions/Conclusions 
The outputs achieved reproduced adequate 
results. Similarly, the system yielded proper 
estimations of the dynamic system's 
characteristic variables when compared with 
its actual values. Hence, the control scheme 
rendered satisfactory outcomes. 
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Introduction/Introduction 
Excessive loads on human spine is recognized 
as a risk factor for back injuries/pain. Lifting 
analysis tools such as musculoskeletal models, 
regression equations and NIOSH lifting 
equation (NLE) have been developed to 
evaluate associated risks during manual 
material handling activities. However, existing 
lifting analysis tools either neglect the effects 
of anthropometric parameters and asymmetry 
or use simplistic approaches to incorporate 
them. 

Objective/Objectif 
We aim to develop subject-specific regression 
equations to estimate spinal loads 
(shear/compression) during 
symmetric/asymmetric tasks and to compare 
their performance relative to other existing 
tools/models. 

Methods/Méthodologie 
Electromyography (EMG) and kinematics of 
19 healthy male/female subjects were 
collected during lifting tasks. Tasks were 
simulated by our finite element kinematics-
driven subject-specific model of trunk to 
estimate muscle activities and spinal loads. 
Regression equations were developed to 
correlate inputs (height, weight, sex, external 
load moment, load location and asymmetry) 
with spinal loads. These spinal loads were then 
compared to those estimated from other tools 
(e.g., McGill’s polynomial, AnyBody, 
3DSSPP) during 24 different asymmetric tasks 
in which external loads were estimated from 

NLE taking body mass indices of 20 and 30 
kg/m. 

Results/Résultats 
Our regression equations (mean error=0.11 
MPa; R2=0.95) had the best match (followed 
by AnyBody, McGill’s polynomial and 
3DSSPP) when compared to reported in vivo 
intradiscal pressure measurements. Estimated 
muscle activities by our model had moderate 
(in back muscles; R2=0.46) to weak (in 
abdominal muscles; R2=0.02) agreement with 
recorded EMGs. We found substantial 
differences in spinal loads estimated by 
various tools, Table 1. All tools demonstrated 
that recommended weight limit (RWL) by 
NLE violates NIOSH’s own safety limit 
(compression<3400 N). 

Conclusions/Conclusions 
Our equations accurately predicted spinal 
loads. Due to differences in scaling algorithms 
and passive-active properties, significant 
differences appear in spinal loads estimated by 
various tools. Since all existing tools showed 
the NIOSH RWL violated its biomechanical 
safety criterion, NLE requires a revision. 
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Introduction/Introduction 
Lumbar extensor spinae (LES) fibre 
orientation has been linked to LES strength 
[1], which has been indicated as an important 
factor in lower back pain (LBP) [2]. LES 
fibres have an oblique orientation with respect 
the compressive axis of the spine [3] allowing 
them to also resist anterior shear forces and 
reduce anterior shear joint loads. This 
orientation can change with lumbar flexion 
and muscle activation [4]. It also adapts with 
age and corresponds to a decrease in LES 
strength [5]. However, the short-term 
adaptations in fibre orientation in response to 
activities and tasks are unknown. 

Objective/Objectif 
Quantify changes in LES obliquity after 
prolonged spine flexion. 

Methods/Méthodologie 
Sixteen healthy participants, were recruited. 
Two ultrasound images were taken before and 
after a 10-minute maximum seated flexion 
exposure, each at 25%, 50% and 75% of 
maximum standing spine flexion. Kinematics 
and Electromyography (EMG) were 
simultaneously collected using rigid bodies 
overlaying the twelfth thoracic and first sacral 
vertebrae and a pair of bipolar Ag/AgCl 
electrodes placed on the right LES, at the level 
of the third lumbar vertebrae (L3). LES fibre 
angle and thickness were calculated using 
digital image software. 

Results/Résultats 
Fibre orientation and thickness decreased with 
increased flexion. The 10-minute exposure 

generated creep and decreased fibre angle. 
Thickness and EMG did not change 
significantly. 

Conclusions/Conclusions 
Observed changes are attributed to changes in 
fluid content and distribution, resulting from 
creep. These changes may potentially increase 
the risk of lower back pain and injury resulting 
from shear forces and can be useful in 
understanding LBP and implementing 
prevention measures. 

References:  [1] Cuesta-Vargas, A., & 
González-Sánchez, M., (2014). J. Sports Sci. 
[2] Steele, J. et al. (2019). Disabil rehabil. [3] 
Macintosh, J., & Bogduk , M. (1987). Spine. 
[4] Harriss, A. & Brown, S. (2015). Muscle & 
nerve. [5] Singh, D. et al. (1992). Clin 
Biomech. 
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Introduction/Introduction 
Lumbar multifidi (LM), with fibres spanning a 
few segments and high density of 
proprioceptors, appear to be well suited for 
segmental control of the lumbar spine. 
However, since surface electrodes cannot 
measure muscle activity of deep LM fibers, 
little is known about the activity (and 
variability) of LM during functional tasks. 

Objective/Objectif 
To characterize the muscle activity and 
variability of LM indwelling EMG at L3-L5 
levels during 15 static and dynamic activities. 

Methods/Méthodologie 
Five (4M/1F) asymptomatic participants have 
been recruited. Fine wire electrodes were 
inserted unilaterally (right side) with 
ultrasound guidance into the deep LM fibres, 2 
cm lateral to the spinous processes of L3, L4 
and L5 levels, while paraspinal surface 
electrodes were placed at the L4 level. 
Following measurements of electromyography 
signals during maximum voluntary contraction 
(MVC) trials, 3 trials of 15 static (standing, 
sitting) and dynamic activities (sit-to-stand, 
lifting (asymmetrical and symmetrical), stable 
plank, unstable plank (bilateral side, leg lift), 
bird dog, suitcase carry) were collected in a 
random order. Mean, peak and minimum 
electromyography signals expressed as 
%MVC were calculate from the 3 trials. 
Average rubber banded waveforms 
(%movement) were used to characterize the 

LM activity at each level, and compared 
between the indwelling and surface channels at 
L4. 

Results/Résultats 
Preliminary results found a large variation in 
L3-L5 LM activity in all movement trials. 
Electromyography activities in indwelling 
channels were markedly higher and more 
variable than surface electromyography 
signals. Figure 1 illustrates electromyography 
signals during static activities (sitting and 
standing) and a dynamic activity (sit-to-stand) 
as an example. 

Conclusions/Conclusions 
The intersegmental variability suggests that 
the primary function of LM is a segmental 
stabilizer. This dataset will have the potential 
to improve existing spinal finite element 
models. Statistical analysis will be completed 
on the full dataset (5 additional subjects) by 
comparing between spine level and 
surface/indwelling respectively by sex (2-way 
ANOVA). 
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Introduction/Introduction 
Military helicopter personnel frequently wear 
night vision goggles when flying during night 
missions. This anteriorly placed mass induces 
a flexor moment throughout the cervical spine 
which the erector muscles must combat [1]. A 
counterweight is a proposed and implemented 
method with the aim of offsetting the 
gravitational moment induced by wearing 
night vision goggles [1]. 

Objective/Objectif 
Therefore, the purpose of this investigation 
was to evaluate the effectiveness of this 
solution. 

Methods/Méthodologie 
Head-neck kinematics and EMG from 10 
muscles (5 bilaterally) were collected as eight 
male participants (age: 21.3±1.7 y; height: 
177.9±6.8 cm; mass: 79.7±11.5 kg) assumed 
one of seven commonly held postures (listed 
in figure 1B). These data drove an EMG-
driven cervical spine model, which calculated 
the compression and shear joint forces at C5-
C6. 

Results/Résultats 
There were significant main effects of helmet 
condition and posture. The magnitude of 

compression increased steadily with the 
magnitude of head-supported mass and with 
more deviated postures (Figures 1, A and B 
respectively). Both mediolateral and 
anteroposterior shear portrayed a complicated 
interaction effect between helmet condition 
and posture. 

Conclusions/Conclusions 
Overall, the addition of a counterweight did 
not reduce joint loads experienced at C5-C6. 
The hypothesis that spine loads can be reduced 
by increasing the magnitude of head-supported 
mass was not upheld by the joint forces 
calculated using a cervical EMG-driven joint 
model. 

References 

[1] Harrison et al. (2015). Aviation, space, and 
environmental medicine. 86(1), 46-55.
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Introduction/Introduction 
Spine biomechanics are commonly measured 
by external sensors such as motion capture and 
accelerometers. However, these surface 
measurements cannot directly measure 
intersegmental biomechanics of the lumbar 
spine and have been shown to underestimate 
spine angles. A great deal of research has been 
focused on the estimation and modelling of 
vertebral kinematics of the lumbar spine using 
static trials only. 

Objective/Objectif 
To investigate errors associated with soft 
tissue deformation throughout the flexion 
range of skin-based spine kinematics 
(accelerometers and motion capture) by 
comparing these surface measures to 
quantitative fluoroscopy (QF) in a healthy 
population. 

Methods/Méthodologie 
Twenty female participants (age 46.3±9.20 
years) completed guided standing flexion and 
extension trials with synchronized QF [1], 
motion capture and accelerometer data 
(sensors fixed over the spinous processes of 
L2, L4, and S1). Changes in intersegmental 
angles from upright standing were compared 
between the three measures at mid and 
maximal range positions during the movement 
trial with a general linear MANOVA and 
Tukey post-hoc tests. The full movement trials 
will be compared with a Bland-Altman 
analysis. 

Results/Résultats 
The changes in angle were significantly lower 
for the L2-L4 segment during flexion and for 
the L2-L4 and L4-S1 segment during 
extension (p<0.05). The post-hoc test showed 
that the two skin-measured were comparable 
(p=0.625-1.000) but underestimated the 
change in angle in comparison to QF (p<0.05). 
The lumbar angle (L2-S1) was not 
significantly different between measurement 
methods (p=0.548-0.984; Figure 1). 

Conclusions/Conclusions 
Our results suggest that total lumbar and 
intersegmental angles vary when measured 
directly (QF) or indirectly (skin markers) 
while angles measured by accelerometer and 
motion capture are comparable throughout 
spine range of motion. 

[1] Breen et al. (2012). Measurement of 
intervertebral motion using quantitative 
fluoroscopy: report of an international forum 
and proposal for use in the assessment of 
degenerative disc disease in the lumbar spine. 
Advances in orthopedics 
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Introduction/Introduction 
The neck pain has increased significantly 
among the global population (GBD, 2017) [1]. 
Due to significant inter-individual differences 
in various anthropometric parameters, for 
example, the segmental mass of the head and 
neck complex, the cervical spine loading could 
vary significantly. It is, therefore, essential to 
quantify these differences. 

Objective/Objectif 
The objective of this study was to simulate the 
effect of the differences in segmental mass on 
the cervical spine loading during standing in a 
neutral posture. 

Methods/Méthodologie 
A detailed musculoskeletal model of the 
cervical spine was developed in AnyBody 
Modeling System (version 7.2.3). The head 
and spine segments from C1 to T1 were 
developed, based on high-resolution images 
(Visible Human Project) [2]. In total, 68 
muscle groups were added bi-laterally [3]. The 
body segment masses were considered for the 
5th, 50th and 95th percentile of a normal 
European male and one from the Visible 
Human Project [2,4]. For inverse dynamic 
analysis, a polynomial based muscle 
recruitment criterion was used. 

Results/Résultats 
The predicted compressive loads for the 
cervical discs (C2C3-C7T1) were from 40 to 
100 N (Figure 1). These loads were within the 
range of the estimated loads [5]. With an 
increase in segmental masses, the increase in 
disc loads was about 69%. 

Conclusions/Conclusions 
The segmental masses vary among the 
population. Current results show that the 
cervical disc loads could vary significantly in a 
neutral posture. The quantification of such 
differences is essential to improve the 
treatments for neck pain.  

References 

1. Hurwitz et al., Eur Spine J., 27 (6): 796–
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2. M. J. Ackerman, Proc. IEEE, 86 (3): 504–
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Introduction/Introduction 
As an alternative to observing changes in a 
single muscle during a task, non-negative 
matrix factorization (NNMF) techniques can 
identify a small number of synergistic muscle 
groupings based on regularities within 
movement tasks [1]. 

Objective/Objectif 
To identify intra-and inter-individual 
variability of functionally relevant trunk 
muscle synergies during a repetitive trunk 
flexion task. 

Methods/Méthodologie 
13 participants (7M, 6F) completed a 
constrained, repetitive trunk flexion task (35 
cycles) while outfitted with wireless sEMG 
electrodes (Delsys, MA, USA) placed 
bilaterally over 4 trunk muscles (internal and 
external obliques, lumbar and thoracic erector 
spinae), and fine-wire EMG (Chalgren 
Enterprises Inc., USA) of multifidus and 
transversus abdominis [2]. Muscle synergies 
were assessed across 30 concatenated cycles, 
such that that motor modules (muscle 
activation patterns) were fixed across the 
entire task, while the primitives, or cycle-to-
cycle weighting of each module, were free to 
vary (result for a single participant in (Fig. 1). 

Results/Résultats 
The most common number of synergies 
retained per participant was 5, with a range of 
3-6, where the greatest amount of inter-
individual variability in mean waveforms was 

in multifidus. Additionally, some participants 
adopted a more balanced approach across 
several muscles, activating a greater number of 
muscles at lower levels, whereas others relied 
much more heavily on 1-2 muscles. P5, P6, P7 
and P10 all averaged over 0.6 for select 
individual muscles (P5: TA; P6: RLES; P7: 
LLES; P10: MULT). 

Conclusions/Conclusions 
Considerable variability existed in trunk 
muscle synergies both between and within 
individuals, with greater levels of intra-
individual variability and individual movement 
strategies being present at the muscular level, 
even between individuals with identical 
numbers of muscle synergies. 

[1] d'Avella et al., (2005). Proc. Natl. Acad. 
Sci. U.S.A. 102, 3076–3081. [2] Southwell et 
al., (2016) J. Neuroeng. Rehabil. (13) 13–19. 
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Introduction/Introduction 
Guide probe or needle insertion in soft tissue is 
a complex phenomenon for finite element (FE) 
modelling as it contains three processes: 
needle contact, nonlinear tissue deformation, 
and crack propagation through the tissue. 
Moreover, the soft tissue properties (elastic 
modulus, fibre directions, viscoelastic 
parameters) change as the needle penetrates 
therethrough. Detailed FE analysis of needle 
penetration is computationally expensive; 
hence, it cannot be used in real-time analysis 
such as surgical simulation. This problem can 
be overcome by using Artificial Intelligence 
(AI) algorithms. 

Objective/Objectif 
To build a robust FE model that can capture 
the gross characteristics of needle insertion 
with a relatively low computational cost that 
can be used for building data sets to train deep 
learning algorithms. 

Methods/Méthodologie 
A two-dimensional dynamic explicit model in 
ABAQUS was constructed. The tissue was 
meshed with quadrilateral and triangle 
elements. The crack was meshed and refined 
with 4-node cohesive elements. The tissue was 
modelled with hyperelastic Ogden material, 
(µ=50±10 kPa, α=2) and and strain-based 
damage initiation condition 
(εmax =0.05±0.03) based on the experimental case 
studies. A frictionless contact for the needle tip 

was used to avoid mesh intersection as the 
needle penetrates and a hard contact with 
penalty-type friction for the needle sides for 
needle/tissue friction (See Figure. 1).  

Results/Résultats 
The FE model was fine-tuned against the 
forces from in-house experiments conducted 
on the human cadaver at different lumbar 
vertebrae. The model captured the gross 
characteristics of the experimental needle 
insertion profiles (experimental peak forces 
10±2 N, maximum simulation error: 0.96 N 
(8%) ). 
 

Conclusions/Conclusions 
The FE model converges within an acceptable 
time interval of 50±20 sec depending on the 
mesh density and the material properties. 
Therefore, it is a promising candidate for 
varying the initial conditions to build a meta 
data sets for training the deep learning 
algorithm. 



 173 

INVESTIGATE THE COMPROMISE BETWEEN THE COMPUTATIONAL 
COMPLEXITY AND VISUAL FEEDBACK IN A NOVEL SPINE SIMULATOR 

Submission ID: 251 

Authors 
Mr. Tianqi Wang - McGill University, Prof. Mark Driscoll - McGill University 

Introduction/Introduction 
Medical simulator can assistant surgeons to 
build and improve their surgical performance 
by replicating surgery into computer-based 
system. One of the fundamental components 
of a high-fidelity medical simulator is visual 
feedback, which requires at least a 30 Hz 
frame rate and realism models to allow 
surgeons to immerse in the virtual 
environment and interact in real-time. The 
computational complexity, namely number of 
nodes, affects the interactivity. 

Objective/Objectif 
The purpose of this study is to assess visual 
feedback and computational complexity 
associated with the number of nodes. This 
assessment is completed using a high-fidelity 
medical simulator simulating laparoscopic 
spine surgery through visual, auditory, and 
haptic feedback. 

Methods/Méthodologie 
After performing cadaveric laparoscopic spine 
surgery, senior surgeons (n=9) performed the 
same operation on a newly developed 
augmented reality surgical simulator. Surgeons 
then completed a questionnaire evaluating the 
internal and external texture of the simulator’s 
muscle model. The questions evaluated 
satisfaction with an ordinal scale from 0 to 5 
(not applicable to excellent) and then 
evaluated node number realism with five 
virtual images (Figure 1). Each image was 
generated from a mesh model with a different 
number of nodes, which displayed cross-
section area. Results of the completed 
questionnaires subsequently underwent 
statistical analysis using one sample sign 
method. 

Results/Résultats 
Overall, the image realism or texture received 
high satisfaction, with the number of nodes 
having a significant impact on perception 
(p=0.02). Five surgeons responded that the two 
highest quality models best matched their 
cadaver experience. In contrast, the remaining 
surgeons considered the five images to be 
indistinguishable. The number of nodes and 
the frame rate (time to solve and render the 
resulting image) revealed a positive linear 
correlation (r2=0.925). 

Conclusions/Conclusions 
Although increased node quantity slows frame 
rate and may hinder the real-time interaction, 
surgeons preferred high-quality model images 
over low-quality models. Future studies may 
serve to quantify this threshold.
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Introduction/Introduction 
The distal upper extremity is a complex 
system, with a redundant arrangement of 
muscles and many degrees of freedom. This 
adds a layer of complexity to the exploration 
of motor control strategies and optimal 
rehabilitation. For persons with multiple 
sclerosis (MS), movements may be 
deaccelerated, distorted and interrupted 
causing overall upper limb dysfunction. 
Robotics can objectively quantify wrist 
kinematic and its intrinsic mechanical 
properties (stiffness, inertia), as biomechanical 
outcomes related to potential improvements in 
neuromuscular control. 

Objective/Objectif 
The purpose of this study was to use a robotic 
device to develop an adaptive and 
individualized training program of the forearm 
and wrist for individuals with MS. 

Methods/Méthodologie 
7 individuals with MS completed a robotic 
training program that occurred 3 times per 
week for 4 consecutive weeks, each visit 
including 40 minutes of work. Participants 
grasped the handle of a robotic device with 
their most affected limb and using visual 
feedback, traced a Lissajous curve. Robotic 
software was adaptive and every 3 laps the 
average kinematic performance was calculated 
and used to modify the robotic 
assistance/resistance throughout the training 

program. Outcome measures of wrist and grip 
strength, endurance, dexterity and 
proprioception were taken pre- and post-
intervention. 

Results/Résultats 
Improvements in performance were quantified 
by average tracking (p = 0.028) and figural 
error (p = 0.028), which was significantly 
reduced from pre – post intervention by 26% 
and 43%, respectively (figure 1). Isometric 
wrist strength significantly improved post-
intervention (flexion: 2.77kg, radial: 3.71kg 
and ulnar deviation: 2.51kg). Grip force 
endurance increased by 60% post-intervention. 

Conclusions/Conclusions 
To our knowledge, this study was the first 
adaptive and individualized robotic 
rehabilitation program providing assistive and 
resistive forces to the hand/wrist for 
individuals with MS. Results of this 4-week 
training intervention provide a proof-of-
concept that motor control and muscular 
strength can be improved by adaptive robotic 
rehabilitation. 
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Introduction/Introduction 
Anterior cruciate ligament (ACL) injuries are 
continuing to rise in adolescent populations, 
with up to 33% of those injured also suffering 
a re-injury. Identifying measures indicative of 
when an injured adolescent is ready to return 
to activity (RTA) may help in reducing the risk 
of re-injury. Decision trees based on 
performance variables derived from functional 
capacity assessments have been used to predict 
ACL re-injury in adults and classify injury 
status in female adolescents, but not in male 
adolescents. 

Objective/Objectif 
To determine which performance measures 
from functional tasks used in existing RTA 
guidelines can accurately classify ACL injury 
status in adolescent males. 

Methods/Méthodologie 
Twenty-nine uninjured (CON) and 18 ACL 
injured (ACLi) participants (aged:10-18years) 
performed a series of dynamic functional tasks 
used in RTA guidelines. Time-to-complete the 
task, distance-based performance measures 
and full-body kinematics from single-leg 
hopping and dynamic tasks were extracted 
from 3D motion capture. Hopping tasks 
included max anterior, lateral, 6m timed, cross, 
triple hops, while dynamic tasks included 
squats, counter-movement jumps, lunges, side-
cuts and drop vertical jumps. Limb symmetry 
indices (LSI; CON=non-dominant/dominant; 
ACLi=injured/non-injured) were computed for 

select measures. A Reduced Error Pruning 
Tree (REPT) was applied to the dataset with a 
10-fold cross-validation. Model performance 
was evaluated using the kappa statistic, 
sensitivity and specificity. 

Results/Résultats 
LSIs for anterior hop and triple hop distances, 
and performance measures of non-
dominant/injured 6m timed hop, non-
dominant/injured limb lunge depth, and the 
number of non-dominant limb max anterior 
hops needed for two good trials were able to 
classify CON and ACLi group with 78% 
sensitivity and 53% specificity (Fig.1). Kappa 
statistics indicated that the predictions were 
31% greater than chance. 

Conclusions/Conclusions 
The REPT identified injury status in 
adolescent males with a moderate degree of 
confidence. These measures are also sensitive 
to functional deficits caused by ACL injury 
and can be used to inform the clinical RTA 
decision-making process. 
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Introduction/Introduction 
Increased reliance on the upper limbs (U/Ls) 
during wheelchair propulsion and wheelchair-
related activities may contribute to higher risks 
of secondary musculoskeletal impairments in 
manual wheelchair users (MWUs). Thus, 
measuring static and dynamic push and pull 
force generating capabilities is relevant to 
characterize the integrity of the U/Ls and to 
develop methods to quantify U/L risk exposure 
in this population. 

Objective/Objectif 
To develop a wheelchair wheel that attaches to 
an instrumented dynamometer and to use it to 
measure task-specific isometric, isokinetic and 
isotonic push and pull force generating 
capabilities in MWUs. 

Methods/Méthodologie 
The axle of a wheelchair wheel was modified 
to be mounted onto the shaft of a Biodex® 
dynamometer system. Four male MWUs with 
a chronic thoracic spinal cord injury 
(age=48.7±17.4 years; weight=91.0±11.5 kg; 
height=181.9±8.9 cm) transferred onto the 
adjustable dynamometer system chair that was 
positioned to duplicate their personalized 
wheelchair adjustments. Following a 
familiarization period, participants completed 

three isometric (i.e., push = at the highest 
vertical point of the handrim (0°) and pull = at 
the end range of the push range (55°)), three 
isokinetic at 30°/sec with 2 seconds preloading 
(push & pull = handrim travelling between -
20° and +55°), and five isotonic (resistance = 
14 Nm) contractions. Rest periods were 
offered between repetitions and types of 
contractions. Verbal encouragements were 
provided. 

Results/Résultats 
Mean peak isometric pushing and pulling 
strengths were 91.5±15.4 Nm and 128.8±17.0 
Nm, respectively. Mean peak isokinetic 
pushing and pulling strengths were 91.7±19.1 
Nm and 130.0±21.4 Nm, respectively. Mean 
peak isotonic pushing and pulling velocities 
were 430.4±19.8 °/sec and 442.4±4.8 °/sec, 
respectively. 

Conclusions/Conclusions 
Evaluating task-specific static and dynamic 
push and pull force generating capabilities is 
feasible among long-term MWUs. Further 
studies will investigate the psychometric 
properties of the measures obtained and 
explore strategies to integrate them into 
secondary U/L risk exposure metrics among 
long-term MWUs. 
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Introduction/Introduction 
Between 30% and 70% of manual wheelchair 
(MWC) users begin feeling chronic pain in the 
upper limbs joints within the first five years of 
use. To investigate this issue in the laboratory, 
our team has developed a manual wheelchair 
simulator that uses instrumented wheels as 
force sensors. These wheels replace the 
wheelchair’s original wheels, thus limiting the 
degree of realism of the simulator. 

Objective/Objectif 
To improve this realism, this work investigates 
using a new force sensor that allows the users 
to keep their original wheels. 

Methods/Méthodologie 
A six-axes force cell was placed underneath 
the wheelchair. An admittance control loop 
was developed to control the moment-velocity 
interaction of the wheelchair’s rear wheels. 
Data gathering was conducted with one able-
bodied subject to evaluate the level of realism 
of wheelchair propulsion. Maximum 
propulsive moments Mzmax (Nm) were 
calculated bilaterally on ten consecutive 
pushes and compared at steady-state (at 1 m/s) 
in three conditions: overground (OG), on the 
simulator using the current instrumented 
wheels (IW), and on the simulator using the 
force cell (FC). 

Results/Résultats 
The control loop is stable, meaning that the 
actual speed follows the desired speed. On the 

right side, for Mzmax, we measure 8.68±1.7 
Nm (OG), 7±0.88 Nm (IW), and 9.09±1.37 
Nm (FC). On the left side, for Mzmax, we 
measure 9.42±2 Nm (OG), 6.40±0.76 Nm 
(IW), and 8.10±0.77 Nm (FC). The difference 
between OG and IW is statistically significant 
(p<0.05), whereas the one between OG and FC 
is not. 

Conclusions/Conclusions 
This means that propulsion moments appear 
more similar to the ones overground with the 
new control loop (FC) than with the 
instrumented wheels (IW). This result could be 
explained by the fact that, during the recovery 
phase, the movement of the trunk affects the 
dynamics of the MWC-user system. This 
effect is measured by the force cell, but not by 
the instrumented wheels. 
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Introduction/Introduction 
Rotator cuff injuries highly correlate with 
aging (Tempelhof et al. 1999). Physical 
therapy is effective treatment while helping 
eliminate the need for surgery (Kuhn et al. 
2013). However, when rehabilitative exercises 
are performed in the home, the quality of 
exercise performance goes unsupervised and 
often results in movement compensation. 
These compensations can be recognized by 
physiotherapists; yet, obtaining this data from 
a symptomatic population is challenging, 
limiting the development of technologies for 
unsupervised adherence tracking. 

Objective/Objectif 
The objectives were to determine if 
asymptomatic individuals can simulate 
compensatory movements associated with 
rotator cuff pathologies; and compare and 
classify shoulder exercise performance in 
asymptomatic subjects using kinematic 
measurements and deep learning techniques. 

Methods/Méthodologie 
Three-dimensional motion capture was tracked 
using 13 VICON MX20 optoelectronic 
cameras at 50Hz. Reflective markers were 
placed on bony landmarks of the arms and 
torso. Nine-axis inertial measurement unit 
(IMU) data was collected simultaneously with 
a Mobvoi TicE smartwatch at 50Hz. Verbal 
and visual instructions of proper and 
compensatory cues for 9 evidence-based 
exercises were provided by the lead 
researcher. Participants performed 20 
repetitions bilaterally for each exercise. 

Intersegmental angles were calculated 
following ISB recommendations (Wu et al. 
2005). IMU data was classified by exercise 
and performance condition using patient-
specific deep embedding (Burns et al. 2020; 
Burns & Whyne. 2020). 

Results/Résultats 
Relative to the provided instruction cues, there 
were differences in the time-series comparison 
of proper versus simulated movements. For 
example, thoracohumeral elevation angles 
differed between 35-75% of the repetition 
cycle (p<0.05) for active assisted flexion 
(Figure 1). For the IMU data, personalized 
deep embedding had an accuracy of 98% and 
86% in classifying exercise and performance 
condition respectively. 

Conclusions/Conclusions 
Individualized algorithms for tracking exercise 
adherence and performance hold great 
promise. This study identified that 
asymptomatic participants can simulate 
compensatory movements to help improve 
subject-specific tracking in the absence of 
symptomatic participant data.
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Introduction/Introduction 
To prevent falls and promote autonomy, fixed 
grab bars are recommended to secure bathtub 
transfers of chronically ill or disabled persons. 
Suction cup grab bars could be a temporary 
solution for post-surgery patients or palliative 
care, but their sturdiness is questioned because 
the forces applied to a grab bar are unknown. 

Objective/Objectif 
To determine the magnitude and duration of 
the force applied to a grab bar during complete 
bathtub transfers, and the factors influencing 
this force. 

Methods/Méthodologie 
A three factorial repeated measures design was 
used in an experimental environment including 
a bathtub, padded walls, instrumented fixed 
grab bars and a safety harness. Seven healthy 
young adults (four women) stepped into the 
bathtub, sat down at the bottom, stood up and 
stepped out (three trials), with or without a 
slippery surface, grabbing onto four grab bar 
configurations (vertical, angled, horizontal 
low, horizontal high). Maximum force 
magnitudes and durations during bathtub 
transfers were measured by two six degrees of 
freedom load cells at 2 KHz. 

Results/Résultats 
On average, 23.2±6.4% of body weight was 
applied on the grab bar during complete 
bathtub transfers. Maximum resultant forces 
were not influenced by grab bar configuration, 
presence of a slippery surface or direction of 

bathtub transfer (entrance or exit), except for 
the vertical configuration without a slippery 
surface. In this configuration, the maximum 
resultant force was smaller than for the three 
other configurations. Transferring on a 
slippery surface also increased the time 
participants applied a force on the grab bars. 

Conclusions/Conclusions 
All grab bars, fixed and removable suction cup 
grab bars, used during complete bathtub 
transfers with no loss of balance should be 
capable of sustaining a minimum of 23.2% of 
body weight, to which a factor of safety of 1.5 
should be added, regardless of the grab bar 
configuration.
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Introduction/Introduction 
Dans le processus de développement d'une 
nouvelle technologie, il est important de 
considérer son acceptabilité et son utilisation 
potentielle par les utilisateurs cibles. Un 
questionnaire anglophone basé sur la Théorie 
Unifiée de l'Acceptation et de l'Utilisation de 
la Technologie (UTAUT) est un outil valide et 
couramment utilisé à cet escient. Toutefois, 
aucune version française canadienne n’est 
actuellement disponible. 

Objective/Objectif 
Traduire en français canadien le questionnaire 
UTAUT2 et en effectuer son adaptation 
transculturelle au Québec. 

Methods/Méthodologie 
La traduction et l’adaptation ont été effectuées 
en cinq étapes (voir tableau). (1) Le 
questionnaire UTAUT2 a été traduit en 
français canadien par deux chercheurs 
bilingues. (2) L’équipe de recherche a 
comparé les traductions et établi par consensus 
la version française canadienne initiale (FC-I). 
(3) La version FC-I a été traduite en anglais 
par deux chercheurs bilingues n’ayant pas 
participé à l’étape précédente. (4) L’équipe de 
recherche (incluant les chercheurs impliqués 
dans l’étape précédente) a comparé les 
traductions anglophones et établi la version 
pré-finale (FC-PF). (5) Un débriefing cognitif 
a permis l’évaluation de la clarté et de la 

pertinence de la version FC-PF par un 
échantillon d’utilisateurs cibles. Les énoncés 
présentant un accord inter-juge <80% ont été 
réévalués par l’équipe de recherche afin de 
proposer une version finale (FC-F). 

Results/Résultats 
La clarté et la pertinence de la version FC-PF 
ont été évaluées par 12 travailleurs (clarté 
seulement) et 12 cliniciens. L’évaluation du 
taux d’accord a permis d’identifier des items 
devant être réévalués par l’équipe de 
recherche. Une version FC-F a été proposée et 
acceptée à la majorité par l’équipe de 
recherche. 

Conclusions/Conclusions 
La version anglophone de l’UTAUT2 a été 
traduite en français canadien et adapté pour le 
Québec. L’expertise diversifiée de l’équipe et 
de l’échantillon d’utilisateurs cibles assurent 
une adaptation pouvant être utilisée dans 
divers domaines et auprès de populations 
variées au Québec. 
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Introduction/Introduction 
Shoulder rehabilitation requires balancing 
strength, flexibility and stability needs. 
Shoulder rehabilitation commonly uses elastic 
resistance bands as they can provide external 
resistance and high exercise flexibility with 
minimal cost. Little information exists on how 
a dual vector alters muscle activation profiles. 

Objective/Objectif 
To examine muscular activation across 
rehabilitation exercises when using single or 
dual vector techniques. 

Methods/Méthodologie 
Sixteen right-handed university-aged males 
completed rehabilitation exercises 
(flexion/abduction/internal rotation/external 
rotation) using TherabandTM 

CLX resistance bands held at the hand or a 
dual vector which added elastic resistance at 
the elbow in addition to the hand. Two sets 
and 3 repetitions were performed for each of 
the 8 exercises (4 single/4 dual vector). 
Electromyography was collected for 16 
muscles surrounding the right upper extremity 
at 2160 Hz, linear enveloped and normalized 
to muscle-specific maximum contractions 
(%MVC). Mean, peak and integrated 
activation were extracted and a 2-way repeated 

measures ANOVA examined muscle activity 
across exercises. 

Results/Résultats 
All independent variables differentially 
influenced activation. Interactions between 
single/dual vectors affected mean activation in 
11 muscles, while interactions in peak 
activation existed in 7 muscles. Typically, 
adding a dual vector increased activation in 
flexion or abduction exercises; little changes 
existed in internal or external rotation. Adding 
a dual vector in abduction increased mean 
activation in lower trapezius by 25.6 %MVC 
and peak activation in supraspinatus by 29.4 
%MVC. Interactions between exercise and 
single/dual vectors influenced integrated EMG 
for most muscles; the majority of these 
muscles had the highest integrated EMG in the 
dual vector condition during abduction. 

Conclusions/Conclusions 
Muscle activation is differentially affected by 
adding a dual vector across these exercises. 
These findings support adding a dual vector in 
flexion or extension exercises, but little benefit 
appears to exist for adding a dual vector in 
internal or external rotation. 

References: (1) Hodges & Kriellars (2013) J 
Appl Biomech 
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Introduction/Introduction 
Beyond the known negative physiological and 
metabolic consequences of a sedentary 
lifestyle, sitting has also been linked with the 
reporting of low-back pain (LBP) (Gardiner, et 
al, 2011; Nourbakhsh, et al, 2001). Despite the 
advocacy of an active lifestyle, sitting has been 
on the rise, with an average daily sitting time 
now exceeding 50% of waking hours (Yang et 
al, 2019). The mechanical consequences of 
increased sitting on the musculoskeletal 
system remains unclear, although given the 
body’s adaptability to exposures such as 
physical activity and stretching, it is 
reasonable to assume hip extension is 
impacted. It is unclear if, or how much, 
increased exposure to sitting affects hip 
flexors, though stretching these muscles has 
been shown to relieve LBP and has been 
prescribed by physiotherapists to individuals 
experiencing non-specific LBP who also 
exhibit limited hip extension (Ingber, 1989). 

Objective/Objectif 
To quantify the effects of stretching, physical 
activity, and seated time on hip extension in a 
young, healthy population. 

Methods/Méthodologie 
Fifty-seven participants (mean age 19.6) were 
recruited for this study. Trunk-thigh angle was 
measured during passive hip extension using 
the Modified Thomas Test (MTT).5 Activity 
monitors were worn for one week to gather 
physical activity (Moderate-Vigorous) and the 
percentage of time in a seated position. 
Questionnaires were distributed in order to 

determine frequency of stretching during a 
week and if hip flexors were included in their 
routine. 

Results/Résultats 
Results are displayed in Figures 1A, 1B, and 
1C. While not statistically significant, the 
differences between groups are notable and 
encouraging. 

Conclusions/Conclusions 
Stretching (3x/week) is emphasized regardless 
of the amount of time you sit, although has a 
greater effect on non-stretching and inactive 
individuals. Stretching could represent a 
relatively simple intervention to prevent hip-
flexors from being classified as too tight 
(<180° hip angle)6, and the potential LBP 
consequences. 

[1]Gardiner,P.,_et_al.(2011)JAGS,59,788-96. 
[2]Nourbakhsh,M.,Moussavi,S.,Salvati,M.(200
1)J_Spinal_Disord,14,283-92. 
[3]Yang,L.,_et_al.(2019) JAMA,32(16),1587-
97. 
[4]Ingber,R.(1989)Arch_Phys-_Med_Rehabil,
70,382-6. 
[5]Harvey,D.(1998)BJSM,32,68-70. 
[6]Winters,M.,_et_al.(2004)Phys_Ther,84,800
-7. 
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Introduction/Introduction 
Walking in the community can be very 
challenging for patient populations with 
sensorimotor dysfunctions. Also, an inability 
to recognise emotion during a collision 
avoidance task can negatively impact social 
interactions. It is known that moderate to 
severe TBI (m/sTBI) leads to dysfunction in 
social cognition, including a decreased ability 
to recognise the emotions of others.  

Objective/Objectif 
The purpose of this project is to develop an 
understanding of the recognition of emotion 
and its modulatory role on locomotor control 
in healthy adults and persons with m/sTBI. 

Methods/Méthodologie 
Healthy control and m/sTBI participants will 
be recruited. Participants will be assessed on a 
perceptual and a locomotor task while 
immersed in a virtual environment, which is 
viewed through a head-mounted display 
equipped with an integrated eye tracker. In 
each task, an avatar will approach from one of 
three possible directions: directly in front of 
the participant or ±30° either side of the direct 

approach condition. The avatar will express 
one of four emotions; anger, happy, sad or 
neutral. For the perceptual task, participants 
will be assessed while seated and will be 
instructed to identify the emotion of the avatar 
as soon as they perceive the emotion. For the 
locomotor task, participants will be instructed 
to walk towards a virtual goal directly in front 
of them and to avoid any collisions with an 
avatar, no instruction on emotion will be 
given. 

Results/Résultats 
Preliminary findings (n=5 healthy young) 
show minimum crossing was 0.83±0.10m for 
neutral, 0.93±0.15m for angry, 0.90±0.12m for 
happy, and 0.94±0.16m for sad gait. 
Participant average velocity was 0.91±0.17m.s-

1 for neutral, 0.92±0.18 m.s-1 for angry, 
0.91±0.18m.s-1 for happy, and 0.86±0.14m.s-

1 for sad gait. 

Conclusions/Conclusions 
With results to date collected in healthy young 
participants, there appears to be a sympathetic 
response to interacting with sad pedestrians, as 
larger crossing distances and slower 
approaches are used for collision avoidance. 
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Introduction/Introduction 
For new manual wheelchair (MWC) users, 
mastering safe and efficient propulsion 
technique is critical as poor technique 
enhances risk for upper limb pain and injury. 
Virtual reality simulators allow users to 
practice such tasks in a safe, controlled, and 
realistic environment. Additionally, 
augmented feedback (AF) may be provided to 
optimize motor learning. 

Objective/Objectif 
The purpose of the current study was to 
investigate the effects of providing AF with 
various delivery schedules on motor learning 
of this complex skill, as well as to determine 
whether technique learned in a virtual 
environment transfers effectively to real-world 
propulsion. 

Methods/Méthodologie 
30 healthy participants aged 18-35 were 
randomly assigned to three groups. During a 
VR propulsion training session, the high-
frequency feedback group received AF 
throughout all propulsion training; the faded 
feedback group received AF in a faded 
schedule; and the control group underwent 
training with no AF. Propulsion assessments 

were performed at baseline (in virtual – VE 
and real environments – RE), 5 minutes after 
training (in VE), and 48 hours after training (in 
VE and RE to assess retention and transfer of 
skill, respectively). 
 

Results/Résultats 
Compared to the control group, significant 
improvements were found for both feedback 
groups. Additionally, this learning transferred 
effectively to real-world propulsion. Small, 
non-significant differences were also found 
between the high-frequency and faded 
feedback groups. 

Conclusions/Conclusions 
VR propulsion training is effective for 
development, retention, and transfer of 
appropriate technique only when such training 
includes AF about propulsion biomechanics. 
By highlighting the importance of AF during 
propulsion training, findings from this study 
provide valuable insight for the design of low-
cost training programs to help prevent the 
detrimental upper limb pain and injury that 
currently affects as many as 73% of MWC 
users. 
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Introduction/Introduction 
A manual wheelchair (MWC) is a critical 
assistive device to enhance locomotion in 
individuals with restricted mobility. 
Unfortunately, 30% to 70% of total MWC 
users experience upper extremity pain due to 
repetitive propulsion. One fundamental aspect 
of MWC propulsion is the stroke pattern. The 
semicircular pattern, where the hand returns 
below the pushrim after a stroke, is favored as 
it may decreases the prevalence of shoulder 
pain. To reduce the prevalence of the upper 
extremity pain and injury in MWC users, 
research has identified critical changes in 
specific parameters of MWC propulsion. In 
our lab, we have developed a low-cost virtual 
reality simulator, consisting of a hardware 
interface allowing users to control a virtual 
MWC displayed on a screen while providing 
force feedback. We wish to add feedback on 
the push frequency, contact angle, peak force 
and power output of MWC propulsion so that 
users can also improve their stroke pattern. 

Objective/Objectif 
To determine the extend at which MWC 
simulator provide precise data of crucial 
biomechanical parameters of the MWC 
propulsion technique as compared to a gold 
standard system (SmartWheels) in young 
healthy individuals. 

Methods/Méthodologie 
Participants will propel the MWC on straight-
line and ecological scenarios in the VR 

simulator. During the straight-line scenario, 
participants will propel at each of eight 
increasing stroke cadences using two different 
propulsion patterns (semicircular and arching). 
Then, participants will perform in the 
ecological scenario: walking pedestrian, side 
slope, straight slope, static obstacle, and street 
crossing. The propulsion data will be 
simultaneously recorded by MWC simulator’s 
and by the SmartWheels system, installed on 
the MWC 

Results/Résultats 
We expect that the data from MWC simulator 
will be precise for measuring pushrim 
biomechanics. 

Conclusions/Conclusions 
If we are able to achieve the required 
precision, then we will be able to add feedback 
on propulsion biomechanics in the MWC 
simulator. 



 186 

DOORWAY INDUCES UNIQUE SKATING LOCOMOTION RESPONSE FOR PEOPLE 
LIVING WITH PARKINSON DISEASE 

Submission ID: 660 

Authors 
Ms. Brittany Mercier - University of Lethbridge, Mr. Mike Fruman - University of Lethbridge, 

Dr. Jon Doan - University of Lethbridge 

Introduction/Introduction 
Freezing of gait amongst people living with 
Parkinson disease (PD) typically occurs when 
commencing locomotion, changing path, 
approaching an obstacle, or passing through a 
doorway, with freezing episodes occasionally 
followed by dysfunctional motion and 
increased risk of falls. With growing interest in 
vigorous exercise as neurotherapy for PD, it is 
important to understand freezing and sub-
freezing responses in those exercise contexts 
to ensure participant safety. 

Objective/Objectif 
The purpose of this study is to directly 
compare skating and walking locomotor 
kinematics for one of the most evoking 
freezing stimuli, passing through a doorway. 

Methods/Méthodologie 
Thirteen PD (2 female, 59.7 +/- 6.4 years) and 
eight older adult controls (OAC) (1 female, 
57.9 +/- 12.2 years) participated. PD 
participants had an average disease duration of 
5.4 years (SD: 3.2 years) and H & Y score of 
1.0 +/- 0.7. Testing took place at local ice 
arenas. Participants were instructed to walk 
(dryland; 10x) or skate (on ice; 10x) at self- 
selected pace from the start to the end of the 
pathway (2m x 12m), with half of skating and 
walking trials each passing through a doorway 
(220cm x 82 cm; positioned between 8m and 
10m point on path) that consisted of frame 

only, with bottom portion having no material 
obstruction. All skating and walking trials 
were recorded from a sagittal view with a 
digital video recorder. 

Results/Résultats 
There were significant effects for GROUP, 
LOCOMOTION PATTERN, and CONTEXT 
(door/no door) on many lower and upper body 
kinematics. Of note is the unique strategy used 
by PD to pass through door, specifically 
increased time spent in double limb support 
(Figure 1), without a significant decrease in 
horizontal velocity. 

Conclusions/Conclusions 
People living with Parkinson disease could 
skate safely, and used unique characteristics of 
skating (rapid acceleration and gliding) to 
counter freezing provoking contexts. 
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Introduction/Introduction 
Individuals with Parkinson’s disease (PD) 
often experience gait dysfunctions. Physical 
therapy combined with rhythmic auditory 
stimulation (PT-RAS) has been shown to 
improve motor function and gait kinematic 
patterns; however, the sensitivity of the 
associated kinetics to this intervention remain 
unexplored.  
 

Objective/Objectif 
(1) Assess the relationship between 
spatiotemporal gait parameters and lower limb 
joint power during gait in people with PD; (2) 
Quantify lower limb spatiotemporal and joint 
power differences after PT-RAS. 

Methods/Méthodologie 
Twenty individuals with PD (Hoehn and Yahr 
1-3) completed a 5-week intervention of 
supervised PT-RAS. Kinematic and kinetic 
data were collected pre and post-intervention; 
Spatiotemporal variables and the joint power 
of all three lower limb joints were calculated. 
Mean differences from PT-RAS as well as 
within each leg (most affected, MA; least 
affected, LA) were analyzed using repeated 

measures analyses of variance with walking 
speed covariate. 

Results/Résultats 
When averaging both legs, PT-RAS increased 
walking speed (p = .001), step length (p = 
.004), width (p = .031), percent swing (p = 
.026), and cadence (p = .000) while decreasing 
stride time (p = .000). All these spatiotemporal 
significant differences remained when 
examining the LA leg; Only decreased stride 
time (p= .000) time remained for the MA leg. 
When averaging both legs, a higher magnitude 
of K2 (p = .016) and H2 (p = .018) power was 
also found after PT-RAS. Separately, K2 
differences remained for each leg, but H2 
difference was seen only for the MA leg. 

Conclusions/Conclusions 
PT-RAS training led to improvements in gait 
pattern predominantly on the least affected 
side. Thus, it appears the least affected side is 
able to adapt and compensates for the most 
affected side. Power differences indicate 
greater knee power generation (average, MA, 
LA) and hip power absorption (average, MA) 
during midstance after PT-RAS, 
demonstrating potential improvement in rectus 
femoris recruitment during walking after PT-
RAS. 
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Introduction/Introduction 
People with dementia fall frequently and 
impaired mechanical stability while walking is 
an important predictor of falls in dementia. 
Mechanical stability is the relationship 
between the center of mass (COM) and the 
boundaries of the base of support (BOS). In 
healthy individuals, shifts in the COM (upper 
body) outside of the BOS are stabilized 
through adaptations through foot placement 
(lower body). The coordination of the upper 
and lower body joints may thus be used to 
examine impairments in mechanical stability 
in people with dementia. 

Objective/Objectif 
To examine the inter-segmental coordination 
of the upper and lower body segments during 
natural gait in individuals with dementia. 

Methods/Méthodologie 
We analyzed data from an observational study 
using a vision-based gait monitoring system, 
that incorporated a Kinect camera. Joint 
coordinates from 2 weeks of unsupervised 
walks of 52 individuals were used to derive 
measures of coordination. We examined the 

cross correlation between a spine marker and 
knee markers (right and left) in the frontal 
plane as the measure of coordination. 

Results/Résultats 
Preliminary analysis of 15 participants (mean 
7.83 walks per participant) revealed a median 
lag of -4.76% (range -16.21% to 6.52%), 
where negative lags indicate peak knee 
abduction occurs before peak spine abduction 
in a single gait cycle. Most participants (60%) 
had negative lags, representing a maladaptive 
gait pattern. Lag times were also highly 
variable within individuals (median lag time 
variability = 10.49%, range 7.64% to 16.38%). 

Conclusions/Conclusions 
Most of the participants with dementia 
demonstrated poor temporal coordination of 
their upper and lower body segments, with 
significant variability. To maintain the COM 
within the BOS, lateral foot placement should 
not precede COM movement. This may be 
indicative of impaired mechanical stability. 
Future analyses will examine the relationship 
between upper and lower body inter-segmental 
coordination and mechanical stability and fall 
risk. 
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Introduction/Introduction 
The arm elevation strategy assists in 
recovering stability during slips in healthy 
young and elderly individuals. However, its 
effect in people with Parkinson’s Disease 
remains unexamined, particularly in relation to 
the disease’s asymmetry. 

Objective/Objectif 
Examine differences between unrestricted and 
restricted arm swing in people with 
Parkinson’s Disease on the Margin of 
Stability, linear and angular trunk velocities, 
and step length, time, and width after slips. 

Methods/Méthodologie 
Twenty people with Parkinson’s Disease 
(63.78 ± 8.97 years) walked with restricted 
and unrestricted arm swing on a dual-belt 
treadmill. Slips were induced by accelerating 
the left/right treadmill belt at 1.5 m/s2for 0.75 
seconds and were automatically triggered 
when participants’ heels crossed each other 
during the swing phase in the anteroposterior 
direction. Data were collected on the CAREN 
Extended System (Motek Medical, 
Amsterdam, NL). Three steps before and after 
the slip were examined for pre- and post-slip 
differences. 

Results/Résultats 
A three-way repeated measures ANOVA for 
time, arm, and leg examined differences 
between pre- and post-slip steps. No main 
effects or interactions were found for arms or 
legs. Post-slip steps, compared to pre-slip 

exhibited: a smaller anteroposterior MOS 
(F(1,16) = 12.378, p = 0.003, ηp2= 0.436), a 
larger mediolateral MOS (F(1,16) = 9.102, p = 
0.008, ηp2= 0.363), a shorter step length 
(F(1,16) = 22.038, p < 0.001, ηp2= 0.579, a 
faster step time (F(1,16) = 9.817, p = 0.006, 
ηp2= 0.38), lower mediolateral (F(1,16) = 
19.025, p < 0.001, , ηp2= 0.543) and vertical 
(F(1,16) = 7.006, p = 0.018, ηp2= 0.305) trunk 
linear velocity, and higher trunk 
anteroposterior angular velocity (F(1,16) = 
24.522, p < 0.001, ηp2= 0.605). 

Conclusions/Conclusions 
While participants recovered dynamic stability 
in the steps following the slip, lack of arm 
swing differences suggest that the arm 
elevation strategy was ineffective in 
counteracting the slip’s backward 
destabilization. 
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Introduction/Introduction 
Stair descent is among the most challenging 
tasks in the daily life of individuals with a 
trans-tibial amputation (TTA). However, the 
underlying biomechanical compensations in 
TTA are yet to be fully understood. Identifying 
these compensations could help clinicians 
implementing more deficit-oriented 
rehabilitation protocols for TTA. 

Objective/Objectif 
This case-control study aims to identify the 
biomechanical compensations in TTA for the 
amputated (AmLL) and the intact (InLL) 
lower limbs compared to healthy counterparts 
(CON)’ lower limb (CnLL) during stair 
descent. 

Methods/Méthodologie 
Eight TTA and 15 CON underwent a gait 
analysis during a 4-stair descent task. 
Kinematics of the ankles, knees, hips, and 
pelvis and the electromyography of the 
gastrocnemius lateralis (GL), tibialis anterior 
(TA), and vastus lateralis (VL) muscles were 
compared between the AmLL, InLL and CnLL 
using one-dimensional statistical parametric 
mapping. 

Results/Résultats 
Greater ankle, knee and hip flexion was 
observed for the AmLL compared to CnLL. 
Greater ankle and knee flexion was observed 
for the AmLL compared to InLL. Greater knee 
flexion was observed for InLL compared to 
CnLL. Greater hip internal rotation and 
adduction was also found for the AmLL 
compared to the InLL and CnLL. The pelvis 
had a greater anterior tilt for the InLL and 
AmLL compared to CnLL and a lower 
inclination toward the supporting limb for the 
AmLL compared to the CnLL and InLL. The 
pelvis was also more rotated toward the 
contralateral limb for the AmLL compared to 
CnLL and for the CnLL compared to InLL. 
Greater GL and VL activations were found for 
the InLL compared to CnLL. 

Conclusions/Conclusions 
The compensations and asymmetries 
highlighted distinct movement patterns in TTA 
during stair descent compared to CON. Our 
results will help better understanding the 
biomechanical compensations in TTA and 
suggests that future studies should take them 
into consideration when assessing stair 
descent. 
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Introduction/Introduction 
Children with cerebral palsy (CP) present with 
impaired coordination and increased 
movement variability during walking [1]. 
Whether coordination adjusts to cope with a 
change in walking direction (turning) remains 
unexplored. Studying this may identify 
abnormal patterns not apparent during straight 
walking. 

Objective/Objectif 
Compare inter-joint coordination during 
turning and straight gait and assess differences 
between children with CP and typically 
developing (TD) children. 

Methods/Méthodologie 
21 children with CP and 38 TD children 
performed straight and 90° turning gait. 
Continuous relative phase [2] for Knee-Hip 
(KH) and Ankle-Knee (AK) joint pairs of the 
ipsilateral leg quantified coordination 
amplitude and variability, via mean absolute 
relative phase (MARP) and deviation phase 
(DP), respectively. Two-way ANOVAs 
assessed MARP and DP across stance phase 
events. 

Results/Résultats 
A significant group × condition interaction for 
KH coordination was observed (mid-stance; p 
= 0.009). Post-hoc analyses showed that the 
CP, compared to TD, group adopted a greater 
increase in out-of-phase MARP during turning 
compared to straight gait, (13.2 vs 3.4°; p ≤ 
0.007). Group × condition interactions were 
observed for KH (mid-stance, terminal stance; 

p ≤ 0.039) and AK (initial contact; p = 0.016) 
variability. Post-hoc analyses revealed a 
greater increase in DP at KH for the CP, 
compared to TD group, during straight 
compared to turning gait (mid-stance, 8.8 vs 
1.9°; p ≤ 0.007 and terminal stance, 8.5 vs 
3.4°; p < 0.001). For AK, greater DP during 
turning compared to straight gait was observed 
in the TD group (initial contact, 22.3°; p < 
0.001) (Fig. 1). 

Conclusions/Conclusions 
Turning gait coordination adaptations in 
children with CP that are not evident during 
straight walking were identified. CRP may 
provide relevant motor control information for 
the management of gait in CP. 

References 
[1] Carrolo et al. Clin.Biomech.59, 40-46 
(2018) 
[2] Lamb and Stöckl. Clin.Biomech.5, 484-493 
(2014) 
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Introduction/Introduction 
Arterial blood pressure has been shown to be 
influenced by movement-related forces during 
exercise. The contribution of these mechanical 
factors on finger arterial blood pressure during 
arm crank exercise is unknown.  

Objective/Objectif 
The specific aim of this study was to 
investigate if a higher arm crank cadence was 
associated with an increase in finger arterial 
blood pressure.  

Methods/Méthodologie 
Seven participants performed incremental arm 
crank exercise protocols at two different 
cadences (45 and 90 rpm) using an 
electromechanically braked ergometer. During 
each stage of testing, finger arterial blood 
pressure (Portapres®, heart rate (3-leads 
ECG), utilised VO2(TrueOne 2400), and upper 
arm kinematics (Optitrack) were recorded. 
Four outcome variables were extracted for 
each stages of the incremental arm crank 
exercise: mean arterial pressure (MAP), 
relative oxygen consumption, heart rate, and 
gross efficiency. A linear regression of the 
MAP as a function of exercise intensity  was 
calculated. More specifically, the effect of 
cadence was established for one moderate 
level  of exercise intensity (4 METS) using a 
paired t-test. 

Results/Résultats 
The relationship between MAP as function of 
exercise intensity showed a significant 
difference between the y-intercept (t(6)=4.294, 
p=0.005, d= 1.62) but not the slope 
(t(6)=2.290,p =0.116, d= -0.86, power= 0.85) 
between the two cadences. At moderate level 
of exercise intensity (4 METS), finger MAP 
increased by 16 mm Hg at the 90 rpm cadence 
in comparison to 45 rpm (45 rpm: 83 ±8 mm 
Hg; 90 rpm: 99 ± 13 mm Hg; t(6)=4.365, p= 
0.0028, d=1.65). 

Conclusions/Conclusions 
The results from this study show that 
movement-related forces occurring during 
limb movements might contribute to the 
increase in finger arterial blood pressure when 
exercising at a higher cadence. Understanding, 
and quantifying this mechanism, may be 
useful in order to create exercise protocols that 
maximize the blood flow response. 
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Introduction/Introduction 
Concussion is the result of head impacts 
creating strain to neuronal tissues resulting in a 
variety of symptoms. While the degree of 
symptom burden on patients can be quantified 
using validated symptom scales such as the 
Post-Concussion Symptom Inventory (PCSI), 
the relationship between symptom severity and 
level of brain tissues strain is not fully 
described. This relationship is important to 
understand as symptoms are frequently used as 
a measure of brain trauma. 

Objective/Objectif 
The purpose of this study was to examine the 
relationship between magnitude of brain tissue 
strain and symptom severity (PCSI) in a 
pediatric concussion population. 

Methods/Méthodologie 
Participants aged 5 to 18 years of age (n = 
199) diagnosed with concussion from falling 
events were recruited across 9 emergency 
departments of the Pediatric Emergency 
Research Canada network. PCSI was used to 
assess symptom severity upon presentation to 
the emergency department. The impacts were 
reconstructed in the lab using data from 

standardized intake forms of the concussion 
events, completed by treating emergency 
department physicians. The head impact 
reconstructions were conducted using a 
monorail drop rig; dropping a Hybrid III 
headform onto an anvil to acquire the linear 
and rotational acceleration responses. The 
acceleration-time curves were input into a 
scaled version of the University College 
Dublin Brain Trauma Model to determine 
maximum principal strain (MPS). Pearson 
correlations were used to examine the 
relationship between PCSI scores and MPS. 

Results/Résultats 
The results showed there was no correlation 
(r2= < 0.2) between magnitude of MPS and 
symptom severity based on the PCSI score. 

Conclusions/Conclusions 
Our findings indicate symptom severity was 
not related to the magnitude of tissue strain 
from the impact event. This suggests that the 
PCSI is not a reliable predictor of brain trauma 
as measured by MPS. Instead, the relationship 
between impact biomechanics and more 
objective biomarkers of concussion should be 
examined. 
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Introduction/Introduction 
Intermittent pneumatic compression (IPC) has 
been found to improve blood pressure and 
brain blood flow [1] which are often 
associated with falls. Peripheral neuropathy 
(PN) of the feet is a disorder which alters 
sensation and proprioception which may lead 
to increased fall risk. Massage therapy has 
been linked to potential improvements in PN 
[2] and through this pathway, it is plausible 
that IPC may be a valid treatment modality for 
reducing fall-risk in individuals suffering from 
PN of the feet. 

Objective/Objectif 
This study’s goal was to explore the influence 
of IPC on clinical measures of foot sensation, 
postural sway, and balance control in 
individuals suffering from cancer-treatment 
induced foot PN. 

Methods/Méthodologie 
Seven participants suffering from cancer-
treatment induced PN performed foot 
sensation tests (2 sites bilaterally), postural 
sway, and timed-up-and-go (TUG) trials 

before and after a 5-minute exposure of IPC. 
Dependent variables were compared pre- and 
post-IPC using paired t-tests. 

Results/Résultats 
Participants’ foot sensation was unchanged 
regardless of location assessed (p≥.463), and 
sway path length did not change during 
double-leg stance (p=.274). However, sway 
path length decreased during tandem stance 
(p=.026), and duration of TUG significantly 
decreased (p=.023). 

Conclusions/Conclusions 
These findings demonstrate that IPC may be a 
valuable treatment modality in improving 
balance control in individuals suffering from 
cancer treatment-induced PN. The foot 
sensitivity measures, tested via monofilaments, 
were potentially not sensitive enough to detect 
changes or did not capture the underlying 
mechanistic changes occurring as a result of 
IPC. 

[1] Gibbons, TD, et al. (2019) Exp Physiol, 
104(12), 1790-1800. 

[2] Izgu, N, et al. (2019) EJON, 40, 36-43. 
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Introduction/Introduction 
The biomechanical impact of undergoing a 
single event multilevel surgery (SEMLS) for 
children with cerebral palsy (CP) presenting an 
intoeing gait pattern has been widely 
documented. However, past studies mostly 
focused on gait quality rather than efficiency. 
Thus, there is a need to determine what is the 
impact of undergoing a SEMLS on gait quality 
and efficiency in children with CP presenting 
an intoeing gait pattern. 

Objective/Objectif 
This retrospective study aims to investigate the 
impact of undergoing a SEMLS on gait quality 
and efficiency in children with CP presenting 
an intoeing gait. 

Methods/Méthodologie 
Data from 16 children with CP presenting an 
intoeing gait pattern that underwent a SEMLS 
were retrospectively selected. Gait kinematics 
was quantified before (baseline) and at least 
one year after the surgery (follow-up). Gait 
quality was investigated with the Gait Profile 
Score (GPS), the hip and knee internal rotation 
angles and the foot progression angle (FPA). 
Gait efficiency was analysed using normalised 

gait speed and the medio-lateral, antero-
posterior and vertical centre of mass excursion 
(COMp). Dependent variables were extracted 
and compared between sessions with paired t-
tests. 

Results/Résultats 
Gait quality was improved at the follow-up as 
suggested by the more outward FPA and the 
decreased GPS score and hip internal rotation 
angles. Minimal improvement in gait 
efficiency was observed as shown by the lack 
of changes in the gait speed and antero-
posterior/vertical COM excursions as well as 
the slight decrease in medio-lateral COMp 
excursion at the follow-up. 

Conclusions/Conclusions 
Children with CP presenting an intoeing gait 
pattern that underwent a SEMLS exhibited an 
increased gait quality, but gait efficiency was 
only minimally improved at the follow-up 
compared to the baseline data collection 
session. Further studies are needed to identify 
the contributors of gait efficiency in children 
with CP as well as the best treatment 
modalities to optimise both their gait quality 
and efficiency. 
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Introduction/Introduction 
1 in 8 Canadian females will develop breast 
cancer within their lifetime, with a 5-year 
survivorship of 88% [1]. Tissue damage 
(surgery, radiation, chemotherapy) impairs 
function in up to 72% of survivors [2]. 
However, little data describes impairment 
immediately after treatment, and the 
progression of impairment during the first two 
years following treatment. 

Objective/Objectif 
This study aimed to determine the influence of 
time from treatment on kinematics during 
activities of daily living (ADLs) to infer 
dysfunction. 

Methods/Méthodologie 
Twenty-eight female BCS were divided into 
groups (within 1 year and between 1-2 years 
since treatment). Inclusion criteria were a 
diagnosis of unilateral, Type I-IIIa breast 
cancer and surgery followed by adjuvant 
therapy. Upper extremity and trunk 
movements were collected at 50 Hz (VICON). 
Participants performed various ADLs (lift 5Kg 
bag, fasten bra, put on necklace and pour from 
pitcher). Humerothoracic joint angles were 
defined via ISB standards [3]. Range of 
glenohumeral plane of elevation, elevation 
angle, and axial rotation were calculated. A 2-
way Mixed ANOVA assessed influences of 
time-from-treatment and arm (affected and 
unaffected) on range of motion. 

Results/Résultats 
Reduced range of motion occurred as time 
from treatment increased. Elevation angle and 

axial rotation were significantly reduced in 3 
of 4 tasks (Figure 1). On average, BCS had 
13° and 22.5° reduction in elevation and axial 
rotation range of motion, respectively, in the 
1-2 year post treatment group. 

Conclusions/Conclusions 
Range of motion reductions existed with time 
since treatment for several ADLs. BCS 
indicate difficulty in ADLs due to pain, even 
with minimal reduction in ROM [4]. The 
reduced motion may indicate underlying 
issues, and be linked to reduced quality of life 
[4]. 

[1]Canadian Cancer Society (2017) 
[2]Sugden, EM., et al. (1998). J Clin Oncol, 
10: 173-181. 
[3]Wu, G., et al. (2005). J Biomech, 38: 981-
992. 
[4]Levy. EW.,et al. (2012). Breast Cancer Res. 
Treat, 134: 315-324. 
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Introduction/Introduction 
Movement screens are used to determine an 
individual’s movement behaviour and patterns. 
Emerging techniques in machine learning have 
made it possible to objectively group 
individuals with similar movement patterns, 
identifying movement phenotypes. It has been 
previously suggested that convergence of 
constraints (e.g. organismic, task, and 
environmental) guide emergent patterns of 
coordination and control that ultimately 
determine performance outcome1,2. This 
theory suggests that organismic constraints 
such as stature and body mass might influence 
the determination of movement phenotypes. 

Objective/Objectif 
To determine if stature and mass differ 
between objectively identified whole-body 
movement phenotypes for the deep squat and 
hurdle step movements. 

Methods/Méthodologie 
Whole-body motion capture of 30 participants 
completing 5 deep squats (DS), and 5 right and 
left hurdle steps (RHS/ LHS) of the Functional 
Movement Screen™ was collected. Principal 
component analysis was used to reduce the 
dimensionality of the motion capture data and 
Gaussian Mixture Model was used to cluster 
the data generating movement phenotypes. 
Participants were assigned a phenotype and 
differences in participants height (cm) and 
mass (kg) across phenotypes were analyzed 
using independent-samples median test for DS, 

RHS, and LHS (H0 = Median1 = …Mediank). k 
is the number of phenotypes for each 
movement. 

Results/Résultats 
There were no significant differences in stature 
or body mass between phenotypes in either the 
DS, RHS, or LHS. 

Conclusions/Conclusions 
These data reinforce that phenotypes did not 
emerge on the basis of underlying stature or 
mass and therefore likely reflect self-selected 
patterns of movement control. This finding 
provides reassurance that such movement 
screens and emergent patterns are not simply a 
reflection of organismic constraints, such as 
stature and mass1,2. 

References. 

1: Glazier, P. (2017). Hum. Mov. Sci. 56:139-
156. 

2: Newell, K. (1986). Motor development in 
children: Aspects of coordination and control 
(pp. 341 – 360).
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Introduction/Introduction 
Rolling resistance is an important force to 
overcome in manual wheelchair (MWC) 
propulsion. The center of pressure (CoP) of the 
wheelchair and user, which affects the rolling 
resistance, is often considered constant in 
current MWC models, whereas in reality, it 
moves with the user’s body. The CoP can be 
estimated from kinematics using 
anthropometric models with able-bodied 
persons, but these models aren’t directly 
suitable for wheelchair users, due to physical 
obstruction by the MWC and the user inability 
to stand up. 

Objective/Objectif 
In this work, we adapted an existing 
anthropometric model and verified that it can 
be used in practice with MWC users, while 
considering the MWC physical constraints and 
the user's handicap. 

Methods/Méthodologie 
A 25 years old healthy subject was 
instrumented with 27 reflective markers placed 
bilaterally on anatomical landmarks (e.g. 
styloids, humeral and femoral epicondyles, 
acromions). Twelve optoelectronic cameras 
(Optitrack©) tracked the markers coordinates, 

while the subject took five different static 
poses: anatomic, maximal frontal flexion, 
maximal extension and both maximal lateral 
flexions. Fifteen body segments were defined 
and their local CoP were determined from the 
user's kinematics. The estimated global CoP 
was compared to a reference CoP measured 
using four scales placed under each wheelchair 
wheel. 

Results/Résultats 
From the five different poses, the mean 
anteroposterior CoP position differed by -
0.024 ± 0.033 m between the digital scales and 
the motion capture (see figure 1). The mean 
mediolateral CoP position differed by 0.034 ± 
0.042 m. 

 
 

Conclusions/Conclusions 
Those preliminary results proposed and 
confirmed the feasibility of a method to 
determine the instantaneous CoP position of 
the MWC and the user by using motion 
capture and markers positions adapted to the 
context of MWC propulsion. Further data 
acquisitions are needed to validate the 
precision of this method.
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Introduction/Introduction 
Along with the neural mechanisms, 
mechanical factors such as orthostatic and 
movement-related forces can influence arterial 
blood pressure during exercise. The 
contribution of these mechanical factors on 
finger arterial blood pressure during arm crank 
exercise is unknown. 

Objective/Objectif 
The specific aim of this study was to 
determine the contribution that orthostatic, 
base, cardiac pulse and movement-related 
force parameters have on the finger arterial BP 
during arm cranking exercise at different 
cadence. 

Methods/Méthodologie 
Seven participants performed incremental arm 
crank exercise protocols at two different 
cadences (45 and 90 rpm) using an 
electromechanically braked ergometer. During 
each stage of testing, finger arterial blood 
pressure (Portapres®), heart contraction timing 
(3-leads ECG), and upper arm kinematics 
(Optitrack) were recorded. Four outcome 
variables were extracted for each stages of the 
incremental arm crank exercise: finger arterial 
pressure, orthostatic pressure, movement 
related pressures, external work specific base 
pressure, and cardiac pulse. A model including 
those components was then created and 
analyzed to identify how much each factor 
contributed to the increases in finger arterial 
blood pressure with a change in cadence. 

Results/Résultats 
Finger arterial blood pressure increased 16 mm 
Hg with a higher cadence while controlling for 
the level of internal work (p=0.0028). The 
model of finger arterial pressure showed that 
approximately 3 mm Hg of the increase was 
due to movement-related forces. The change in 
the other components contributed to the rest of 
the increase seen with a change in cadence. 

Conclusions/Conclusions 
The results from this study show that limb 
movements can contribute to the increase in 
finger arterial blood pressure when exercising 
at a higher cadence. Understanding this 
mechanism, along with a combination of other 
mechanisms that can affect blood pressure and 
therefore also effect blood flow can be useful 
in order to create exercise protocols that 
maximize the blood flow response.
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Introduction/Introduction 
Sarcomere lengths [SLs] are non-uniform in 
skeletal muscles and these SL non-
uniformities have been associated with 
properties such as instability and residual force 
enhancement. Despite the apparent importance 
of SL non-uniformities in muscle function, 
there has been no systematic study into their 
origins. 

Objective/Objectif 
To determine the origins of SL non-
uniformities in passive and active skeletal 
muscle. We hypothesize that passive and 
active SL non-uniformities have different 
origins which are unrelated and active and 
passive non-uniformities are similar in repeat 
contraction/relaxation cycles, are not random, 
and are determined by structural properties. 

Methods/Méthodologie 
Single rabbit myofibrils (n=1 to-date) 
underwent three contraction/relaxation cycles 
and SLs (n=15 to-date) were determined prior 
to and after activation for the relaxed and 
active conditions. We report SLs measured 
from Z-line to Z-line in the initial relaxed state 
(r1), and the relaxed state after the first 
contraction/relaxation cycle (r2). 

Results/Résultats 
The r1 SL (mean±SD) of the myofibril was 
2.4±0.1µm and for r2 was 2.4±0.1µm. 5 
sarcomeres were longer in the second relaxed 
state compared to their initial length. 7 were 

shorter and 1 was unchange. Sarcomeres 
falling on the 1:1 red line showed no change 
compared to the initial condition. The 
coefficient of variation for r2 was larger than 
for r1 (5.6% versus 4.1% respectively). 

Conclusions/Conclusions 
Changes  from r1 to r2 for a given sarcomere 
were small compared to the SL non-
uniformities naturally occurring between 
sarcomeres of a myofibril. While the mean SL 
did not change from r1 to r2, the variation 
around the mean did increase slightly, possibly 
indicating a tendency towards greater non-
uniformity after activation. We conclude that 
passive SL non-uniformities are consistent 
within a myofibril, are not random, and are 
likely caused by passive structures of a 
sarcomere. We speculate that passive SL non-
uniformities in myofibrils are determined by 
the variable passive forces of titin across 
sarcomeres. 
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Introduction/Introduction 
The passive mechanical behavior of skeletal 
muscle represents both important and 
generally underappreciated biomechanical 
properties with little attention paid to their 
trainability. 

Objective/Objectif 
These experiments were designed to gain 
insight into the trainability of muscle passive 
mechanical properties in both single muscle 
fibers and muscle fiber bundles. 

Methods/Méthodologie 
Rats were trained in two groups: 4 weeks of 
either uphill (UH) or downhill (DH) treadmill 
running; with a third group as sedentary 
control. After sacrifice, the soleus (SOL), 
extensor digitorum longus (EDL), and vastus 
intermedius (VI) were harvested. One hundred 
seventy-nine bundles and 185 fibers were 
tested and analyzed using a cumulative stretch-
relaxation protocol to determine the passive 
stress and elastic modulus. Titin isoform 
expression was analyzed using sodium 
dodecyl sulfate vertical agarose gel 
electrophoresis (SDS-VAGE). 

Results/Résultats 
Single fibers: passive modulus and stress were 
greater for the EDL at sarcomere lengths (SLs) 
≥ 3.7 μm (modulus) and 4.0 μm (stress) with 
DH training compared to UH training and 

lesser for the SOL (SLs ≥ 3.3 μm) with DH 
training compared with control; there was no 
effect of UH training (figure 1). Vastus 
intermedius was not affected by either training 
protocol. Fiber bundles: passive modulus and 
stress were greater for the EDL at SLs ≥ 2.5 
μm (modulus) and 3.3 μm (stress) in the DH 
training group as compared with control, while 
no affects were observed in either the SOL or 
VI for either training group (image not 
shown). No effects on titin isoform size were 
detected with training. 

Conclusions/Conclusions 
DH training caused differential changes in the 
passive mechanical properties of the EDL and 
SOL. Specifically, EDL passive modulus and 
stress were greater in single fibres and fibre 
bundles, where in SOL they were lesser in 
single fibres only. These changes were not 
accompanied by any detectable changes to titin 
isoform size. 
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Introduction/Introduction 
Real-time biofeedback of muscle forces may 
help clinicians adapt their movement 
recommendations. Since these forces cannot 
be measured, researchers have developed 
musculoskeletal models informed by 
electromyography (EMG) and marker 
measurements to estimate them. Static 
optimization is the most computationally 
efficient. However, it suffers from drawbacks, 
namely: unrealistic joint torques computation, 
non-physiological muscle forces estimates and 
inconsistent for motions inducing co-
contraction. Forward approaches, which rely 
on optimal control, address these issues but 
requires intensive computing, apparently 
disqualifying them for real-time applications. 
However, this computational cost can be 
reduced by combining the implementation of a 
moving horizon estimation (MHE) and 
advanced optimization tools. 

Objective/Objectif 
Our objective was to assess the feasibility and 
accuracy of muscle forces estimation in real-
time, using a MHE. 

Methods/Méthodologie 
A 4-DoFs arm actuated by 19 Hill-type muscle 
lines of action was modeled for simulating a 
motion of reference, with corresponding EMG 
signals and markers positions. Excitation- and 
activation-driven models were tested. Four 
levels of co-contraction, EMG noise and 
marker noise were simulated, to run the 
estimator under 64 conditions, 30 times each. 
The MHE problem was implemented with 

three cost functions: EMG-markers tracking 
(high and low weight on makers) and marker-
tracking with least squared muscle excitations. 

Results/Résultats 
For the excitation-driven model, a 7-frame 
MHE was selected as it allowed the MHE to 
run at 24 Hz (Fig. 1) while ensuring the lowest 
estimation errors. This corresponds to a 3500-
fold speed improvement in comparison to our 
offline EMG-marker tracking algorithm 
(https://doi.org/10.1007/s11044-017-9587-2). 
When adding experimental-like noise to the 
reference data, estimation error on force 
ranged from 1 to 30 N when tracking EMG 
signals and from 8 N to 50 N (highly impacted 
by the co-contraction level) when muscle 
excitations were minimized. 

Conclusions/Conclusions 
To conclude, the MHE implementation in 
bioptim proved to be promising for real-time 
muscle forces estimation in experimental-like 
noise conditions. 
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Introduction/Introduction 
Most workplace tasks require grip strength and 
wrist force exertions. When occupational task 
demands exceed joint/muscle capacity workers 
may be predisposed to injury. The gradation of 
muscle force is dependent upon neural drive 
and muscle cross-sectional area. In addition to 
neural drive, coactivation is equally important 
in the expression of maximum joint torque. 
Anthropometric measures of limb length, 
girth, volume, and body mass are predictive of 
maximal elbow force. However, little is known 
about similar predictors for wrist strength. 

Objective/Objectif 
To evaluate anthropometry and muscle activity 
as predictors of isometric wrist strength. 

Methods/Méthodologie 
Anthropometric data were obtained from 25 
male participants, including weight(WT), 
height(HT), BMI, forearm length(FL), hand 
length(HL), elbow circumference(EC), wrist 
circumference (WC), wrist breadth (WB), 
forearm circumference proximal(FCP), 
forearm circumference distal(FCD), hand 
thickness(HTC), hand breadth(HB), lever 
length(LL). Wrist torque, flexor carpi 
radialis(FCR) and extensor carpi radialis(ECR) 
muscle activation were recorded during 5 
isometric wrist flexion and extension 

contractions with the forearm and hand in a 
neutral posture and aligned with the load cell. 
Maximal torque and root mean square(RMS) 
EMG amplitude were obtained from a one-
second window in the middle of each five-
second wrist flexion and extension trial. 
Pearson correlation coefficients assessed the 
relationship between isometric mean torque 
and: (1) anthropometrics, (2) EMG, (3) 
FCR/ECR antagonist/agonist coactivation 
ratios (CO-ACT), as well as relative to each 
other. Based on significant correlations, 
several multiple linear regression equations 
were developed (SPSS v.25; p<0.05). 

Results/Résultats 
HTC, FCP, and ECR_RMS or HTC, EC, 
FCR_RMS and body weight were most highly 
correlated with extension (EXT_TOR) or 
flexion (FLEX_TOR) torque, respectively 
(Table 1). HTC, FCP, ECR_RMS 
(R2=54.5%;p=0.001) and HTC, EC, 
FCR_RMS (R2=68.3%;p<0.001) explained 
similar variance as the addition of weight to 
EXT_TOR (R2=58.0%;p=0.001) and 
FLEX_TOR (R2=69.9%;p<0.001) equations. 

Conclusions/Conclusions 
Circumference measurements, a pseudo for 
muscle size, and activation amplitude 
influenced wrist muscle force output more 
than limb length or coactivation. 
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Introduction/Introduction 
Fatigue-related changes in elbow flexor 
activation variability, indicative of the 
flexibility in selection of motor strategies, 
appear to differ by sex during low-load and 
repetitive exercise. It is unknown if these 
differences are related to differences in how 
oxygen perfuses the muscle, which can be 
indirectly studied by measuring muscle 
deoxygenation and swelling. 

Objective/Objectif 
Determine if there are relationships between 
changes in muscle activation variability and 
deoxygenation and swelling responses and if 
these differ by sex. 

Methods/Méthodologie 
Young adult males (N=15) and females 
(N=15) completed low-load, intermittent trials 
of concentric/eccentric elbow flexion 
consisting of a 60-second exercise bout, a 30-
second rest, and a maximal voluntary 
isometric contraction (MVIC). The task ended 
when MVIC torque was < 70% of baseline. 
First-to-final minute change in repetition-to-
repetition muscle activation variability (CV) 
was measured for several muscles from 
surface electromyography recordings. Muscle 
deoxygenation and swelling responses were 
measured with near-infrared spectroscopy and 
B-mode ultrasonography respectively. We 
computed General Estimating Equations for 
effects of Time, Muscle and Sex, and 
compared changes in variability across groups 
using Spearman’s correlation coefficients. 

Results/Résultats 
CV was greater in males than in females (S: p 
= 0.018) and increased over time for anterior 
deltoid but decreased for brachialis (T*M: p = 
0.001). Male changes in biceps brachii CV 
were correlated with biceps brachii muscle 
swelling (ρ = -0.56, p = 0.038) and female 
changes in anterior deltoid CV were correlated 
with changes in deoxygenated and total 
hemoglobin (ρ = 0.59-69, p < 0.05). 

Conclusions/Conclusions 
Although males had larger muscle activation 
variability than females, sex did not influence 
the changes due to elbow flexion fatigue. 
Relationships between these changes and 
muscle deoxygenation/swelling were 
influenced by sex, providing preliminary 
evidence that the adjustments in muscle 
activation variability in males and females 
may occur by different physiological 
processes. 



 205 

THE RELAXATION SHOULDER IS DELAYED BY ACTIVE STRETCH AT LONG 
BUT NOT SHORT MUSCLE LENGTHS IN RAT SOLEUS MUSCLE ASSESSED IN 

SITU 
Submission ID: 291 

Authors 
Dr. Ian C. Smith - University of Calgary, Dr. Sang-Hoon Yeo - University of Birmingham, Dr. 

Walter Herzog - University of Calgary 

Introduction/Introduction 
Steady-state contractile force is higher in 
contractions featuring active stretch relative to 
comparable purely isometric contractions. The 
cause of this “force enhancement” is hotly 
debated. While force enhancement is 
associated with prolonged relaxation times, 
relaxation occurs in two distinct phases. 
Insights into the mechanism(s) causing force 
enhancement may be gained by examining 
how each phase of relaxation is affected by 
force enhancement.  
 

Objective/Objectif 
The objective of this pilot study was to 
investigate whether the timing of the 
relaxation shoulder separating the slow and 
fast phases of relaxation is affected by active 
lengthening over a range of muscle lengths. 

Methods/Méthodologie 
Soleus muscles of anaesthetized male Sprague 
Dawley rats (n=4) were mechanically isolated 
with nerve and blood supply intact. Forces 
were assessed under passive conditions, and 
during contractions evoked at 40 Hz for 4 s, 
with and without active stretch. Stretch 
magnitude and speed during activation were 
held constant within each animal but varied 
between animals. Fascicle length was 
monitored using sonomicrometry crystals in a 
subset of animals (n=2). 

Results/Résultats 
At relatively short muscle lengths, the timing 
of the relaxation shoulder was comparable in 
contractions with and without active stretch. 
However, the relaxation shoulder occurred 
later in actively stretched relative to isometric 
contractions at relatively long muscle lengths. 
Differences in the timing of the relaxation 
shoulder became apparent at fascicle lengths 
coinciding with rising magnitudes of force 
enhancement and passive forces. Sample 
force-time traces during relaxation (A) and 
summary data (B) are shown in the figure. 

Conclusions/Conclusions 
The prolongation of the slow phase of 
relaxation seen with active stretch at long 
fascicle lengths may reflect the stiffening or 
engagement of a passive element which 
supports sarcomere structure and delays the 
cascading sarcomere length instabilities that 
mark the onset of the fast phase of relaxation. 
An expanded study using standardized 
methodology seems warranted.
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Introduction/Introduction 
Echogenicity (ECHO) provides an estimate of 
infiltration of muscle by non-lean tissue 
(muscle quality) and can be measured via 
ultrasound. Higher ECHO indicates non-lean 
tissue (e.g., intramuscular fat) and is 
associated with lower capacity of the Rectus 
Femoris (RF) and Vastus Lateralis (VL) in 
older adults.  

Objective/Objectif 
This study evaluates whether quadriceps 
ECHO is related to physical capacity in 
healthy young adults. We hypothesize that 
poorer muscle quality is associated with lower 
physical capacity. 

Methods/Méthodologie 
11 young adults (6F, 5M; age 21.5± 4.3 y) 
participated. To capture ECHO, a real-time B-
mode ultrasound imaging device held 90° to 
the skin in a longitudinal view captured the RF 
and VL (M-Turbo, Sonosite) while the leg 
rested at 60° of knee flexion. ECHO was 
measured using the mean grayscale of the 
muscle region on blinded images, in random 
order, using FIJI (Fig 1). Measurements were 
repeated 3 times to assess intra-rater 
reliability. Participants performed 5 isometric 
contractions at 60° knee flexion angle and 7 
isotonic flexion/extension exertions with the 
resistance set to 25% of the participant’s 
MVIC, on a dynamometer (Biodex 3, Shirley 
NY). Mean peak strength and peak power 
were obtained from isometric and isotonic 
trials, respectively. Gait speed was measured 
during the 40-m walk. Regression analyses 

assessed relationships between muscle strength 
and power with ECHO, adjusting for sex, body 
mass index, gait speed and grip strength. 
Independent samples t-tests evaluated sex 
differences. ICCs evaluated intra-rater 
agreement. 

Results/Résultats 
Higher ECHO for VL and RF was 
significantly associated with poorer strength (p 
<0.05), but not power. Males had higher grip 
strength, muscle strength and muscle power 
than females (p <0.05). Females had higher 
VL ECHO than males (p <0.05). Excellent 
intra-rater reliability was demonstrated for RF 
and VL (ICC2,1=0.99). 

Conclusions/Conclusions 
Non-lean tissue is likely associated with 
poorer muscle capacity. We will examine 
these relationships in larger sample. 
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Introduction/Introduction 
Indwelling electromyography (EMG) signal 
amplitude can attenuate after ~30 minutes of 
walking [1]. Any systematic reduction in 
amplitude over time would impact upon 
conclusions drawn from long protocols. 

Objective/Objectif 
We aimed to determine the impact of 
contraction type, prior performance of a 
maximum voluntary contraction (MVC) and 
time on fine-wire (fw) EMG signal amplitude 
recorded from the biceps bacchii muscle. 
Twenty healthy participants were instrumented 
with fw and surface (s) electrodes to record 
EMG from their biceps brachii muscles 
bilaterally. 

Methods/Méthodologie 
With one arm, every five minutes over a two-
hour period, participants held a weight 
statically for 30-seconds. With the other arm, 
participants either repeated the same task after 
first performing a MVC contraction or 
performed dynamic elbow flexion contractions 
for 30 seconds every five minutes. 
Mean/median smoothed EMG amplitude 
recorded at each time interval was normalised 
to the amplitude at the start of the protocol. 
Repeated-measures ANCOVAs were used to 
determine the effect of electrode type and time 
(covariate) on EMG amplitude and the impact 
of contraction protocol and time on fw-EMG 
signal amplitude (α=0.05). 

Results/Résultats 
During the isometric protocol, fw-EMG 
amplitude reduced significantly over time 
(p=0.002) while s-EMG amplitude did not 

(p=0.895). fw-EMG amplitude attenuated 
faster during the dynamic protocol (p = 0.008) 
than the isometric protocol, as well as when an 
MVC preceded the isometric protocol 
(p<0.001). 

Conclusions/Conclusions 
The findings of this study suggest that 
systematic signal attenuation can occur over 
time when recording fw-EMG signals, 
particularly during dynamic contractions. If 
fine-wire electrodes are used to record EMG 
then protocols must accommodate possible 
signal attenuation over time, through 
randomising task order, restricting protocol 
duration and/or building in regular 
normalization contractions.
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Introduction/Introduction 
Inter-joint coordination and variability during 
gait provides insight into control and 
adaptability of the neuromuscular system. To 
date, research has been restricted to laboratory 
settings, and it is unclear how past findings 
translate to real-world walking environments. 

Objective/Objectif 
Determine the impact of different outdoor 
walking surfaces on lower limb inter-joint 
coordination and variability during gait, in 
healthy adults. We hypothesized that irregular, 
sloped, and banked surfaces would prompt 
changes in coordination and variability in 
knee-hip joint coupling, in comparison with 
flat surface walking. 

Methods/Méthodologie 
Data were retrieved from a public database, 
which measured gait kinematics in thirty 
healthy adults (15 females, 23.5±4.2 years) 
during outdoor walking.1 Inertial Measurement 
Units (MTw Awinda, Xsens, Netherlands) 
measured kinematics during six straight-
walking trials on irregular (brick, grass); 
sloped (slope-up, slope-down); and banked 
(banked-right, banked-left) surfaces. Knee and 
hip sagittal joint angles were estimated using 
the Xsens MVN algorithm and partitioned into 
separate gait phases. Continuous Relative 
Phase analyses determined inter-joint 
coordination and variability for the knee-hip 
joint pair using Mean Absolute Relative Phase 
(MARP) and Deviation Phase (DP), 
respectively. One-way repeated measure 
ANOVAs tested the effect of surface on 
MARP and DP. Post-hoc Bonferroni adjusted 

paired t-tests were performed for selected 
comparisons. 

Results/Résultats 
Significant knee-hip surface effects were seen 
during all gait phases for MARP (p<0.001) 
and DP (p=0.002). Compared to flat walking, 
grass prompted more in-phase coupling 
(smaller MARP) during stance and terminal 
swing (p<0.006, Fig. 1). Sloped-up caused 
more in-phase coordination during stance, 
while sloped-down caused more out-of-phase 
coupling (p<0.006, Fig.1). For DP, slope-up 
(p<0.002) and slope-down (p<0.003) surfaces 
prompted more variable (greater DP) knee-hip 
coordination during gait. 

Conclusions/Conclusions 
Changes in coordination and variability were 
greatest on sloped surfaces. This could reflect 
greater changes in lower-limb kinematics on 
inclined surfaces and/or a neuromuscular 
response to a more challenging environment.\ 

1. Luo (2020). Sci Data 8;7(1):219.doi: 
10.1038/s41597-020-0563-y. 
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Introduction/Introduction 
Locomotion requires successful integration of 
sensory, cognitive, and motor systems. When a 
cognitive task is performed concurrent with 
locomotion (dual-task), performance decreases 
in the cognitive, motor, or both tasks can occur 
due to limited shared cognitive resources. At 
present, little is known about how humans 
execute sudden transient shifts in body 
position while circumventing obstacles under 
dual task conditions.  
 

Objective/Objectif 
To characterize the allocation of cognitive 
resources and coordination of motor strategies 
used to execute sudden locomotor adjustments 
to avoid an obstacle.  

Methods/Méthodologie 
We required participants (N=19; 10M/9F; Age 
22.7±2.5 years) to form an initial travel plan 
during approach of an obstacle (50 x 2 cm, 
height = 15% leg length) as indicated by lights 
placed on the obstacle (left or right 
circumvention, or cross over the center). Two 
steps before, a laser trigger could indicate a 
sudden strategy shift (circumvention to 
circumvention, crossing to circumvention, or 
no change) concurrent with a cognitive load 
(CL; incongruent or congruent auditory Stroop 
cue, or neutral word response). Response time 
(RT; seconds) to the CL was measured via a 
custom microphone (1200 Hz) during quiet 

standing and walking trials. Kinematic 
measures (e.g. center of mass velocity; COMv) 
were collected (120 Hz; OptiTrack, Corvallis, 
USA). A 2-way ANOVA with Bonferroni post 
hoc was performed (Strategy x CL). Paired 
samples t-tests explored within-condition 
effects. 

Results/Résultats 
An interaction was observed for Stroop RT 
(p<0.05). T-tests revealed that incongruent 
RTs significantly increased for crossing to 
circumvention (1.09±0.05s) and circumvention 
to circumvention (1.14±0.04s) compared to 
standing (0.95±0.03s) conditions. No effect of 
CL was found on COMv. 

Conclusions/Conclusions 
Increased RT suggests that executing an 
obstacle avoidance strategy adjustment 
requires altered cognitive allocation, limiting 
resources needed to respond to the CL as 
quickly as during no change or standing 
conditions. 
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Introduction/Introduction 
Spatiotemporal parameters can characterize 
the gait patterns of individuals, allowing 
assessment of their health status and detection 
of clinically meaningful changes in their gait 
[1]. Markerless motion capture is a user-
friendly, inexpensive, and widely applicable 
technology that could reduce the barriers to 
measuring spatiotemporal gait parameters in 
clinical and more diverse settings. Theia3D 
(Theia Markerless Inc., Kingston ON) is one 
such technology, which employs deep learning 
algorithms to perform 3D pose estimation 
using multiple synchronized 2D videos. 

Objective/Objectif 
The objective of this work was to determine if 
spatiotemporal gait parameters measured using 
markerless motion capture demonstrate 
concurrent validity with those measured using 
marker-based motion capture. 

Methods/Méthodologie 
Thirty healthy adults performed treadmill 
walking at self-selected speeds while 2D video 
and marker-based motion capture data were 
collected simultaneously. Kinematic-based 
gait events were used to measure nine 
spatiotemporal gait parameters from both 
systems independently. The parameters were 
compared using their group means, Bland-
Altman methods, Pearson correlation 
coefficients, paired-samples t-tests, and 
intraclass correlation coefficients (ICC(A-1) and 
ICC(C-1)). 

Results/Résultats 

System group means were indistinguishable 
across all nine gait parameters and the Bland-
Altman plots (Fig 1) showed no systematic 
biases or clinically meaningful differences. 
Pearson correlation coefficients indicated near-
perfect correlation (r ≥ 0.96) between systems 
for all but two parameters, which had strong 
correlations (double-limb support time, r = 
0.87; swing time, r = 0.88). T-tests indicated 
statistical differences in stance, swing, and 
double-limb support time parameters, but 
strong correlations were found for all ICCs, 
the lowest being 0.84 for both double-limb 
support time and swing time. 

Conclusions/Conclusions 
The spatiotemporal gait parameter 
measurements made by Theia3D markerless 
motion capture demonstrated concurrent 
validity with those from the marker-based 
system, indicating sufficient accuracy for 
research and clinical uses. 

[1] Givon G., et al. (2009). Gait Posture, 29: 
138-142. 
[2] Almarwani M., et al. (2016). Gait Posture, 
44: 94-99. 
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Introduction/Introduction 
A comprehensive understanding of normative 
gait patterns throughout the lifespan is a 
critical first step towards understanding age-
related pathologies and disorders that are 
commonly associated with mobility limitations 
throughout aging. Understanding sex-specific 
gait patterns, and how they change with age, is 
particularly important considering biological 
differences between males and females that 
can manifest biomechanically, and 
epidemiological evidence of higher incidence 
rates of osteoarthritis and other age-related 
pathologies in women. 

Objective/Objectif 
The objective of this study was to 
comprehensively characterize the differences 
in lower extremity joint kinematics and 
kinetics during gait between asymptomatic 
adult women and men in four different age 
groups (20-40 years, 41-50 years, 51-59 years, 
60+ years). 

Methods/Méthodologie 
This was a secondary analysis conducted on 
instrumented gait data from 154 asymptomatic 
adult participants (94 females). Three-
dimensional hip, knee and ankle joint angles 
and net external moments were calculated and 
waveform principal component analysis (PCA) 
was applied to extract major patterns of 
variability from each. The PC scores were 
examined for significant sex, age and 
interaction effects using a two-factor ANOVA 
analysis. 

Results/Résultats 
12 PC features differed between asymptomatic 
male and female gait patterns and were 

independent of age category (Figure 1). No PC 
features significantly differed between the age 
groups, and no significant sex by age 
interactions were reported. 

Conclusions/Conclusions 
There are significant magnitude and pattern 
differences in hip, knee and ankle kinematics 
and kinetics between asymptomatic women 
and men. Since participants were 
asymptomatic, these differences do not 
necessarily correlate with any disease 
mechanisms, however they do suggest the 
importance of considering sex-specific 
analyses in gait study design, and the use of 
sex-specific normative data in clinical gait 
studies. Additionally, the results suggest that 
consideration of strict age-matching for gait 
analysis studies using adult controls is not as 
critical as sex considerations. 
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Introduction/Introduction 
According to the little knowledge available on 
circumvention of other pedestrians by older 
adults (OA), greater clearances and different 
body segment reorientations are seen with 
increased age. Yet, while it is known for 
young adults (YA) that clearance is affected 
by local limb movements of another 
pedestrian, but general trajectory planning is 
based on global movement (whole body 
displacement in space) in a predictable 
situation, the effect of aging on using such 
visual information remains unknown.  

Objective/Objectif 
To understand the effects of aging on the use 
of visual information about local and global 
body movements of another pedestrian during 
circumvention. 

Methods/Méthodologie 
To date, five healthy young adults and five 
older adults living in the community were 
immersed in a virtual shopping mall. 
Participants walked to a shop located directly 
in front of them while circumventing a virtual 
agent (VA) who approached from straight 
ahead with one of four different locomotor 

patterns: 1-Normal whole body locomotor 
movements; 2- No arm movements; 3- No leg 
movements; 4- No arm and leg movements. To 
minimize predictability, catch trials where the 
VA deviated off path (no circumvention 
required) or remained stationary were also 
tested. Trajectory deviation onset, minimum 
clearance, body reorientation strategy and gaze 
behavior were analyzed. 

Results/Résultats 
Descriptive analyses from our preliminary 
results suggest that OA deviate from their 
trajectory later than YA with delayed body and 
gaze reorientation resulting in smaller 
clearances. No qualitative differences in 
circumvention strategy have been observed so 
far in response to local vs. global motion cues 
for both OA and YA. 

Conclusions/Conclusions 
Preliminary results to date suggest that OA use 
a strategy that favours longer gaze on the 
pedestrian, which likely explains later 
deviation onsets and smaller safety margins in 
the OA group. 

 

  



 213 

VALIDATION OF VERTICAL GROUND REACTION FORCE ESTIMATES 
GENERATED USING HIP ACCELEROMETRY DURING WALKING AND RUNNING 

Submission ID: 78 

Authors 
Ms. Marie-Eve Berube - University of Ottawa, Dr. Joanna Reeves - University of Ottawa, Prof. 

Ryan Graham - University of Ottawa, Prof. Linda McLean - University of Ottawa 

Introduction/Introduction 
To acquire kinetic data in the field, vertical 
ground reaction forces (vGRFs) may be 
estimated through segmental hip acceleration 
data using inverse dynamics; yet little attention 
has been paid to the validation of such 
approaches. 

Objective/Objectif 
The purpose of this study was to validate two 
approaches for the estimation of vGRF, one 
using a generalized model and the other using 
model parameters optimized for each 
individual participant. 

Methods/Méthodologie 
A tri-axial accelerometer (Mbientlab Inc.) was 
adhered to the skin over the left iliac crest. 
Data were recorded simultaneously from the 
accelerometer and from a KistlerTM force plate 
throughout three trials each of a brisk walk, a 
slow run and a fast run. Practice trials were 
performed until participants’ left foot would 
consistently land fully on the force plate 
without a need to adjust stride length. Peak 
vGRFs were estimated (vGRFE) using raw 
vertical acceleration values, first using the 

general equation described by Neugebauer et 
al. (2014), then a modified multilinear 
regression, optimized for each individual 
participant. Peak vGRFE was compared to 
actual peak vGRF recorded from the force 
plate using both approaches. 

Results/Résultats 
Eighteen active women (age 42.2 ±11.2 years, 
body mass index 22.6 ± 3.9 kg/m2) 
participated. The general and optimized peak 
vGRFEs were computed for each participant 
(Table 1). The regression between actual peak 
vGRF and vGRFE using the general equation 
was good (R=0.913, R2=0.834, p<0.001), 
while the optimized equations produced an 
excellent model fit for each individual (R2 
values ranged from 0.896 to 0.994 , p<0.01), 
and also across the entire group (R=0.979, 
R2=0.958, p<0.001). 

Conclusions/Conclusions 
Using the equation developed by Neugebauer 
et al, and generating a unique set of estimation 
coefficients for each participant, peak vGRFEs 
were valid when evaluated against force plate 
data. This method allows researchers to predict 
vGRF in the field using accelerometry data. 
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Introduction/Introduction 
The movement of the centre of pressure (CoP) 
has implications regarding fall risk and low 
back pain development. Nonlinear measures 
that quantify unpredictability are designed to 
predict large-scale behavior from small-scale 
samples and have been used fairly extensively 
in biomechanics.  

Objective/Objectif 
Our purpose is to infer CoP control 
mechanisms and the effects of muscle fatigue 
using two non-linear chaotic system 
measurements: Maximum Lyapunov Exponent 
(MLE) and Fractal Dimension (FD). 

Methods/Méthodologie 
Anterior-Posterior (AP) and Medial-Lateral 
(ML) CoP data from 40 participants (20 
female) were collected at 50 Hz during while 
standing on a force plate (OR6-7; AMTI; 
Waterton, MA) for 15 minutes on two dates. 
Participants performed a fatiguing hip 
abduction exercise (fatigue) before standing on 
one day, versus no exercise on the other day 
(control) in a random order. Three CoP-
derived metrics were considered: 1) CoP sum 
of squares: ; 2) only AP; and 3) only ML. 

MLEs and FDs were computed on all metrics 
and compared using two-way repeated 
measures ANOVAs. 

Results/Résultats 
The ML CoP had smaller MLEs (p<0.001) and 
FDs (p<0.044) than the other metrics (Table 
1). The AP FD was also greater than the sum 
of squares FD (p=0.040). MLEs were smaller 
during the fatigue day compared to the control 
day (p=0.033); FD showed a similar but non-
significant trend (p=0.135). 

Conclusions/Conclusions 
Both measures indicated that the AP CoP was 
more chaotic and less self-similar than the ML 
CoP, aligning with prior findings [1]. We 
would expect data metrics to be similar if the 
control of AP and ML CoP were controlled 
similarly. MLEs indicate that hip abductor 
fatigue can affect both the AP and ML postural 
control, as suggested by previous work [2].  
 

[1] Winter et al. (1996). Unified theory 
regarding… J Neurophysiol,75(6):2334-43. 

[2] Salavati et al (2007). Changes in postural 
stability… Gait & Posture, 26(2):214-8. 

 



 215 

SENSITIVITY OF KNEE JOINT RESPONSE TO VARIATIONS IN GAIT 
KINEMATICS-KINETICS 

Submission ID: 136 

Authors 
Mr. Masoud Sharifi - Polytechnique Montréal, Prof. Saeed Shirazi-Adl - Polytechnique 

Montréal, Dr. Hafedh Marouane - Polytechnique Montréal 

Introduction/Introduction 
Large scatter in human gait 
kinematics/kinetics is found in the literature. 
These variations are partly compensatory 
strategies in response to joint 
disorders/injuries/alignments/ aging/sex, and 
obesity and partly to the likely errors in 
measurements. Since alterations in gait data 
can considerably affect the joint 
ligament/muscle/contact forces and stability, a 
comprehensive sensitivity analysis of the knee 
joint response to the variations in gait data 
reported in the literature is essential in 
treatment managements and injury 
preventions. 

Objective/Objectif 
To investigate the sensitivity of the knee joint 
response (Muscle/contact/ligament forces and 
stability) to the alterations in gait 
kinematics/kinetics at three instants of gait 
stance (25,50 and 75%). 

Methods/Méthodologie 
Using our validated finite element model of 
the lower extremity, 6 parameters (knee 
flexion/abduction/internal rotations and 
moments) at 5 alteration levels (mean, 
mean±0.5SD, mean±SD) are considered for 
the current sensitivity analyses. To optimize 
the computational costs, Taguchi design with 
25 experiments instead of a full factorial 
design (requiring 56 combinations) is 
employed. Finally regression equations are 
constructed for various primary global knee 
joint responses as a function of 6 knee gait 
kinematics and kinetics at 3 different stance 
periods. 

Results/Résultats 
Anterior cruciate ligament (ACL) force 
decreased as the flexion angle increased or the 
flexion moment decreased. Patellofemoral 
(PF) contact force was found correlated to the 
quadriceps force and both increased as the 
flexion moment increased. Total tibiofemoral 
(TF) contact force increased at greater 
moments (specially sagittal moment). The 
stability of the knee joint was inversely 
correlated with TF contact force. 

Conclusions/Conclusions 
ACL force was controlled primarily by the 
flexion angle followed by the flexion moment. 
Total TF contact force was found most 
sensitive to changes in knee moments, while 
medial to lateral TF contact force partitioning 
was significantly influenced by the knee 
adduction angle (VR). These findings can be 
exploited to modify intact/injured and 
reconstructed knee joint responses during gait. 
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Introduction/Introduction 
Walking speed, a product of step length and 
cadence, is one of the most important 
parameter in gait analysis as well as in 
rehabilitation. It has been shown that the ratio 
between step length and cadence, called walk 
ratio (WR) did not vary between people 
walking at various preferred walking speeds. 
Pace-setters (LEDs), rhythmic auditory cuing 
(RAC) or stepping cues in synchrony with 
auditory cuing (SCAC) have been used to 
control the walking speed. However, setting 
the cadence with RAC decreases the WR, 
whereas the effect of LEDs and SCAC on the 
WR is undocumented. Our hypothesis is that a 
speed control modality which does not 
constrain a gait parameter but let the 
participants adapt their gait to reach the 
targeted speed should not change the WR. 

Objective/Objectif 
Therefore, our goal is to study the effect of 
three different SCM on cadence, step length 
and WR. 

Methods/Méthodologie 
A total of 30 participants performed walking 
trials at a comfortable speed, at 1.0 m/s, 1.2 
m/s and 1.4 m/s. The speed was controlled 
either by RAC, LEDs or SCAC. The 
comfortable speed WR was compared to every 
SCM at every speed and for each side 
(Left/Right) with a paired t-test. 

Results/Résultats 
No significant differences were found for the 
WR between the comfortable speed and LEDs 
conditions for both sides. The WR was 
significantly increased in the RAC condition at 
1.0m/s for the right and left sides (p < 0.001). 
The WR was significantly decreased for both 
sides in the SCAC condition at 1.0m/s (left: p 
= 0.008; right: p = 0.005) and 1.2m/s (left: p = 
0.017; right: p = 0.004). 

Conclusions/Conclusions 
Based on our results, the LEDs modality 
resulted in a more optimal combination of step 
length and cadence than RAC or SCAC to 
control the walking speed. 
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Introduction/Introduction 
Time series data of minimum toe clearance 
(MTC) can provide insights into the control 
process of gait and identify potential risks of 
falling1. Treadmill-based gait analysis can 
provide such data, however, the required 
familiarization period to maintain stable gait in 
terms of MTC has not been thoroughly 
investigated. 

Objective/Objectif 
Our objective was to determine the necessary 
period to achieve consistent measurements of 
MTC during treadmill walking. We 
hypothesised that MTC would stabilize 
following an initial period. 

Methods/Méthodologie 
Ten healthy adults (age: 25±2.9 years; BMI: 
24±4.4 kg/m2; 5 males) walked on a treadmill 
at self-selected speeds for 25 minutes, while 
three-dimensional motion capture data was 
recorded. The dominant-toe's local minima 
during swing (MTC) was established and 
separated into 25-step bins. The first 42 bins 
(minimum number achieved by all subjects) 
were used for analyses. The initial bin 
represented the baseline response to treadmill 
walking, with a change from baseline detected 
at the first bin that was different. The required 
period to achieve stable MTC was defined at 
the change bin if no subsequent bins were 
different from it. Conversely, immediately 
stable MTC was defined if no bins were 
different from the initial bin. Repeated 
measures Friedman tests and Dunn's post-hoc 
tests identified statistically significant 
differences between bins. 

Results/Résultats 
Average walking speed was 1.06±0.22 m/s and 
the average time analyzed was 21±2.5 
minutes. Five subjects had immediately stable 
MTC (Fig1a.), with one case deviating from 
this stable pattern at the final bin (16.8 
minutes). The remaining five subjects required 
an initial period before stable MTC was 
achieved (Fig1b.), ranging from 5-18 minutes 
(13-38 bins). 

Conclusions/Conclusions 
The patterns of how MTC changed varied 
greatly between individuals. This brings into 
question the ability to generalize a standard 
familiarization period for treadmill walking to 
attain stable measurements when accessing 
minimum toe clearance. 

[1]Begg et al.(2007). Gait & 
Posture25(2);p.191-198. 
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Introduction/Introduction 
Given the increased need for valid and 
acceptable wearable systems for gait analysis 
in clinical and free-living conditions,  

Objective/Objectif 
this study aimed to assess the accuracy and 
precision of a commercially available 
instrumented sock (Sensoria®) to measure 
spatiotemporal parameters of gait (STPG). 

Methods/Méthodologie 
Twenty-five healthy participants performed 
treadmill walking at slow, normal, and fast 
speeds and overground walking at a 
comfortable speed, over two measurement 
sessions. STGP (cadence (CAD), gait cycle 
duration (GCD), gait speed (GS) and stride 
length (SL)) were computed from the 
instrumented sock IMU using the Trusted 
Events and Acceleration Direct and Reverse 
Integration along the direction of Progression 
(TEADRIP) algorithm and compared with 
values measured concurrently from an optical 
gold standard (Optitrack) and a clinical gold 
standard (Mobility Lab™-ML). 

Results/Résultats 
Results showed an excellent agreement 
between the instrumented sock and the optical 
gold standard in estimating STGP during the 
treadmill walking at normal and fast speed but 
only an average agreement for GS and SL at 
slow speed. Accuracy of GS and SL from the 
instrumented sock was however better when 
compared to the clinical gold standard. Inter-
session reliability for the instrumented sock 
was excellent at fast speed but moderate to 
good for treadmill walking at slow and normal 
speeds. 

Conclusions/Conclusions 
The proposed system offers a novel form 
factor addressing wearability issues of IMUs 
and can be used to measure and extract with 
acceptable accuracy and reliability STPG 
under clinical conditions and potentially under 
free-living conditions. However, GS and SL 
estimations should be interpreted with 
precautions in individuals with severely 
reduced GS. 
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Introduction/Introduction 
Much of the research in gait stability is 
conducted at the typical walking speed for 
healthy humans, between 0.6 to 2.0 m/s, 
despite a lowered average walking speed in 
populations with a greater risk of falling 
(Middleton et al., 2015). At these faster 
speeds, it seems that stability is achieved 
primarily through stepping strategies with the 
ankle and upper body providing little 
contribution (Hof et al., 2007). It is unclear if 
at very slow speeds the contribution of 
different strategies will be consistent. 

Objective/Objectif 
The current study investigates gait stability in 
the mediolateral plane at very slow speeds and 
the contributions of different control strategies 
to maintain stability. 

Methods/Méthodologie 
Using an open dataset (eight healthy adult 
subjects walking between 0.1 and 0.6 m/s and 
a self-selected speed) (Wu et al., 2019), we 
computed the average minimum lateral margin 
of stability (MoS) as the distance between the 

extrapolated centre of mass (XCoM) and the 
centre of pressure (CoP). Changes in the CoP, 
XCoM, trunk centre of mass and mediolateral 
hip and ankle torques at the minimum MoS 
event were evaluated to investigate the 
contributions of the lower and upper body. 

Results/Résultats 
As speed decreased, the lateral position of the 
XCoM increased due to larger trunk 
excursions, and this increase was not 
compensated by an equivalent change in the 
lateral CoP position, resulting in decreased 
stability with a lower MoS. As speed 
decreased, both the abduction and eversion 
torque of the hip and ankle respectively 
increased at similar rates. 

Conclusions/Conclusions 
It is unclear whether the increased trunk 
excursion, which resulted in decreased 
stability, is a result of passive mechanics or 
active control. The increased hip and ankle 
torques suggest that both the upper body and 
ankle strategies are attempting to compensate 
for the insufficient change in the lateral CoP at 
slow speeds. 
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Introduction/Introduction 
Optimal control can be used to predict 
human motion; however, the control 
problems are typically focussed on a single 
motor task (e.g. balance recovery). In many 
activities, motor tasks are performed 
concurrently, which can lead to trade-offs in 
the performance of each individual task. 

Objective/Objectif 
To explore the use of multi-objective 
nonlinear model predictive control (NMPC) 
in predictive simulations of a whole-body 
pointing task. This involved partitioning the 
task into concurrent subtasks. The effects of 
prediction horizon duration on the resulting 
simulations were analyzed. 

Methods/Méthodologie 
Human movement was simulated using a six 
degree of freedom model actuated by muscle 
torque generators (ankle, hip, and elbow 
extension/flexion; shoulder Euler angles). 
The target for the reaching task was 
positioned anteriorly (130% arm length) at 
70% body height. 

Three prediction horizons (200, 500, 800 
ms) were used in the NMPC. The scalarized 
objective functional included upright 
balance and goal-oriented hand movement 
(reaching). For reaching, the Lagrange 
contained the Euclidean norm of (target - 
hand); whole-body centre of mass horizontal 
displacements were used as the Lagrange 
and Mayer term in the balance subtask 
functional. Subtask objectives were 
normalized using the results of the dynamic 
optimization of each subtask alone over the 
simulation period (0.75 s). 

Results/Résultats 
NMPC provided human-like predictions of a 
whole-body reaching strategy (Fig. 1a). 
Interestingly, the simulated movements were 
sequential (raise arm first, then adjust hand 
position by changing ankle/hip posture). 
Longer prediction horizons better predicted 
the hand velocity trajectories published in 
the literature (Fig. 1b). 

Conclusions/Conclusions 
We used NMPC to provide reasonable 
predictions of pointing tasks, by partitioning 
this whole-body task into two concurrent 
tasks (balancing and reaching). Future work 
will involve model validation, adding a 
balance perturbation (during reaching or to 
assess predictions of reactive arm 
responses), improving accuracy of task 
completion times, and assessing the trade-
offs necessary to complete each task 
simultaneously. 
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Introduction/Introduction 
The Timed-Up-and-Go (TUG) test is used to 
evaluate balance and mobility [1]. The TUG 
comprises five phases: Sit-to-Stand, Walk 
Away, Turn 180°, Walk Back, Turn-to-Sit. 
The primary outcome measure is typically the 
total time to perform the test, however, 
additional timing of the phases may highlight 
specific movements an individual has 
difficulty performing. 

Objective/Objectif 
Develop an algorithm to measure TUG total 
time and identify events to separate phases. 

Methods/Méthodologie 
Eight cameras (Sony RX0II) recorded 61 TUG 
tests completed by 13 subjects. Markerless 
motion capture (Theia Markerless,Inc., 
Kingston, ON) generated three-dimensional 
pose estimates. A custom algorithm, written in 
Matlab (MathWorks, Natick, MA), used torso 
kinematics to extract six movement events: 
Start Test, Start Standing, Start Turn 180°, 
End Turn 180°, Start Final Turn, Seat-On. The 
total time was calculated as: Seat-On – Start 
Test. Three observers measured the total time 
of each TUG test with a stopwatch (single 
video view, full speed), and manually labelled 
the six events (multiple video views, frame-
by-frame). The total times from the stopwatch 
(observers’ mean) were compared to algorithm 
times using summary statistics and Bland-
Altman methods. Events from manual 
labelling (observers’ median) were compared 
to algorithm events using Pearson correlation 
coefficients and summary statistics for the 
event offsets (algorithm-manual event). 

Results/Résultats 
Total times were comparable between the 
algorithm (9.12±0.95 seconds) and the 
stopwatch (8.87±0.98 seconds), with the 
average difference (0.25 seconds) well below 
the minimal detectable change (1.10 seconds 
[2]). All six movement events demonstrated a 
perfect correlation (r=1) between algorithm 
and manual events. Event offsets were small, 
with mean event offsets between -0.20 to 0.12 
seconds (Fig1). 

Conclusions/Conclusions 
The algorithm successfully automatically 
measured TUG total time and identified six 
events for phase separation. Automated TUG 
assessment can provide standardized 
evaluations and additional measurements of 
phase timings may further enhance the 
assessment of TUG performance. 

[1]Podsiadlo. J.Am.Geriatr.Soc.,1991.  

[2]Yeung, J.Orthop.Sports Phys.Ther.,2008. 
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Introduction/Introduction 
While metrics such as cadence, velocity, and 
step counts can be measured in real-world 
settings via wearable inertial measurement 
units (IMU), they can also record data 
necessary to calculate many other important 
variables. The foot progression angle (FPA: 
angle between the long axis of the foot and the 
walking direction) is a relevant variable to 
measure from patients with knee osteoarthritis, 
as modifying the FPA can be a therapeutic 
target. It is currently unknown how FPA varies 
over multiday real-world walking and how 
different it is from walking in laboratory 
settings. 

Objective/Objectif 
To capture FPA over 7 days of real-world, 
unsupervised walking using a custom wearable 
sensor, and to compare these data with data 
obtained during treadmill walking in the 
laboratory. 

Methods/Méthodologie 
14 healthy adults and 4 adults living with mild 
to moderate medial knee osteoarthritis 
participated in the study. We measured FPA 
using our previously published algorithm 
(<2deg error) programed onto a shoe-
embedded sensor (9-axis IMU). We collected 
two walking datasets: 1) 5 minutes of treadmill 
walking at a self-selected pace and 2) 7 days 
of real-world, unsupervised walking in the 
community. Individual walking stride 

segments were identified based on similarity to 
a representative stride. The number of strides 
recorded, mean FPA magnitude, and FPA 
standard deviation were calculated for all 
identified strides. Treadmill versus real-world 
data were compared using a Wilcoxon signed 
rank test. 

Results/Résultats 
Individual real-world FPA distributions are 
presented in Figure 1. Mean FPA (Table 1) did 
not significantly differ between real-world and 
treadmill walking (W=123,p=0.11), while the 
standard deviation was larger in real-world 
walking (W=171,p<0.001). 

Conclusions/Conclusions 
Laboratory walking can reasonably represent 
mean real-world FPA but does a poorer job of 
capturing the variability indicative of real-
world walking. This variability needs to be 
considered when generalizing laboratory 
results to daily life, and when attempting to 
modify FPA in the real-world. 
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Introduction/Introduction 
In line with bottleneck theories, when a person 
is attempting to perform a primary motor task 
the presence of any secondary task may result 
in attentional interference that jeopardizes the 
programming of the primary action. In the 
context of postural control, the magnitude of 
such interference differs across populations, 
task demands and the nature of the attentional 
load imposed. The nature of such complex 
interaction has not been investigated thus far 
with a population of older adults. 

Objective/Objectif 
To examine if/to what extent, older adults 
might be affected by various types of 
secondary cognitive tasks while maintaining 
quiet standing on different support surfaces. 

Methods/Méthodologie 
Twenty older adults (M= 74.10, SD= 6.24) 
were recruited and completed postural control 
tasks on compliant and non-compliant 
surfaces, with no attentional interference, 
when performing a Stroop task, and an 
arithmetic task. A series of factorial ANOVAs 
were used for the analysis of sway via COP 
measures (path length, sway area, 

anteroposterior & mediolateral sway, and COP 
velocity). 

Results/Résultats 
The results revealed significant interaction 
effects for path length (F (2, 38) = 3.76, p≤ 
.03, η2=.17) and mediolateral sway (F (2, 38) = 
4.23, p <. 02,η2=.18) and the remaining 
variables showed significant main effects for 
both independent variables. Collectively, the 
results confirmed that postural control is 
attention-demanding in older adults, especially 
when balancing on a compliant surface. 
However, the inferences regarding which 
attentional task was more demanding remain 
inconclusive as the effects were similar, but 
reversed, across both surfaces. 

Conclusions/Conclusions 
The inferences that emerged from the 
implementation of the dual-tasking 
methodology supported the conceptual models 
of control, showing that postural control is a 
voluntary task affected by attention. The 
degree to which both tasks, and the underlying 
attentional mechanisms, impact postural 
control of older adults requires further 
investigation to delineate a more robust effect. 
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Introduction/Introduction 
Forward reactive stepping is a common 
response following a trip. Compared to young 
adults, older adults are less likely to 
successfully regain balance, tending to require 
additional steps. While discrete differences in 
step outcomes have been evaluated between 
these populations, consideration of the time-
series kinematic strategies utilized may 
provide additional insight into these 
differences and subsequent fall risk. 

Objective/Objectif 
Investigate age-related differences in lower 
body kinematic strategies during forward 
reactive stepping. 

Methods/Méthodologie 
Seventy-seven participants (38 older adults) 
completed forward balance perturbation trials 
using a tether-release paradigm (10% body 
weight lean). Three-dimensional kinematics of 
16 lower body landmarks were collected, time 
normalized, and input into a principal 
component analysis (PCA) model to identify 
kinematic modes of variance associated with 
stepping responses. A 90% trace criterion 
determined the number of principal 
components (PCs) to retain. Differences in 
mean PC scores between old and young 
participants were assessed with independent 
samples t-tests. The mode of variability 
explained by a PC was interpreted using single 
component reconstruction. 

Results/Résultats 
Ten PCs were retained for analysis. Significant 
age differences (p<0.05) were observed in 
PC1, PC2, PC5 and PC7 (Figure 1). 
Interpretation of differences included older 
adults having a delayed step response. This 
delay necessitated a longer, faster step and 
resulted in greater anterior-inferior pelvis 
displacement, as well as increased stepping 
knee flexion (PC1). Older adults also 
displayed greater pelvis rotation towards the 
stance leg and maintained a more upright 
pelvis throughout the step (PC7). 

Conclusions/Conclusions 
Lower body movement strategies differed 
between old and young individuals during a 
forward reactive step. Compared to discrete 
measures identified a priori, the PCA 
approach considered time-series kinematics of 
the entire trial. Compared to previous work, 
the current findings highlight the influence of 
potential age-related changes in reaction time, 
as well as hip joint stiffness or strength on 
overall movement strategy. 
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Introduction/Introduction 
The variability exhibited during steady-state 
gait has been suggested to provide insight into 
gait stability (Hausdorff, 2007). 
Accelerometers embedded in current 
smartphones (SP) enable researchers to 
measure gait in the natural environment; away 
from the laboratory. 

Objective/Objectif 
To evaluate gait variability and nonlinear 
dynamics derived from a SP-based 
accelerometer system compared to a gold 
standard (GS) motion capture system during 
treadmill walking. 

Methods/Méthodologie 
Eight healthy adults (7F/1M, 24.6±2.5yo) 
visited the laboratory three times on separate 
days. Participants performed three 6-minute 
treadmill walking trials at their preferred 
walking speed (PWS: 1.24±0.15m/s). The SP 
(Pixel 2, ROC) system, placed in the right 
front pocket, and a motion capture system 
(Vicon, UK), tracking the movement of a 
marker affixed to the right heel, recorded trials 
simultaneously at 50Hz. A peak detection 
method was used with the acceleration signals 
of the marker position data and the SP 

accelerometer output, to locate heel-contact 
events and construct the inter-stride interval 
(ISI) signal. Fractal scaling index (FSI) was 
calculated using the ISI timeseries data for 
each system. Agreement and reliability were 
assessed using Bland-Altman (BA) plots and 
Intraclass Correlation Coefficients (ICC2,1), 
respectively. 

Results/Résultats 
The BA plot revealed a negative bias (SP-GS) 
of -0.03 with -0.14 to 0.08 (95%LOA) for FSI. 
Reliability of the SP and GS systems for FSI 
demonstrated ICC values of 0.34 and 0.25, 
respectively. 

Conclusions/Conclusions 
The SP system demonstrated an 
underestimation of FSI values compared to the 
GS system, with LOA unacceptable as they 
were above the a priori defined threshold of 
0.05. Both systems demonstrated poor 
reliability for FSI. Poor reliability may be due 
to the constraints of treadmill walking or the 
relatively low sampling frequency may have 
inaccurately captured heel contact events. 
Recruitment is ongoing to increase sample 
size. 
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Introduction/Introduction 
Peri-personal space (PPS) is the range of space 
surrounding the body where objects and 
features in the environment are specifically 
mapped for action (e.g. reach to grasp object)1. 
The range of the PPS is not fixed and can 
increase when holding a tool that extends 
functional reach2. PPS may also increase with 
self-motion: the PPS boundary may extend in 
the direction of walking, based on approaching 
objects/space that will eventually reach action 
range1.  
 

Objective/Objectif 
To determine whether self-motion extends 
PPS, as determined by pointing to targets at 
different ranges. It was expected that the PPS 
would extend in the direction of walking, as 
indicated by decreased reaction times (RT) and 
improved pointing accuracy (PA) to targets 
within the PPS. 

Methods/Méthodologie 
A fixation point and four identical objects 
were projected on the floor in a straight line 
ahead of the participants. At an unknown time, 
the colour of one object changed, followed by 
the subsequent disappearance of all objects. 
The colour change identified the target, and 
the participant was instructed to point as 
quickly and as accurately as possible to the 
target location. Pointing was done under three 
conditions: standing in place (SP), walking in 
place (WP), and walking toward (WT; figure 
1). 

Results/Résultats 
Preliminary results suggest that RT is 
decreased and PA increased when targets are 
within PPS range in the SP condition. 
Improved response times and accuracy are 
extended to a greater range when moving 
towards the object in the WT condition, as 
well as when moving in place in the WP 
condition, although to a lesser effect. 

Conclusions/Conclusions 
The improvement in RT and PA to targets 
further out from the body with self-movement 
provides evidence that PPS boundaries are 
extended during locomotion. This suggests 
that the central nervous system accounts for 
self-motion relative to objects when mapping 
surrounding space for action. 
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Introduction/Introduction 
Investigating running mechanics ‘in the wild’ 
using wearable sensors is attractive because it 
enables large-scale, prospective and 
ecologically valid studies. While many studies 
focus on measuring joint angles or linear 
accelerations during running, few studies 
examine angular velocities. This may be an 
appropriate use of IMUs because 
musculoskeletal joints manage velocities 
during impact and propulsion and IMUs are 
designed to accurately measure angular 
velocity rather than position. 

Objective/Objectif 
This study aimed to use IMU-based angular 
velocities of the foot and shank to identify 
regions of interest in the gait cycle which 
differentiate running gait features. 
Additionally, we compared IMU velocities to 
optical motion capture (OMC). 

Methods/Méthodologie 
10 recreational runners without history of 
lower-limb injury were recruited to participate 
in the study (age 22.67±2.1 years). Participants 
ran >150 cycles for 6 gait styles (short and 
long strides, heel and toe strike, bouncing gait, 
and genu-valgus gait). IMUs (iMeasureU, 
Auckland, New Zealand) recorded the angular 
velocities at 500Hz, while synched OMC 
(Qualysis, Gothenburg, Sweden) was captured 
at 250Hz. Areas of difference between gait 
styles were found using statistical parametric 
mapping (SPM) on a population and individual 
basis. 

Results/Résultats 
Population-level SPM results indicate broad 
areas of difference between each pairing of 
gait styles; however, individual-level analysis 
indicates more limited areas of common 
difference. For all gait changes, common 
regions of interest of 5-30% gait-cycle length 
were determined. OMC data indicated the 
same significant regions (±2%); however, 
greater gait separation was found using the 
IMU data. 

Conclusions/Conclusions 
Using IMUs, regions of interest in the gait 
cycle indicating changes in running style were 
found. This approach allows for detection of 
simultaneous style changes and focused 
analysis of biomechanical measures, while 
maintaining an interpretable signal after 
analysis. IMU-based analysis outperforms 
OMC for this purpose, and is an attractive 
option to monitor running gait ‘in the wild’. 
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Introduction/Introduction 
Knee osteoarthritis is the most common joint 
disease and affects more than 10% of the 
population over 50 in Canada. In order to cope 
with the pain, individuals adopt functional 
adaptations such as an increased foot 
progression angle (FPA) or trunk lean (TL) 
during walking. It usually corresponds to a 
decrease in the knee adduction moment. 
Moreover, the impact of these adaptations on 
the lower limb joint kinetics is also dependent 
on the lower limb alignment and Body Mass 
Index (BMI). Therefore, we hypothesized that 
there exists an optimal combination of FPA 
and TL, dependent upon the lower limb 
alignment and BMI, for which the knee 
adduction moment is minimized while the hip 
and ankle external moments are not 
significantly changed. 

Objective/Objectif 
Quantify the influence of FPA and TL 
adaptations emulated by healthy participants, 
along with the lower limb alignment and BMI 
on the hip, knee and ankle external moments 
during walking. 

Methods/Méthodologie 
60 healthy participants will perform walking 
trials in a motion capture laboratory, equipped 
with a 6 degrees of freedom marker set. 
Walking trials will be performed on an 
instrumented treadmill at their preferred speed, 
in different randomised conditions: normal; 
FPA (10°, 15°, 20°); TL (5°, 10°); all 
combinations of TL and FPA. 

A unidimensional Statistical Parametric 
Mapping analysis will be performed to 
compare each condition at every instant of the 
gait cycle in order to quantify the impact of TL 
and FPA. 

Results/Résultats 
A multilinear regression function of the lower 
limb alignment and BMI able to predict the 
combination of FPA and TL resulting in a 
significantly decreased knee adduction 
moment while keeping nearly constant the hip 
and ankle external moments. 

Conclusions/Conclusions 
The data collected have the potential to 
improve our understanding of functional 
adaptations used by individuals with knee 
osteoarthritis and lead to a more personalized 
care. 
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Introduction/Introduction 
Metabolic energy expenditure has provided 
insight into healthy and impaired movement, 
assistive device design, and rehabilitation 
program effectiveness. Indirect calorimetry, 
where oxygen use is captured at the mouth, is 
the gold standard for estimating energy 
expenditure during locomotion. While 
accurate, these systems are expensive, 
somewhat cumbersome, and often restricted to 
a lab setting. 

Objective/Objectif 
Our aim is to develop a low-cost, lightweight 
method for accurately estimating energy 
expenditure during over-ground locomotion 
using wearable sensors. Our method must be 
accurate within 5% error during walking and 
running, maintain this accuracy with changes 
to terrain and external loads, and provide a 
continuous estimate with a maximum time 
window of one minute. 

Methods/Méthodologie 
We instrumented a pilot participant (male, 22 
years, 83kgs, 1.90m) with indirect calorimetry 
to measure energy expenditure, as well as an 
accelerometer at the pelvis, a heart rate 
monitor, and a respiration belt. The participant 
walked or ran on a treadmill at four speeds 
(1.0m/s, 1.5m/s, 2.0m/s, and 2.5m/s), for five 
minutes each, in randomized order. We used a 
multiple regression analysis to estimate energy 
expenditure from the wearable sensor data. 

Results/Résultats 
We found that with heart rate, breath 
frequency, sum of squared accelerations, and 
average chest expansion as predictors, we 
could explain 93% of the variance in energy 
expenditure. 

Conclusions/Conclusions 
Our preliminary data suggests that accurate 
estimates of energy expenditure, from 
lightweight and low-cost wearable sensor data, 
are possible. Our next steps are to test 
additional participants (n=10) in a protocol 
that includes inclined and weighted conditions. 
We will also explore more advanced predictive 
methods on a cross-validation design, 
including a simple feedforward neural network 
and a long short-term memory network to 
account for time-lags between sensors. 
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Introduction/Introduction 
Consistent quantification of lower-limb 
kinematics between trials and sessions is 
instrumental when characterizing normal and 
pathological gait, but is challenging to achieve 
due to marker placement errors. Video-based 
markerless motion capture eliminates errors 
related to marker placement and therefore 
presents the possibility to measure gait 
kinematics with greater repeatability. 

Objective/Objectif 
Determine the repeatability of lower-limb gait 
kinematics measured using Theia3D (Theia 
Markerless, Inc., Kingston, ON) markerless 
motion capture software and compare it with 
previously reported values for marker-based 
motion capture systems. 

Methods/Méthodologie 
Eight healthy adults (2/6 female/male, mean: 
age 30.3 years, height 173.8 cm, mass 69.0 kg) 
performed over-ground walking trials at self-
selected speeds while synchronized video data 
were recorded. Each participant performed 
five trials during three sessions separated by 
an average of 8.5 days. Videos were processed 
in Theia3D to obtain 3D pose estimates which 
were further analyzed in Visual3D (C-Motion 
Inc., USA). Measures of inter-trial and inter-
session repeatability of lower limb joint angles 
were calculated and compared to previously 
reported values for marker-based systems. 

Results/Résultats 
Average variabilities across all joint angles 
measured by the markerless system were 2.2 
(inter-trial) and 2.5 (inter-session) degrees, 

whereas reported values for marker-based 
systems were 1.0-2.2 (inter-trial) and 3.1-3.3 
(inter-session) degrees [1,2]. Average inter-
session-to-inter-trial variability ratio across all 
joints was 1.2 for markerless motion capture 
and 1.5-3.3 for marker-based systems [1,2], 
indicating that the multi-session protocol 
increased the total variability of joint angles 
measured by the markerless system by only 
20% of the inter-trial variability. 

Conclusions/Conclusions 
These results indicate that gait kinematics 
measured using markerless motion capture 
were less affected by multi-session protocols 
compared to marker-based systems, implying 
that markerless motion capture is a viable 
technology for longitudinal gait analysis with 
significantly reduced barriers to data collection 
compared to marker-based approaches. 

[1] Schwartz et al., (2004) Gait Posture, 
20(2):196-203 
[2] Manca et al., (2010) Gait Posture, 
32(2):282-284 
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Introduction/Introduction 
Prader-Willi Syndrome (PWS) is a rare genetic 
condition and a cause of congenital obesity. 
Adults with PWS have impaired 
neuromuscular function and motor control, 
which may contribute to altered coordination. 

Objective/Objectif 
The purpose of this study was to compare 
lower body coordination during gait between 
adults with and without PWS. 

Methods/Méthodologie 
Gait biomechanics were compared between 10 
adults with PWS and 10 controls with obesity 
and 10 controls without obesity who were 
matched on sex. Data were collected from 5 
walking trials at a self-selected speed along a 
10m run-way. Outcomes were extracted from 
each stance phase, which was divided into 
early stance: 0-33%, mid stance: 34-66%, and 
late stance: 67-100%. Shank-foot and thigh-
shank segment coordination was assessed 
using a modified vector coding technique. For 
each stance phase, coupling angles were 
binned into 4 categories of motion: proximal, 
distal, in-phase, or anti-phase. Kruskal-Wallis 
tests were used to assess the effect of group on 
coordination frequency for each coupling 
angle and stance phase, and Bonferroni-
corrected Mann-Whitney U tests were used for 
post hoc comparisons. 

Results/Résultats 
There was an effect of group on the shank-foot 
coupling angle during early stance in distal 
motion (p=0.021), late stance in-phase motion 
(p=0.043), late stance proximal motion 
(p<0.001), and late stance distal motion 
(p=0.046). Post hoc comparisons indicated that 
adults with PWS had greater distal motion 
during early stance compared to controls with 
(p=0.012) and without obesity (p=0.021). 
During late stance, adults with PWS had less 
in-phase motion compared to controls with 
(p=0.037) and without obesity (p=0.025), 
greater proximal motion compared to controls 
with (p<0.001) and without obesity (p<0.001). 

Conclusions/Conclusions 
Adults with PWS have different shank-foot 
coordination during gait compared to controls 
with and without obesity. Results suggest that 
adults with PWS maintain a flat-footed 
position during terminal stance, which may 
contribute to impaired propulsion and slower 
gait speed. 
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Introduction/Introduction 
Compression and recoil of the foot’s arch 
reduces the metabolic cost of running. The 
underlying mechanism for these savings may 
be to lift the centre-of-mass (COM) in 
propulsion; however, this remains untested. 
Further, the plantar flexor muscles are 
responsible for propulsive ankle power, which 
may be influenced by arch recoil. 

Objective/Objectif 
We investigated if arch recoil directly lifts the 
COM, and if it provides a mechanical benefit 
to propulsion. We hypothesized that the 
recoiling-arch will have a higher talar centroid 
(as a proxy for COM height) and will provide 
a mechanical advantage to the plantar flexor 
muscles when compared to a simulated rigid-
arch. 

Methods/Méthodologie 
Seven participants ran barefoot overground, 
while high-speed x-ray captured foot bone 
motion. We compared each recoiling-arch with 
their arch mathematically fixed with the first 
metatarsal (rigid-arch). We measured the talar 
centroid position at maximal toe extension 
(push-off); and when the rigid-arch tibia was 
aligned with the push-off recoiling-arch tibia 
(simulated push-off). 

The mechanical advantage of the plantar flexor 
muscles was the ratio of the Achilles tendon 
moment arm and the body force moment arm, 
about the first metatarsal head. Muscle-tendon 
unit (MTU) velocity was the velocity of the 
Achilles tendon force vector. 

Results/Résultats 
At push-off, the rigid-arch’s talar centroid was 
6±2% higher and 12±1% more anterior (Figure 
1). At simulated push-off, the rigid-arch talus 
height was 28±7% lower and 44±9% more 
posterior than the recoiling-arch’s, and 
occurred 25±5% earlier in propulsion 
(0.025±0.006s). 

The recoiling-arch increased plantar flexor 
mechanical advantage by 7.6±3.7% and 
slowed the MTU shortening velocity 
compared to the rigid-arch. 

Conclusions/Conclusions 
The recoiling-arch does not lift the COM; 
instead, it enables ankle plantarflexion and 
increases contact time. The reduced MTU 
shortening velocity suggests that the plantar 
flexor muscles may produce force more 
economically, with an increased mechanical 
advantage. This work suggests that arch 
mobility is favourable for propulsion.
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Introduction/Introduction 
The restabilization phase of volitional and 
perturbation-evoked stepping includes two 
critical phases in which the frontal plane 
GRFnetacts eccentric to the whole-body COM 
to control mediolateral stability. The early (P1) 
eccentricity may be regulated by limb stiffness 
on foot-contact, while the later eccentricity 
(P2) is likely reactively controlled in response 
to instability after foot-contact. Older adults 
take longer to reach P2 relative to foot-contact, 
with P2 timing correlated to kinematic 
measures of instability (Singer et al., 2014, 
2016).  
 

Objective/Objectif 
To determine if P2 timing and magnitude are 
important control mechanisms for mediolateral 
stability, common to both VOL and PERT.  
 

Methods/Méthodologie 
Twenty older (OA) and twenty younger adults 
(YA) participated. Anterior balance 
perturbations (PERT) were delivered with a 
tether-release system. Volitional stepping 
(VOL) was executed with self-selected speed 
and step-placement. Motion analysis and force 
platform data were acquired. Instability was 
assessed via COM incongruity during 

restabilisation (Singer et al., 2012). The 
eccentricity of the GRFnetwas calculated 
(Singer et al., 2016) –P2 magnitude and timing 
(relative to foot-contact) were extracted for 
analysis. 
 

Results/Résultats 
Both age-groups demonstrated increased COM 
incongruity during PERT relative to VOL, 
however OA exhibited a larger increase. OA 
exhibited increased P2 magnitude in PERT, 
relative to YA, but there were no age-related 
differences in P2 magnitude during VOL. OA 
exhibited increased time to P2 relative to YA 
during both VOL and PERT; OA also 
exhibited increased P2 timing in PERT relative 
to VOL, while YA exhibited no task-related 
change. 
 

Conclusions/Conclusions 
Increased P2 magnitude among OA during 
PERT suggests an attempt to scale the reactive 
response to instability during restabilisation. 
Age-related increases in P2 timing during both 
VOL and PERT, coupled with the OA-specific 
increase in P2 timing in PERT relative to 
VOL, suggest that P2 timing may be a limiting 
factor in managing mediolateral stability 
during both forms of stepping. 
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Introduction/Introduction 
Bilateral training of the upper limbs (UL) in 
sitting or standing positions is relevant to 
promote functional recovery. 

Objective/Objectif 
To compare the effects of body position 
(sitting or standing) on postural control and 
biomechanics of the UL during voluntary 
symmetrical and asymmetrical pushing 
movements in healthy participants. 

Methods/Méthodologie 
Ten healthy participants (26 ± 5 years old; 8 
females) performed bilateral UL pushing 
movements against two levels of resistance 
(15% and/or 30% of maximal force (MF) for 
each UL) and asymmetric pushes (dominant 
(D) and non-dominant ND) at 30%/15% of 
MF, respectively) in sitting and standing 
positions. They were assessed using a 
bimanual exerciser equipped with two 
instrumented handles moving on separate rails 
that allow synchronous and asynchronous 
linear movements against a selected resistance. 
AMTI force plates recorded kinetics under the 
seat and under the feet (ground). Forces 
generated on the handles, the distance, 
duration and velocity of the pushes and the 

two-UL coordination and postural control 
(global center of pressure (GCOP) 
displacements) on the seat and the ground 
were compared using non-parametric statistics. 

Results/Résultats 
The distance of pushing (median: 25 cm) was 
similar between positions whereas the duration 
tended to be longer in sitting (0.84 vs. 0.71s). 
The bilateral static MF of each arm was lower 
in standing compared to sitting (D; ND: 76; 
70N vs.116; 115N; p<0.05). Regardless of the 
level of resistance, the UL were highly 
coordinated in both positions (sitting/standing: 
force: CCF: 0.94/0.97; velocity: 0.93/0.95). 
Compared to sitting position, the GCOP 
moved significantly laterally toward the D side 
in symmetric pushes in standing (15% and 
30%MF). 

Conclusions/Conclusions 
Bilateral pushing exercises performed in 
sitting or standing do not solicitate similar 
abilities in healthy subjects. This may indicate 
that individuals who are less stable should be 
trained in standing while those with 
predominant UL muscle weaknesses should be 
trained while seated. 
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Introduction/Introduction 
Independent community walking requires the 
ability to perform complex locomotor tasks, 
such as avoiding obstacles and performing 
concurrent cognitive tasks (dual-task walking). 
While the completion of such tasks heavily 
relies on vision, patterns of body movement 
and gaze behavior involved in pedestrian 
interactions remain unknown. Furthermore, 
whether these patterns are affected by the 
addition of cognitive tasks remains unclear 

Objective/Objectif 
The main objective was to determine the 
healthy patterns of gaze and body movements 
when avoiding pedestrians under single- and 
dual-task walking. 

Methods/Méthodologie 
Sixteen healthy young adults were assessed 
while walking and visualizing a virtual subway 
station in an eye tracking-enabled head-
mounted display. Body movements were 
recorded using a motion capture system. 
Participants performed 3 tasks: (1) walking 
and avoiding virtual pedestrians approaching 
from different directions (single-task walking); 
(2) Auditory Stroop task (single cognitive 

task) and; (3) Performing task 1 and 2 
concurrently (dual-task walking). The percent 
duration of gaze fixation on approaching 
pedestrians, minimum obstacle clearance and 
peak walking speed during single and dual-
task conditions were calculated. 

Results/Résultats 
Preliminary analyses revealed that dual- vs. 
single-task walking caused overall reductions 
in gaze fixation duration on the approaching 
pedestrians (39.32 % vs. 36.37 % of the 
walking trial) and minimum obstacle clearance 
(70.33 cm vs 69.13cm) Peak walking speed 
was also reduced in the dual- vs. single-task 
walking condition (1.25 m/s vs. 1.20m/s). 

Conclusions/Conclusions 
The reduction in gaze fixation and obstacle 
clearance in relation to the approaching 
pedestrian during dual-task walking is likely 
caused by larger attentional demands and may 
result in a greater risk of collision. The 
reduced walking speed observed in dual-task 
walking may as well as be caused by enhanced 
attentional demands and/or may have emerged 
as an adaptation allowing for more time to 
safely avoid a collision with the approaching 
pedestrians. 
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Introduction/Introduction 
Previous work has documented that age-
related challenges in stability control 
following external balance perturbations are 
tied to the timing of the peak eccentricity of 
the GRFnet during restabilisation, after foot-
contact (Singer et al., 2016). It is not well-
understood whether such challenges among 
older adults could result from sensory (i.e. 
detection of instability) or motor challenges 
(i.e. responding to instability through 
appropriate lower limb force development). 

Objective/Objectif 
To understand if age-related differences in 
stability control during the restabilisation 
phase of a compensatory step result from 
motor challenges. 

Methods/Méthodologie 
Healthy younger (YA) (n = 20) and older 
adults (OA) (n = 13) underwent standardized 
forward tether-release perturbations. 
Participants were asked to regain their balance 
using a single step. Whole-body motion 
analysis and four force platforms were used 
for data acquisition. The sagittal/frontal plane 

support moments were calculated as the sum 
of the extensor/abductor (evertor) moments of 
force about the ankle, knee, and hip joints 
following heel strike. The peak support 
moment, time to peak support moment, and 
peak rate of support moment generation were 
calculated for both the frontal and sagittal 
planes. Age-related differences were evaluated 
using independent samples t-tests. 

Results/Résultats 
Older adults exhibited a greater time to reach 
the peak support moment in the sagittal plane 
(p < 0.05). In all other measures, no between-
group differences were found. 

Conclusions/Conclusions 
The lack of group differences in the frontal 
plane suggests that mediolateral instability 
among OA during the restabilisation phase of 
compensatory stepping may be due to sensory 
issues. However, as older adults exhibited a 
longer time to peak anteroposterior support 
moment, forward instability may be due to 
challenges generating rapid force output for 
restabilisation. 
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Introduction/Introduction 
Understanding balance control and the 
methods used to assess it are critical to 
improving fall-risk prediction. The current 
study is focused on advancing understanding 
of the differences in control in young adults 
and the ability of different measures and 
analyses to reveal person-specific differences 
in control. If person-specific differences do 
exist, then they should be revealed by 
consistent relative performance across tasks of 
varying challenge. 

Objective/Objectif 
1. Determine if variability in balance 

performance across tasks of varying 
challenge is related to individuals. 

2. Determine which measures of balance 
distinguish person-specific contributions 
to task performance.  

Methods/Méthodologie 
Sixty-eight individuals (ages 18 to 35) 
completed standing balance trials. Two task 
challenge factors, base of support and vision, 
were binarily modulated producing four 
experimental conditions. Participants 
performed five 30 sec trials for each of the 
four conditions. Balance control was assessed 

using: 1) centre of pressure (COP) via force 
plates and 2) body segment motion via inertial 
measurement units placed on the waist, chest, 
and head. Time and frequency-domain, and 
measures of self-similarity were used to 
characterize each trial. A convolutional neural 
network was developed to represent balance 
multi-dimensionally. 

Results/Résultats 
Initial results are limited to uni-dimensional 
analysis of COP. Repeated measures ANOVA 
confirmed significant main effects of task 
challenge. Importantly, there was a main effect 
of participants. Intra-class correlations 
explored the relationship of participant 
performance across different tasks and showed 
good to excellent consistency across 
experimental conditions, namely measures of 
velocity and variability in the AP plane. 

Conclusions/Conclusions 
These initial findings show that individuals 
perform consistently relative to the population 
across tasks conditions which may indicate the 
existence of distinct, person-specific 
characteristics of balance control. Subsequent 
analyses will address how different measures 
may uniquely reveal person-specific 
differences in balance control. 
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Introduction/Introduction 
Inertial measurement units (IMUs) present a 
high potential for daily gait monitoring; 
however, their ability to detect subtle 
changes in outdoor surface gait adaptations 
remains largely unexplored. 

Objective/Objectif 
This study aimed to compare gait parameters 
extracted from an IMU sensor while walking 
on irregular outdoor surfaces. 

Methods/Méthodologie 
This study used an open-source database of 
healthy adults (n = 30, age = 23.5 ± 4.2 
years) performing outdoor walking on flat, 
cobblestone, and grass surfaces [1]. We 
quantified variability, consistency, and 
smoothness via the root mean square (RMS) 
ratio, stride regularity, and spectral arc 
length, respectively, in the vertical (VT), 
antero-posterior (AP), and medio-lateral 
(ML) direction from a trunk-mounted sensor 
[2,3] over four gait cycles. Due to non-
normality, Kruskal Wallis with Mann-
Whitney post-hoc tests were performed to 
identify surface-based differences for each 
metric (p < 0.05). 

Results/Résultats 
The Kruskal Wallis test showed significant 
effects of surface for all metrics (p ≤ 0.048), 
except VT RMS ratio (Table 1). Post hoc 
analysis revealed differences between 
irregular and flat surfaces for stride 
regularity (VT, ML), RMS ratio (ML), and 
smoothness (VT, ML, AP) (p ≤ 0.002). 
Differences between cobblestone and flat 

(stride regularity AP) and grass and flat 
(RMS ratio AP) were also observed (p ≤ 
0.013). A few minor differences between 
irregular surfaces were found for stride 
regularity (VT, ML, AP) and smoothness 
(ML, AP) (p ≤ 0.001). 

Conclusions/Conclusions 
Differences in regularity, variability, and 
smoothness metrics between flat and 
irregular surfaces may be associated with 
gait strategies aiming to stabilize movement 
patterns. IMU based adaptation metrics have 
the potential to be implemented in real-time 
applications to help identify populations at 
risk of falls. 
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Introduction/Introduction 
Steady-state stimulus-response data can be 
used to characterize the dynamic properties of 
the human postural control system. Continuous 
visual stimuli have been used to study visual 
contributions to postural control. Stimulus 
waveforms have comprised sinusoids, sum of 
sinusoids, or more complex pseudorandom 
time series (PRTS). Such inputs cause motion 
adaptability, feed-forward effects, non-
stationarities, or motion sickness in long 
experiments. Moreover, the hardware used to 
generate and apply perturbations were 
expensive and hard to operate, while the visual 
surround was barely customizable and not 
immersive 

Objective/Objectif 
The aim of this study was to design a better 
visual stimulus for use with virtual reality 
(VR) to investigate how visual information 
influences human upright stance. The 
objective was to design an input that evoked 
significant body responses and was be 
parameterized in terms of both motion 
amplitude and velocity. 

Methods/Méthodologie 
We designed a new stimulus based on 
trapezoidal velocity (TrapV) pulses. A VR 
system was used to deliver both TrapV and a 
pseudorandom ternary sequence (PRTS) visual 
stimuli mimicking sagittal plane body 
rotations. Postural sway was quantified in 
terms of its root mean square (RMS) 
amplitude and the frequency response relating 
postural sway to visual input. 

Results/Résultats 
The average RMS sway was larger for TrapV 
than PRTS with the same input amplitude and 
velocity. Moreover, the frequency response 
determined with TrapV input had a higher 
mean coherence values over the range of 0-
1.4Hz. 

Conclusions/Conclusions 
We designed a new visual stimulus using 
virtual reality technology to study human 
postural control whose peak-to-peak amplitude 
and velocity could be controlled 
independently. This input evoked larger and 
more coherent responses compared to a 
commonly used pseudo random ternary 
sequence. Hence, the TrapV is a more suitable 
visual stimuli to perform experiments for the 
study of vision contributions to stance.
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Introduction/Introduction 
Knee braces and lateral wedge foot orthoses 
are two treatment methods recommended for 
medial knee osteoarthritis, but the combination 
of both of them could further improve their 
effectiveness. 

Objective/Objectif 
The aim was to evaluate whether the 
combination of lateral wedge foot orthoses 
with two types of knee brace enhances the 
reduction of knee adduction moment during 
the stance phase of gait. 

Methods/Méthodologie 
Ten patients with medial knee osteoarthritis 
were fitted with a valgus brace (V3P), an 
unloader brace with valgus and external 
rotation functions (VER), and 7° lateral wedge 
foot orthoses (FO). Kinematics and kinetics of 
the lower limb were measured during walking 
without orthotics, with the isolated and with 
the combined treatment modalities. 

Results/Résultats 
The VER brace increased knee flexion by 6°, 
adduction by 2° and decreased axial rotation 
by up to 6°, which reduced the knee adduction 
moment during push-off especially compared 
to the V3P brace. However, the VER brace 
increased the hip flexion moment. The 
combined treatment with the V3P brace and 
FO reduced the knee moment adduction during 
weight bearing, while their isolated use 
showed similar knee loading to without 
treatment. 

Conclusions/Conclusions 
The different orthotic treatment modalities 
showed modest differences on lower limb 
kinematics and kinetics. The VER brace 
reduced the knee adduction moment and 
allowed more knee flexion both in isolation 
and in combination to FO compared to the 
V3P brace or without treatment. The combined 
treatment seemed more appropriate for the 
V3P brace, while the VER brace showed 
similar gains in isolation or in combination. 
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Introduction/Introduction 
Key deficits in the neuromuscular activation 
patterns of patients with knee osteoarthritis 
(OA) exist in the lateral hamstrings (LH) and 
medial gastrocnemius (MG) and persist one 
year after total knee arthroplasty (TKA). 
Developing a mobile system to measure these 
deficits at the level of neuromuscular control 
after TKA can support targeted treatment 
strategies. 

Objective/Objectif 
To develop a data-driven prototype app that 
can provide dichotomized (e.g., high, 
moderate, and low function) feedback on the 
magnitude and pattern of knee musculature 
activation. 

Methods/Méthodologie 
App development was divided into 6 key 
stages. Stage-1 (Initialization) utilized Visual 
Studio and the Delsys Trigno Avanti Platform, 
with the API, to program and test sensor 
connection, data streaming, and storage. Stage-
2 (Event Detection) involved defining initial 
contact events from MG inertial sensor data. 
Stage-3 (EMG Processing) implemented the 
processing (filtered, linear-enveloped) of raw 
EMG data to obtain a single, ensemble gait 
cycle EMG signal of the LH and MG. Stage-4 
(EMG Scoring) utilized a previously 
developed principal component analysis 
model, derived from asymptomatic controls, 
mild-to-moderate knee OA, severe knee OA 
prior to, and one-year following TKA, to 
compute an EMG score dichotomized as high, 
moderate, and low function. Stage-5 (App 

Assembly) involved integrating Stages-1-4 
within a user interface on a mobile device. 
Finally, Stage-6 (Testing) involved testing app 
functionality with asymptomatic participants. 

Results/Résultats 
The app storyboard is shown in Figure 1. Pilot 
testing for event detection revealed a mean 
absolute error of 0.026 (0.022)s with respect to 
an in-ground force platform. The prototype 
app was able to collect 10s of walking data 
and present a functional EMG score within 
10s. 

Conclusions/Conclusions 
A prototype app was successfully developed 
for providing feedback on knee musculature 
activation patterns for OA and awarded second 
place in the De Luca Foundation App 
Development Competition. Future iterations 
should improve areas of data transfer integrity 
and muscle-specific interpretations. 
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Introduction/Introduction 
Reverse shoulder arthroplasty (RSA) is 
typically performed in patients with cuff tear 
arthropathy. Loosening remains one of the 
principal modes of implant failure and the 
main complication leading to revision. A 
hydroxyapatite coating facilitates 
osseointegration and the micromotion between 
the baseplate and the bone must not exceed a 
threshold of 150 µm for this to occur. Excess 
micromotion contributes to glenoid loosening. 

Objective/Objectif 
The purpose of this investigation was to 
perform a calibration study and assess the 
precision and accuracy of an experimental 
system designed to assess factors contributing 
to RSA glenoid baseplate micromotion. 

Methods/Méthodologie 
Four linear variable differential transducers 
(LVDTs) recorded micromotion from a 
stainless steel disc surrounding a modified 
glenosphere. LVDTs were positioned at a 
radius of 52.5 mm from the center of the 
baseplate at relative angles of 0⁰, 120⁰, 280⁰ 
and 200⁰ clockwise. A Delta XTend baseplate 
was implanted in a 25 PCF density 
Sawbones™ block according to surgical 
guidelines, without the inclusion of peripheral 
screws. Varying force-controlled loads were 
applied via a materials testing system. The 

position of three LVDTs were used to compute 
two vectors and establish the equation of the 
plane. The displacement of the fourth LVDT 
was used to determine a predicted z-value, 
which was compared to the measured value. 

Results/Résultats 
The displacement measurements yielded an 
accuracy of 2% to 10% between the predicted 
and measured values for an average absolute 
error of 6% with a mean of ‑4.4µm and a 
standard deviation of 8.8 µm. Values fell 
within 95% confidence intervals of +11.6µm 
and ‑20.4 µm. 

Conclusions/Conclusions 
The obtained accuracy falls within an 
acceptable range. Additional fixation using 
various combinations of locking and non-
locking screws in different qualities of 
cancellous bone and substitution of the central 
peg for a central screw are planned to provide 
clinically comparable results. 
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Introduction/Introduction 
Finite element modelling (FEM) is widely 
used in high tibial osteotomy (HTO) research. 
However, there is no consensus on how the 
opening of the wedge should be modeled. 
Some studies cut a wedge from the bone stock 
while others have mimicked the clinical 
scenario by simulating the wedge opening. 

Objective/Objectif 
To determine whether cutting a wedge from 
the bone is a valid assumption for an HTO 
FEM study 

Methods/Méthodologie 
FEMs were developed from a CT-image of 
one cadaveric specimen, and meshed with 
tetrahedral elements. An image-based method 
was used to assign specimen specific material 
properties. The model was duplicated (n=2) 
and each model assigned to either: i) clinically 
relevant method - open the tibial wedge 
through simulation of the intra-operative 
procedure; or ii) simplified method - cut the 
tibial wedge to the desired correction. A 664 N 
load was distributed evenly through the medial 
and lateral tibial plateau. A Tomofix fixation 
plate and screw system was also modelled. 
Stresses, strains, and reaction forces in the 
fixation plate and tibia were compared 
between conditions. 

Results/Résultats 
The simplified method underestimated the 
reaction forces in the plate by 12.3% (392N vs. 
447N) (Figure 1). The peak stress and strain in 

the plate were also underestimated in the 
simplified (1301MPa and 9.8e-6) compared to 
the clinically relevant (2037MPa and 1.5e-5) 
method (Figure 1). Finally, the peak stresses in 
the proximal tibia were also underestimated in 
the simplified (1089MPa) compared to the 
clinically relevant (2049 MPa) methods 
(Figure 1) with relatively equal peak strains 
(0.14 vs 0.13 respectively). 

Conclusions/Conclusions 
The simplified method may not capture the 
mechanical changes that occur to the bone 
when the wedge is opened about the lateral 
hinge. Therefore, it is recommended to 
perform the clinically relevant opening when 
analysing the mechanical response of the plate, 
screws, and proximal tibia. 
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Introduction/Introduction 
It has been argued that the cyclindrial femoral 
tunnel associated with a bone-patella tendon-
bone (BTB) autograft does not represent the 
function of the native ACL. It has been 
proposed that  a rectangular tunel BTB (ART-
BTB) may facilate better control of graft 
orientation. However, there is limited 
biomechanical comaprision between 
traditional BTB and ART-BTB. 

Objective/Objectif 
To determine if an ART-BTB ACL 
reconstruction better replicates native ACL 
strain and knee kinematics compared to a 
traditional BTB reconstruction. 

Methods/Méthodologie 
Eight paired (N=16) cadaveric knees were 
tested in a custom-designd CT-compatible 
joint motion simulator. The knees were tested 
with the ACL intact before randomisation to 
ART-BTB or cylindrical BTB reconstruction 
(Figure 1). The specimens were exposed to; i) 
88N anterior translation; ii) 5Nm internal 
rotation; and iii) a simulated pivot shift (88Nm 
anterior tralsation, 5Nm internal rotation, and 
10Nm valgus). Each loading protocol was 
applied at 0°-90° of knee flexion in 30° 
incremements. Fourteen 800µm, zirconium-
dioxide beads were embedded into the native 
ACL and each of the grafts (Figure 1). CT 
scans (250µm resolution) were taken at each 

flexion angle, one for each loaded condition, 
and a baseline (un-loaded) scan prior to each 
load application. The scans were thresholded, 
the bead centroids extracted, and the Euclidian 
distances between adjacent beads calculated; 
global strains were quantified. 

Results/Résultats 
There were no differences in graft strain when 
comparing ART to cylindrical BTB across all 
flexion angles.At 60° of flexion, with an 
anterior translation load, there was 
significantly reduced strain in the 
reconstructed state (1.18 (0.8) %) compared to 
the native state (2.80 (2.7) %) (p=0.048) 
independent of  graft type.With respect to knee 
kinematics, there were no significance 
differences when comparing ART to 
cylindrical BTB reconstructions. 

Conclusions/Conclusions 
Similar graft strains and kinematics were 
achieved with ART-BTB and cylindrical-BTB 
reconstructions. Both techniques appear 
equally effective in restoring Native knee joint 
kinematics. 
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Introduction/Introduction 
Tibial slope and intercondylar notch width 
have been identified as risk factors for ACL 
injury. The mechanism of this relationship is 
inconclusive and more extensive knee 
anatomy has not been investigated. 

Objective/Objectif 
To determine the relationship between tibia 
and femur geometry and knee joint kinematics 
in intact and ACL deficient states. 

Methods/Méthodologie 
Three-dimensional knee geometries were 
created from the CT scans of 14 cadaveric 
speccimens. Twenty-seven anatomical 
measurements were computed within mimics 
medical imaging software (Materialise, 
Leuven, Belgium). 

Three-dimensional knee joint kinematics were 
collected in response to a simulated pivot-shift 
(5Nm internal rotation, 10Nm valgus, 88N 
anterior translation, and 100N compression) 
using a custom-designed knee joint motion 
simulator. The specimens were tested in an 
intact and ACL deficient state. 

A multi-variate linear regression was 
performed to determine which anatomical 

measures were associated with the magnitude 
of internal rotation, anterior translation, and 
valgus rotation. 

Results/Résultats 
Internal rotation during a simulated pivot shift 
for the intact knee condition, was significantly 
predicted by the medial plateau width, medial 
spine height, medial condyle surface area and 
lateral condyle surface area (model R2 = 0.94). 

Internal rotation during a simulated pivot shift 
for the ACL sectioned knee condition, was 
significantly predicted by the middle medial 
condyle middle width, radius of curvature of 
the posterior and distal aspect of the lateral 
condyle, and radius of curvature of the 
posterior and distal aspect of the medial 
condyle (model R2 = 0.76). 

Anterior translation and valgus rotation were 
not significantly predicted by any of the 
anatomical measurements. 

Conclusions/Conclusions 
These data suggest that the anatomy of the 
knee may have a role in joint stability and the 
passive control of joint motion. These data 
may provide insight into the mechanism of 
knee joint injury and aide in the identification 
of individuals at a higher risk of ACL injury. 
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Introduction/Introduction 
Strengthening exercise is the cornerstone of 
knee osteoarthritis (OA) treatment, but not all 
respond. Individuals with knee OA have 
elevated circulating inflammatory mediators 
(CRP, TNFα, IL-6). It is unclear if this 
inflammation alters the ability for muscle to 
adapt to strengthening exercise. 

Objective/Objectif 
To determine whether (1) inflammatory 
markers mediate the effect of body mass index 
(BMI) on quadriceps capacity at baseline; and 
(2) changes in serum inflammation explain 
variance in improvements of quadriceps 
capacity (knee extensor strength) after 12 
weeks of strengthening in women with knee 
OA. 

Methods/Méthodologie 
A secondary analysis of a single-blind, 12-
week, parallel randomized control trial. 
Participants included 21 women 50 years of 
age or older with clinical knee OA. Block 
randomization allocated participants to receive 
supervised group interventions 3 times per 
week for 12 weeks: (a) weight-bearing 
progressive resistive exercise focused on 

quadriceps or (b) meditation as an attention 
control. (1) From baseline data, separate linear 
regressions were conducted with strength 
(Nm/kg) as the dependent, BMI as the 
potential predictor, and each serum 
inflammatory marker as a potential mediator. 
(2) Multiple linear regression analyses were 
completed with 12-week change (post-pre) in 
strength. Potential predictors were change in 
serum inflammatory markers (IL-6, TNFα, 
CRP). Covariates were age, BMI, adherence to 
strengthening (% attended). 

Results/Résultats 
(1) At baseline, the unstandardized β-
coefficient of the association of BMI with 
strength did not change when either IL-6, 
TNFα or CRP were added to the model, 
showing no mediation. (2) A decrease in each 
of IL-6 (β=-0.091, R2=0.47, p<0.003) and 
TNFα (β=-0.023, R2=0.51, p<0.002) was 
associated with strength gains. 

Conclusions/Conclusions 
At baseline, inflammatory markers do not act 
as mediators of BMI on quadriceps capacity. 
After 12 weeks of strengthening, a reduction in 
IL-6 and TNFα predicted an increase in knee 
extensor strength in women with knee OA. 
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Introduction/Introduction 
Anterior cruciate ligament (ACL) plays a 
significant role in the stability of knee joints. 
An ACL deficient (ACL-D) joint however is 
likely no more stable with giving-way 
episodes requiring a reconstruction surgery. A 
portion of ACL-D patients, called copers, 
however can return to pre-injury activities 
likely by stabilizing their joints through 
unknown compensatory strategies such as 
alterations in gait kinematics/kinetics and 
muscle contractions. Comprehensive study of 
effective strategies likely in play in copers is 
helpful in injury treatment and prevention. 

Objective/Objectif 
Quantification of the role of changes in the 
knee flexion angle (KFA) and gastrocnemii 
muscle activity on ACL-D joint stability in 
stance phase of gait. 

Methods/Méthodologie 
Using a validated musculoskeletal model, 
ACL-D knee joint responses and stability are 
computed under gait data. KFA and 
gastrocnemii forces are then altered and their 
effects on the joint stability and anterior tibial 
translation (ATT) are evaluated. 

Results/Résultats 
Gastrocnemii and quadriceps were found as 
ACL antagonists while hamstrings and soleus 
as ACL agonists. Decreasing gastrocnemii 

force at mid-to-late stance resulted in much 
lower ATT and more stable ACL-D joint. The 
joint was unstable under larger gastrocnemii 
forces. Increasing KFA lowered ATT and 
increased stability. At larger KFA, ACL-D 
joint was as stable as an intact joint. 

Conclusions/Conclusions 
The near-intact stability of an ACL-D joint can 
be restored when the activation in ACL 
antagonist muscles (quadriceps and 
gastrocnemii) drops compared to that in ACL 
agonist muscles (hamstrings and soleus). This 
differential in activity is dependent on KFA. 
The ACL-D knee joint also demonstrates pre-
injury stability levels under greater KFA. At 
lower KFA values, however, activity in ACL 
agonists (hamstrings) becomes crucial in order 
to maintain the joint stability. Results could 
help analyze the gait of ACL-D copers and 
non-copers towards improved preventive, 
diagnostic, and treatment approaches.
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Introduction/Introduction 
After ACL-injury, Tibiofemoral (TF) contact 
locations change during running, thereby 
altering joint stresses and potentially causing 
early-onset knee osteoarthritis. Current 
treatments (bracing, surgery) do not restore TF 
contact to pre-injury locations; alternative 
interventions should be investigated. 

Objective/Objectif 
This study used musculoskeletal simulations to 
investigate whether changing whole-body 
running styles could restore knee contact 
locations post-ACL rupture. 

Methods/Méthodologie 
Full-body running joint coordinates and GRFs 
(10 healthy ACL-intact subjects, 202 total gait 
cycles)[1] were time-normalized to 101 points 
per gait cycle, standardized to each 
dimension’s peak standard deviation, and 
concatenated to form 202 waveforms 
containing coordinates and GRFs. The dataset 
was modeled using Principal Component (PC) 
Analysis, then novel running styles 
(coordinates, GRFs) were synthesized using a 
9PC model that captured 90% of the dataset’s 
variance[2]. Leave-one-out validation 
compared GRF predictions from the PC-
synthesis method and the common Newton’s 
equations of motion method (N=202). TF 
contact was simulated in OpenSim using 
COMAK[3] for one observed baseline trial 
using both ACL-intact and ACL-deficient 
models. Then, 100 randomly synthesized 
running styles were simulated with an ACL-
deficient model. Contact (location, magnitude) 
was compared between synthesized styles 
(ACL-deficient) and the observed baseline 

running style (ACL-deficient and ACL-
intact).  

Results/Résultats 
Experimental and PC-synthesized GRFs 
agreed closely, suggesting the workflow 
generates realistic running motions. 
Significant correlation improvements were 
found for PC-synthesized GRF predictions 
versus Newton’s equations (P<0.05). Several 
running styles shifted ACL-deficient TF 
contact towards baseline ACL-intact locations, 
versus TF contact estimated when the 
simulated ACL-deficient subject continued 
running with observed baseline kinematics. 

Conclusions/Conclusions 
While several synthesized running styles 
shifted ACL-deficient TF contact toward 
baseline ACL-intact locations, no synthesized 
running styles fully restored TF contact; 
however, it is possible that a fully-restoring 
style exists but was not synthesized. 

[1]    Hamner et al., J. Biomech.,  2013. 
[2]    Brandon et al., J. Electromyogr. 
Kinesiol., 2013. 
[3]    Brandon et al., Handbook of Human 
Motion, 2017. 
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Introduction/Introduction 
The Achilles tendon is the longest and most 
powerful tendon in the human body. 
Following contraction of the triceps surae 
muscles, tensile forces are transmitted to the 
tendon towards plantar flexion and propulsion 
of the foot. These tensile forces allow 
plyometric movements such as hopping to be 
accomplished. Achilles tendinopathy (AT), 
through the presence of pain and mechanical 
changes in the tendon structure, may affect 
symmetry during bilateral hopping. 

Objective/Objectif 
To quantify the ground reaction forces (GRF) 
symmetry during bilateral rhytmic hopping 
among individuals with unilateral AT. 

Methods/Méthodologie 
Twenty (n=20) individuals with unilateral AT 
performed ten consecutives bilateral hops. 
When doing so, GRF were recorded separately 
underneath each foot with AMTI force plates. 
The maximum antero-posterior (GRFAP), 
medio-lateral (GRFML) and vertical (GRFV) 
components of the GRF, as well as the 
maximum vertical loading rate (MLRV) during 
pushoff and landing, were measured for the 
asymptomatic (Asympt) and symptomatic 
(Sympt) sides. For each outcome measure, 
difference between sides was compared using 
a paired Student t-test while the relative 
difference between sides was computed [Diff 
(%) = (Asympt-Sympt) / (Asympt + Sympt)]. 

Results/Résultats 
During pushoff, no between-side difference 
(p> 0.05) was revealed for the maximum 
GRFML and GRFAP, or for the MLRV. During 
landing, the maximum GRFV and MLRV were 
5.4% (p = 0.03) and 6.4% (p = 0.01) lower on 
the symptomatic side in comparison to the 
asymptomatic side, respectively. 

Conclusions/Conclusions 
Individuals with unilateral AT predominantly 
modify their landing strategies during bilateral 
hopping by decreasing their maximum vertical 
forces on the symptomatic side. These 
measures of asymmetry could be useful to 
verify treatment effectiveness in this 
population. 
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Introduction/Introduction 
Positive immediate biomechanical and 
functional effects of knee braces are often 
reported. However, the duration and type of 
knee brace treatment for knee osteoarthritis 
(KOA) remain unclear. 

Objective/Objectif 
The objective was to evaluate usage, comfort, 
pain, and knee adduction moment (KAM) of 
three knee braces each worn three months by 
patients. 

Methods/Méthodologie 
Twenty-four patients with KOA were assigned 
in a randomized crossover trial a valgus three-
point bending system brace (V3P-brace), an 
unloader brace with valgus and external 
rotation functions (VER-brace) and a 
stabilizing brace used after ligament injuries 
(ACL-brace). Functional questionnaires and 
gait assessment were carried out before and 
after each brace wear period of three months. 
A Friedman test was applied between brace 
wear diary recordings. Repeated measures 
analyses of variance contrasted the factors 
brace type (ACL, V3P and VER), time (pre 
and post) and wear (without and with) on 
comfort, pain, function and KAM. 

Results/Résultats 
Brace usage was similar, but the V3P-brace 
was slightly less worn. Discomfort was 
significantly lowered with the VER-brace. All 
knee braces relieved pain and symptoms from 
10% to 40%. KAM angular impulse was 
reduced with the three braces, but the VER-
brace obtained the lowest relative reduction of 
9%. The interaction between time and wear 
indicated that part of the KAM reduction with 
brace wear was maintained post treatment. 

Conclusions/Conclusions 
All three knee braces have great benefits for 
pain and function among the medial KOA 
population. The VER-brace offers additional 
advantages on daily use, comfort and KAM, 
which could improve compliance to brace 
treatment. 
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Introduction/Introduction 
Inter-joint coordination examines relationships 
between segments by analyzing two adjacent 
segments during movement and relating them 
in terms of relative timing and positioning. 
The latter can provide valuable information 
regarding the timing and sequencing of 
neuromuscular control and the adaptability of 
the motor control system in patients with knee 
osteoarthritis (KOA). However, there is 
limited research examining inter-joint 
coordination during gait in this population. 

Objective/Objectif 
To compare inter-joint coordination amplitude 
and variability during gait between 
participants with KOA and healthy adults. 

Methods/Méthodologie 
This cross-sectional study used a database 
containing participants with mild-to-moderate 
KOA (n=35), severe KOA (n=12) and healthy 
adults (n=35). Gait was measured with a 
motion capture system and force plates. 
Participants ambulated at self-selected speeds 
for 5 trials. Continuous relative phase (CRP) 
was calculated for the foot-shank and shank-
thigh in the sagittal plane and represented 
inter-joint coordination. Mean absolute 
relative phase (MARP, represents CRP 

amplitude) and deviation phase (DP, 
represents CRP variability) were determined. 
A one-way analysis of variance (ANOVA) 
with Bonferroni correction compared MARP 
and DP during gait between groups. MARP 
and DP were also compared between groups 
and across gait phases (stance, swing) using a 
2-way mixed ANOVA. 

Results/Résultats 
There was a significant difference between 
groups in shank-thigh MARP during gait 
(F(2,79)=5.672, p=0.005), whereby the shank-
thigh MARP was significantly reduced for the 
severe KOA group compared to the healthy 
(p=0.004) and mild-to-moderate KOA 
(p=0.016) groups. A significant interaction 
was found between the effects of gait phase 
and group on shank-thigh MARP values 
(F(2,79)=4.596, p=0.013). 

Conclusions/Conclusions 
Patients with severe KOA exhibit a more in-
phase or symmetrical shank-thigh movement 
pattern during swing compared to patients with 
mild-to-moderate KOA and healthy adults. 
This may be explained by higher levels of 
knee muscle co-contraction commonly seen in 
patients with severe OA to account for loss of 
passive knee stability secondary to advanced 
degenerative changes. 
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Introduction/Introduction 
The human knee is loaded with a combined 
multi-dimensional set of forces and moments 
during daily activities. These forces can be 
measured using instrumented total knee 
replacements, but the regional distribution of 
contact forces and strains at the tissue scale 
level cannot be measured experimentally. 
Computational methods, such as Finite 
Element Modeling (FEM), is used as an 
alternative to apply complex loading scenarios 
and study the resulting mechanical response at 
the joint and tissue levels. The accuracy of the 
FE results depends on the integrity of the 
geometry, material model, and boundary 
conditions. 

Objective/Objectif 
The purpose of this study was to investigate 
the effect of the cartilage collagen fiber 
distribution in an FE knee model on the 
resulting cartilage strain. 

Methods/Méthodologie 
Model geometry was obtained using MRI 
images. Viscoelastic material models were 
assigned to the lateral and medial collateral 
ligaments, anterior and posterior cruciate 
ligaments, and cortical and cancellous bones. 

The cartilage was modeled using a fiber-
reinforced hyperelastic biphasic constitutive 
law. The inputs for the simulated gait were 
obtained from the literature. The effect of 
collagen fiber distribution was studied using a 
knee model with collagen fibers distributed 
parallel with the cartilage surface in entire 
regions of cartilage, i.e. immature cartilage, 
and another one with collagen fibers varying 
from vertical, in deeper layers, to parallel, in 
the superficial layers, i.e., mature cartilage. 

Results/Résultats 
The preliminary results showed that the strain 
distributions in cartilage were significantly 
influenced by the distribution of the collagen 
fibers, especially at the higher loading rates. 
The strains in the transverse plane were lower 
for the knee joint with a mature collagen fiber 
distribution. 

Conclusions/Conclusions 
The current FE study shows that the stiffness 
of cartilage fibers can (slightly) control the 
deformation of the knee joint cartilage, and 
thus affects the mechanical behavior of the 
joint. 
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Introduction/Introduction 
Foot orthoses (FOs) have been commonly 
prescribed for individuals with flatfoot. By 
providing a wide range of possibilities in terms 
of design, 3D printing techniques have 
facilitated the production of FOs in accordance 
to patient-specific needs. However, little is 
known on the effect of their design, and 
especially their stiffness, on plantar pressures 
and center of pressure (CoP) displacement. 

Objective/Objectif 
The aim of this study was to estimate the 
effect of 3D printed FOs stiffness on plantar 
pressures and CoP displacement in individual 
with flatfoot. 

Methods/Méthodologie 
Nineteen participants with flatfoot participated 
in this study. Two pairs of ¾ length 3D printed 
FOs, named flexible and rigid, were made 
according to each participant foot scan. By 
changing the height of the FOs structures, two 
different stiffness were reached. Plantar 
pressures (peak, mean and contact area) and 
CoP displacement were recorded using 
Medilogic® in-shoe system, at 400 Hz, while 
participants were asked to walk 3-min on a 

treadmill under three conditions, in a random 
order: control, flexible FOs and rigid FOs. 
One-way ANOVAs using statistical parametric 
mapping were performed to estimate the effect 
of FOs stiffness during the stance phase of 
walking. 

Results/Résultats 
Most notable changes were seen in the medial 
midfoot area, where peak pressures, mean 
pressures and contact area were significantly 
increased, throughout the stance phase, using 
flexible FOs (mean difference=+110%, 
+204%, and +79% respectively). Further, rigid 
FOs contributed to enhancing the changes 
observed with flexible FOs (mean 
difference=+17%, +31% and +11% for peak 
pressures, mean pressures and contact area 
respectively). Looking at CoP displacement, 
FOs were shown to shift it medially during the 
first half of stance. Yet, no effect of stiffness 
was reported. 

Conclusions/Conclusions 
Findings from the present study provide 
clinicians information on the effect of 3D 
printed FOs stiffness on plantar pressures in 
individuals with flatfoot. 
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Introduction/Introduction 
There is a growing use of foot orthoses (FOs) 
for both clinical and sport implications, while 
the design of FOs is still based on 
controversial points. FO deformation could 
indicate the functionality of FO design, where 
foot motion and dynamics explain foot 
function. 

Objective/Objectif 
The objective of this study is to investigate 
whether the main indicators of foot function, 
i.e. foot kinematics and plantar pressure could 
explain the variation in the determinant of FO 
design efficiency, i.e. FO deformation. 

Methods/Méthodologie 
Thirteen healthy subjects participated in this 
study. The data was collected in two sessions: 
training and walking session. The training 
session was implemented to develop an 
artificial intelligence model for predicting FO 
deformation during walking, as explained in 
our previous study. Multisegment Rizzoli foot 
model was used to calculate the kinematics for 
each foot segment relative to its proximal 
segment. The peak values were extracted for 
each rotation during walking (3 segments*3 
rotations* 2 minimum/maximum). Peak values 
were also extracted from deformation and 
plantar pressure data for six foot regions, 
namely medial/lateral rearfoot, midfoot, 
forefoot. Forward and backward stepwise 
regression was used to calculate which 
regressors were included in the statistical 
model. 

Results/Résultats 
Table 1 shows the predictors of FO 
deformation in different plantar regions and 
the relevant statistical model. Following the 
stepwise iterations, rearfoot eversion/inversion 
was the mostly present predictor across the 
linear model for different regions. The motion 
of rearfoot in sagittal/transverse planes, and 
medial arch collapse/recoil were also present 
in models. 

Conclusions/Conclusions 
The results of this study provide strong 
evidence that FO deformation is sensitive to 
foot kinematics and plantar pressure. 
Furthermore, the foot parameters that 
accounted for variations in FO deformation 
changed depending on FO plantar region. 
Multiple regression models can therefore be 
used as a robust tool to determine the 
relationship between different parameters in 
such complex biomechanical problems. 
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Introduction/Introduction 
Deviations from neutral wrist posture change 
the size and shape of the carpal tunnel, and can 
result in changes in carpal tunnel volume 
(CTV). Decreased CTV can cause 
compression of the median nerve and 
exacerbate symptoms of carpal tunnel 
syndrome. Previous studies have shown a 
decrease in CTV during wrist flexion, 
however, it has not been determined if radial-
ulnar deviation (RUD) affects CTV. 

Objective/Objectif 
The purpose of this study was to determine the 
effect of radial and ulnar deviation on carpal 
tunnel volume. 

Methods/Méthodologie 
Ten fresh-frozen cadaveric upper-limb 
specimens (80.7 ± 10.9 years; 5 female) were 
imaged using computed tomography. Iohexol 
contrast agent was injected in the carpal tunnel 
to improve exposure of the tunnel boundaries. 
Each specimen was mounted on a custom 
wrist joint motion simulator which positioned 
the wrist by loading the wrist flexor and 
extensor tendons. The wrist was positioned in 
neutral posture and scans were collected 
between maximum radial and ulnar deviation 
postures in 5º increments. Resulting images 
were segmented to generate three-dimensional 
surfaces of the carpal tunnel and carpal bones. 
The proximal and distal tunnel boundaries 
were defined using the centroid of the pisiform 
and the transverse carpal ligament landmarks 
on the scaphoid, hamate, and trapezium. 

Results/Résultats 
Preliminary analysis has been completed on 
five specimens at postures of -5º, 0º, 5º, and 
10º. For each specimen, CTV measures in the 
deviated postures were normalized to CTV in 
0º. Mean differences of 1.33%, -0.530% and -
2.87% CTV were observed for postures of -5º, 
5º, and 10º respectively. However, these 
changes are not significantly different from the 
neutral posture CTV (p > 0.05). 

Conclusions/Conclusions 
The results suggest that slight deviations from 
neutral posture in the radial and ulnar 
directions do not significantly affect carpal 
tunnel volume. Further work will quantify the 
effect of RUD for angles greater than ±10º.
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Introduction/Introduction 
Osteoarthritis unloader braces reduce pain and 
disease progression by applying a passive 
medially-directed force to the lateral knee, 
which creates an external abduction moment to 
unload the damaged medial tibiofemoral 
cartilage. Current braces use passive spring 
mechanisms to apply near constant corrective 
force through all gait phases; this can become 
uncomfortable over longer durations. In this 
pilot study, we designed and evaluated a novel 
computer-controlled knee brace that can apply 
either a) a near-constant force (passive mode) 
or b) variable force (dynamic mode) that rises 
during stance and dissipates during swing. 

Objective/Objectif 
To determine whether users would self-select a 
larger unloading force during passive or 
dynamic modes of the knee brace. 

Methods/Méthodologie 
A single healthy participant (N=1, M, 22y, 
71kg) was fitted with the brace and asked to 
walk on a treadmill at a comfortable speed for 
two minutes in passive (constant force) mode, 
then two minutes in dynamic (stance force 

only) mode. For each mode the user was 
instructed to adjust the applied force to a 
maximal comfortable setting, and the force 
was recorded at 1000Hz via a uniaxial load 
cell. Following each trial, a questionnaire 
including visual analog pain scales (VAS) was 
completed to evaluate the comfort regarding 
the comfort of the brace. 

Results/Résultats 
The average peak magnitude of the lateral 
unloader force was 90.81N during the passive 
mode and 104.4N during the dynamic mode. 
The user found the brace most uncomfortable 
during the midstance of gait for both modes. 
However, they experienced moderate 
discomfort (6/10) from the brace during the 
passive mode versus mild discomfort (3/10) 
during the dynamic mode. 

Conclusions/Conclusions 
This preliminary study demonstrated that a 
single user selected a higher corrective force 
when the force was only applied during the 
stance phase of gait. Larger corrective forces 
could translate to reduced pain and disease 
progression for users with osteoarthritis. 
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Introduction/Introduction 
Long-leg alignment post-total knee 
replacement (TKR) remains a controversial 
topic with proponents of neutral mechanical 
alignment arguing that it is optimal for long-
term performance of the implant while 
advocates of kinematic alignment propose that 
individualized alignment may improve 
satisfaction. 

Objective/Objectif 
To investigate the influence of non-neutral 
alignment on implant migration, which is a 
relevant surrogate for long-term successful 
fixation. 

Methods/Méthodologie 
Implant migration was quantified over two 
years using radiostereometric analysis (RSA) 
for cemented primary TKR. Longitudinal data 
analysis using marginal models was performed 
to examine the influence of post-operative 
varus alignment on overall migration while 
controlling for age, sex, and BMI. Correlations 
between migrations and alignment were 
calculated using Spearman's rank correlation. 

Results/Résultats 
Sixty-seven TKR were analyzed (mean age 63 
years (SD 8), mean BMI 35 (SD 7), 67% 

female, post-operative alignment 0-9 degrees 
of varus). Alignment did not have a significant 
effect on overall implant migration (p = 0.13). 
At one year, migration was not statistically 
different between neutral (0 – 3 degrees) and 
non-neutral (> 3 degrees) varus alignments (p 
= 0.07, Mann Whitney U-test). Similarly, the 
change in migration from one to two years did 
not differ between the neutral and non-neutral 
groups (p = 0.65). Alignment was not 
significantly correlated with migration at one 
year (p = 0.09) or the change in migration 
from one to two years (p = 0.96). There were 
three outliers for migration at one year with 
alignments of 8.2, 4.0, and 2.9 degrees of 
varus. 

Conclusions/Conclusions 
Post-operative alignment of greater than three 
degrees varus did not have a significant overall 
effect on implant migration, suggesting good 
long-term fixation of the tibial components 
independent of post-operative alignment. 
These findings support further investigations 
of alignment outside of the conventional 
window of three degrees as part of a kinematic 
alignment strategy. 
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Introduction/Introduction 
The Disabilities of the Arm, Shoulder and 
Hand (DASH) (Atroshi et al., 2000; Kirkley et 
al., 2003; Kitis, Celik, Aslan, & Zencir, 2009; 
MacDermid et al., 2006) and Western Ontario 
Rotator Cuff Index (WORC) (Kirkley et al., 
2003) are widely used by orthopaedic surgeons 
to help track recovery following surgical repair 
of rotator cuff tears. 

Objective/Objectif 
To test if correlations exist between survey 
results and physical measurements including 
goniometer range of motion, maximum reach 
envelope data or the principal component 
scores of the MRE data that may allow for less 
information to be collected by clinicians 
treating those with rotator cuff tears. 

Methods/Méthodologie 
Survey results were tabulated as individual 
totals and using each sub-category within for 
both symptomatic rotator cuff tear participants 
(n=7) and age matched asymptomatic 
participants (n=18). Range of motion data 
(goniometer) and pulled from MRE data. A 
principal component analysis of full MRE data 

sets (0.0kg, 0.5kg and 1.0kg load conditions) 
with the scores for each participant then 
calculated. These values were fed into Minitab 
18.1 for comparison using Spearman Ro 
Ranked Correlations. This full set was further 
explored by load condition, and by group. 

Results/Résultats 
Survey results correlated highly (> 0.85) to 
other survey results with correlations 
improving when groups were tested 
separately.  Active flexion and abduction was 
weakly correlated with values of 0.54. Poor or 
no correlation was found between the principal 
component scores, MRE data and the survey 
results. 

Conclusions/Conclusions 
Surveys can help judge if someone has a 
rotator cuff injury while waiting for imaging 
results but are not correlated to physical 
shoulder movement capabilities. The DASH 
and WORC surveys are useful tools for 
clinicians to follow patient improvement with 
respect to improvements in their activities of 
daily living but does not replace the need for 
clinical measures to track range of motion 
improvements during recovery. 
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Introduction/Introduction 
One fifth of patients report dissatisfaction with 
their total knee replacement (TKR). It is 
hypothesized that kinematic differences 
between a native and implanted knee are a 
prominent source of this dissatisfaction. This 
study outlines a computational knee model and 
its use in testing the influence of surgical 
decisions on knee kinematics. 

Objective/Objectif 
To construct a multibody dynamic knee joint 
model capturing changes in knee kinematics 
related to patient dissatisfaction after TKR. 

Methods/Méthodologie 
A volumetric contact model of the femoral and 
tibial components of a TKR was built in 
MapleSim. The connective tissues of the knee 
were modelled as ten nonlinear springs, one of 
which represents the deep band of the medial 
collateral ligament (DMCL). The knee model 
was used to test the influence of TKR on 
kinematics related to dissatisfaction; trends in 
anteriorposterior (AP) femorotibial translation 
and axial rotation (AR) are analyzed over a 
passive flexion-extension exercise with the 
DMCL at nominal, reduced, and increased 
stiffness. 

Results/Résultats 
The knee joint model has six degrees of 
freedom (DOF) and simulates AP and AR for 
a full range of motion. When the flexion-
extension angle is driven, geometry and 

dynamics govern the response of the other five 
DOF. Decreasing stiffness of the DMCL 
decreased AR and significantly increased the 
AP of the medial capsule in flexion, as seen in 
the Figure. 

Conclusions/Conclusions 
Of the kinematic variables investigated, medial 
capsule AP is most sensitive to DMCL 
stiffness. The lateral femorotibial contact 
centre was outside the tibial component in 
120° and 135° flexion, indicating reduced 
range of motion and potential femoral 
condylar lift-off following TKR. The strength 
of simulation in investigating the influence of 
TKR decisions is not confined to this example. 
In the future, this model will be used to predict 
the effects of tissue release on knee kinematics 
and the effects of implant alignment on TKR 
outcomes. 
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Introduction/Introduction 
Abnormal knee kinematics commonly develop 
with progressive knee osteoarthritis, where 
increased joint laxity can be one cause1. 
Meanwhile, atypical frontal plane kinematics 
follow cumulative high knee flexion 
exposure2. Joint laxity following acute high 
knee flexion exposure may link abnormal 
kinematics and osteoarthritic progression. 
Physician examinations have poor 
interobserver reliability3, requiring 
instrumented frontal plane laxity measurement 
systems. 

Previous authors examined frontal plane laxity 
in healthy1,4,5 and osteoarthritic populations1, 
however several limitations remained. Designs 
combined gravitational force and applied 
loads, where total loads were inconsistent1,4,5. 
Methods limited the shank to rotate about a 
fixed mechanical axis rather than the knee’s 
natural joint centre1,4,5. Finally, stabilizing 
muscles were unmonitored to distinguish 
between passive and dynamic laxity1,4,5. 

Objective/Objectif 
To design a system that addressed the 
limitations and repeatability of previous 
frontal plane measurement systems. 

Methods/Méthodologie 
Twenty-four participants right lower limb 
kinematic data were collected at 64Hz using 
motion capture. Vastii electromyography were 
collected with the participant at rest, at 
2048Hz. Three laxity measurements at 20° 
knee flexion1,4,5 allowed natural joint centre 
rotation. Horizontal shank fixation to a free-
moving sled omitted gravitational force as a 
2.28kg load application created 10Nm steady 

moments4 to the medial-lateral aspects. The 
absolute abduction-adduction range of the tibia 
rotating about the femur was recorded as 
frontal plane laxity. The three laxity measures 
were used to determine standard error of 
measurement (SEM) and mean detectible 
difference (MDD) of the measurement system. 

Results/Résultats 
The SEM and MDD of the measurement 
system were 0.7° and 1.8° (Table 1). 

Conclusions/Conclusions 
SEM and MDD indicated that this frontal 
plane measurement system was highly 
repeatable, detecting discrete differences, 
which appear comparable to previous designs. 

References 
1Sharma et al., (1999). Arthritis & 
Rheum.,42(5),861-870. 
2Gaudreault et al., (2013). Gait 
Posture.,38(2),187-191. 
3Cushnaghan et al., (1990). Ann Rheum 
Dis.,40(10),768-770. 
4Shultz et al., (2007). J Orthop Res.,25(8),981-
988. 
5van der Esch et al., (2006). 
Rheumatology.,45(5),595-599. 
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Introduction/Introduction 
Previous research has found that body posture 
and joint angles change as a function of where 
fatigue is induced in the body. In addition, 
previous studies revealed that males and 
females adopted different kinematic strategies 
to adapt to fatigue. However, how females and 
males adapt to fatigue induced at different 
joints remains unknown. 

Objective/Objectif 
To investigate sex differences in upper body 
kinematic adaptations to fatigue when muscle 
fatigue was induced at shoulder, elbow or 
trunk. 

Methods/Méthodologie 
Seventeen healthy young adults (10 women) 
held a 2.2 kg weight and performed an upper 
limb repetitive pointing task (RPT) at a 
constant 2Hz frequency for 30 seconds (NF). 
Then, they completed one shoulder (SF), one 
elbow (EF) and one trunk (TF) fatiguing 
protocols of isometric efforts until exhaustion, 
in randomized order. Right after each, they 
performed the RPT again. Trunk, shoulder and 
elbow joint angles were measured using a 

high-resolution motion capture system 
(Vicon©) and variabilities during the RPTs 
were calculated. Generalized estimating 
equations were used to examine the effects of 
fatigue location and sex on kinematic 
variables. 

Results/Résultats 
There were significant fatigue x sex interaction 
effects on trunk lateral flexion, shoulder plane 
of elevation and shoulder elevation angles. 
Males leaned the trunk more towards the 
contralateral side after EF and females leaned 
the least after SF. Males had smallest shoulder 
elevation angle after EF, while females had the 
smallest angle after SF. Moreover, males had 
greater trunk lateral flexion variability (0.18° 
greater, p<0.01) and elbow flexion/extension 
variability (4° greater, p<0.01). There were no 
sex differences when the trunk was fatigued. 

Conclusions/Conclusions 
Sexes respond to elbow and shoulder fatigue 
differently, which could be due to differences 
in muscle fiber content or motor control 
strategies. Women show no changes in 
variability with fatigue, which could partly 
explain their higher injury risk. 
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Introduction/Introduction 
Mobile farm machinery operators risk injury 
when exiting the cabin (egress) due to slips 
and falls. Safety organizations and equipment 
manufacturers’ guidelines promote performing 
machinery egress facing-in towards the access 
path and maintaining three points of contact 
(PoC) at all times. 

Objective/Objectif 
This study aimed to report self-selected body 
orientation during farm machinery egress and 
the effect of whole body vibration (WBV) on 
compliance with PoC guidelines. 

Methods/Méthodologie 
Videos of egress trials were assessed for PoC 
(Figure 1). Sixteen men (age 29.8 ± 13.8 yrs, 
height 1.8 ± 5.6 m, mass 84.5 ± 15.3 kg) and 
three women (age 27.3 ± 9.5 yrs, height 1.6 ± 
2.5 m, mass 85.0 ± 7.2 kg) with at least one 
year of experience operating mobile farm 
machinery participated. Ten egress trials were 
performed with self-selected body orientation. 
On a separate day, participants performed five 
egress trials, block randomized, facing-out and 
facing-in (Figure 1). Participants were exposed 
to one-hour of WBV (R3000, Mikroloar Inc, 
Hampton, NH), during one of the collection 
days, where three facing-out egress trials were 
recorded pre and post exposure. 

Results/Résultats 
Fourteen participants performed machinery 
egress facing-out during self-selected 
performance while maintaing three PoC for 
27% of egress duration. The five participants 
who self-selected egresse facing-in took 2.84 s 
longer to descend, but maintained PoC for 
41% of the trial. Instructing participants on 
body orientation caused three PoC ahderance 
to drop to ~30% of egress duration, but WBV 
exposure did not alter outcomes when 
compared to intructed movements. 

Conclusions/Conclusions 
The model cabin used in this study had similar 
safety features to the real-world machine, 
indicating there are opportunities in access 
path and door design to promote increased 
PoC use. Future work is needed to assess three 
dimensional movement patterns and external 
forces for disease and injury risk models.
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Introduction/Introduction 
Lifting from the ground under occupational 
demands (high levels of intensity, repetition, 
and/or duration) can lead to the accumulation 
of load that generates musculoskeletal 
discomfort and injury. Clear directional visual 
clues have been shown to consistently modify 
human behaviour, and could serve the same 
purpose on lifting behaviour in the workplace. 

Objective/Objectif 
The purpose of this study was to examine the 
influence of directional visual cues on 
perceptions for safe lifting and lifting 
behaviour amongst male and female novice 
lifters. 

Methods/Méthodologie 
Fifty five young adults (32 female, 21 +/- 3 
years) participated. Participants were exposed 
to a lifting environment that included 
directional cues adhered to the floor in either 
of a FORWARD (pointing away from the 
lifter and toward the load and lifting endpoint), 
BACKWARD (pointing toward the lifter and 
away from the load and lifting endpoint), or 
NO (no cues) pattern. There were also two 
lifting targets, a suitcase (CASE) and a mock-

up of a seated toddler (CHILD), that had 
identical mass and coupling points in same 
vertical position. Following a fixed task script 
and an opportunity to gauge the mass and 
coupling characteristics of the targets, 
participants were asked to determine their safe 
lifting distance and then completed four lifts 
from that distance plus four lifts from fixed 
distance. All lifts were recorded through 
motion capture, and participants also 
completed a validated risk taking behaviour 
instrument. 

Results/Résultats 
There were gender, target, and cue differences 
in perceptions of safe lifting and  kinematics. 
All participants perceived smaller safe lifting 
distances for the CHILD target and used more 
cautious kinematics (greater flexion angles, 
smaller velocities) to lift that load. Males were 
more affected, in predictable directions, by cue 
types, and this response showed some 
association with risk taking behaviour. 

Conclusions/Conclusions 
Visual directional cues may be an effective 
way to modify lifting behaviour for some 
workers. 
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Introduction/Introduction 
Anti-fatigue lenses (AFL) claim to provide 
musculoskeletal health benefits such as 
reduced upper body discomfort and eye strain 
during computer work. However, no studies 
have investigated biomechanical mechanisms 
that could underlie such effects. 

Objective/Objectif 
Quantify sex-specific effects of AFL on visual 
and musculoskeletal discomfort, performance 
outcomes, and underlying neck/shoulder 
kinematic and electromyographical 
characteristics during seated computer work. 

Methods/Méthodologie 
Twenty-four university students and regular 
computer users (n = 12 males) were recruited. 
Participants underwent two 90-minute seated 
computer sessions with either AFL or placebo 
lenses (random order). Visual analogue scales 
for eye strain, neck/shoulder and other body 
discomfort were recorded, along with typing 
speed and errors. Upper trapezius 
electromyography (EMG) was recorded using 
surface electrodes (Delsys), and head/neck 
kinematics was quantified using motion 

capture (Vicon). Main and interaction effects 
of Condition (AFL vs. Placebo), Time and Sex 
were analyzed using repeated measures 
ANOVA. Relationships between variables for 
each sex were analyzed using 
Pearson/Spearman's correlational analysis. 

Results/Résultats 
Discomfort increased over time, more so in 
females (eye strain and neck/shoulder, p< 
0.001 and other body, p = 0.013). UT EMG 
activity for females was negatively correlated 
to eye strain in the placebo group (r(7) = -.681, 
p = .05). UT EMG variability for males 
wearing AFL was negatively correlated to eye 
strain (r (9), -0.622, p = 0.041). Neck flexion 
was positively correlated to eye strain for 
males with placebo lenses (r (7), 0.705, p = 
0.034). 

Conclusions/Conclusions 
Sex-specific effects of AFL are suggested 
during a 90-minute seated computer task. 
There seems to be a clear link between the 
visual and musculoskeletal system while 
wearing AFL, since females experienced 
greater ratings of discomfort throughout the 
entire task. 

  



 265 

SUBTLE CHANGES IN UPPER EXTREMITY KINEMATICS PRODUCE 
SIGNIFICANT TRADEOFFS IN UPPER EXTREMITY AND TRUNK MOMENTS 

Submission ID: 613 

Authors 
Mr. Kevin Kos - McMaster University, Mr. Daanish Mulla - McMaster University, Dr. Peter 

Keir - McMaster University 

Introduction/Introduction 
Long duration repetitive workplace tasks can 
induce subtle kinematic changes in the upper 
extremity and trunk due to fatigue, 
subsequently altering joint demands. It 
remains unclear whether these relatively small 
kinematic changes at several joints represent 
meaningful trade-offs in upper extremity and 
trunk joint moments. 

Objective/Objectif 
To model task and individual dependent joint 
angle variability on joint demands during one-
arm upper extremity pulling and examine 
trade-offs between joint moments 
accompanying these changes in posture. 

Methods/Méthodologie 
The effects of anthropometric variability at 
four working heights were examined with a 
custom sagittal plane full body model. An 
optimization procedure determined the posture 
to complete a simulated static one-arm pulling 
task by minimizing the sum of all joint 
moments. Initial optimized postures were 
perturbed within ±5° independently at the 
wrist, elbow and shoulder. Equality of 
variance tests evaluated population variance in 
optimized moments across reach heights. 
Mixed effects models evaluated influence of 
joint angle perturbation on normalized joint 
moments and trade-offs within the upper 
extremity and trunk.  
 

Results/Résultats 
Discrepancies in the distribution of optimized 
moments were observed across reach heights 
(Fig 1). For example, unequal variance was 

observed for male trunk moments across 
working heights (F(3)=291.5, p<0.001). Mixed 
effect models revealed significant trade-offs 
between upper extremity and trunk moments. 
For instance, trade-offs between the elbow and 
trunk occurred following kinematic 
perturbation of shoulder joint angles during 
120 cm simulated pulling (males χ2(1)=596.3, 
p<0.001; females χ2(1)=697.8, p<0.001).  
 

Conclusions/Conclusions 
Variability of optimized joint moments was 
greater at mid-working (100 cm, 120 cm) 
compared to extremes of simulated working 
height (80 cm, 140 cm) indicating modelled 
kinematics were individual-dependent at mid-
working heights. Kinematic perturbations 
produce small, yet significant height- and 
individual-dependent joint moment changes. 
Changes in joint moments result in trade-offs 
in biomechanical demands between the upper 
extremity and the trunk. 
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Introduction/Introduction 
Neck and shoulder musculoskeletal disorders 
have been associated with low force repetitive 
work and muscle fatigue (MF). The origin of 
this MF is unclear but may involve 
interactions in activation, morphology, and 
oxygenation of muscle that differ between 
males and females, which in turn could help 
explain why women’s prevalence of fatigue-
related injuries is twice as high. 

Objective/Objectif 
Examine how MF and sex affect 
neurophysiological muscle characteristics after 
performing a low-force repetitive work-like 
task. 

Methods/Méthodologie 
Asymptomatic females (N = 13; 21.6yrs ± 2.1) 
and males (N = 13; 21.6yrs ± 1.3) completed a 
fatiguing repetitive pointing task (RPT), 
moving their dominant arm at 1 Hz until 
scoring at least 8 on the Borg CR10 scale. 
Electromyogram amplitude (root-mean-square; 
RMS) and variability (coefficient of variation; 
CoV), muscle thickness (MTH), and several 
parameters of muscle oxygenation were 
recorded from upper limb musculature. Effects 

of Fatigue and Sex were tested on these 
parameters using general estimating equations. 

Results/Résultats 
Results showed no sex differences in time to 
fatigue. Males had larger MTH in all muscles 
except for supraspinatus (SUPRA), and less 
upper trapezius (UT) CoV and higher biceps 
brachii (BIC) CoV than females. With fatigue, 
individuals had increased RMS in UT, SUPRA 
and BIC, increased MTH of the UT, SUPRA, 
and brachialis, and indicators of lower muscle 
oxygenation in the UT. 

Conclusions/Conclusions 
Results suggest that MF induced by low-force 
repetitive work is associated with multiple 
mechanisms including increased activation, 
swelling, and de-oxygenation. Although 
similar performance outcomes were seen, 
sexes differed in muscle thickness and motor 
variability across different muscles. Results 
support previous findings of sex differences in 
muscle use, and could form the bases to 
explain how certain muscles are more 
vulnerable than others towards the sex-specific 
development of musculoskeletal disorders. 
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Introduction/Introduction 
Individuals with a stronger proportion of back 
to knee strength tend to use a back-driven 
lifting strategy[1]. However, the relationship 
of lower body strength ratios to the proportion 
of lower body work generated in lifting at 
various load magnitudes is unknown. 

Objective/Objectif 
Investigate if there are differences knee- to-hip 
work ratio in lifting between knee- and hip-
strength dominant lifters across loads of 25%, 
50% and 75% of a participant’s one-repetition 
max (1RM). It was hypothesized that strength 
dominance would have a greater effect on 
lifting knee-to-hip work ratio than load 
magnitude. 

Methods/Méthodologie 
Twenty-six subjects participated in 2 
experimental sessions; a 1RM and a lifting 
session. In the 1RM session front-squat, 
deadlift, and unconstrained lifting 1RM were 
determined using a sub-maximal protocol[2]. 
Lifters were dichotomized as knee- or hip 
strength dominant using the ratio of front-
squat to deadlift 1RM relative to the median of 
the sample. In the lifting session, participants 
performed 10 lifting trials at each of 25%, 
50% and 75% of 1RM while whole-body 
kinematics and ground reaction forces (GRF) 
were collected. Using kinematic and GRF 
data, knee and hip power were calculated in 
Visual3D. Knee and hip work were calculated 

in Matlab by integrating joint power over time. 
A two-way mixed ANOVA with a between 
factor of strength dominance and a within 
factor of load tested for significant differences 
in knee-to-hip work ratios. 

Results/Résultats 
No differences in proportion of knee-to-hip 
work were observed between strength 
dominance groups, but a lower ratio of knee-
to-hip work was observed as load increased 
(Figure 1). 

Conclusions/Conclusions 
Contrary to our hypothesis, knee-to-hip work 
ratio in lifting was not influenced by the ratio 
of lower body strength. However, the load 
magnitude was shown to be a determinant of 
lifting strategy where at heavier loads a greater 
proportion of work was performed at the hip, 
relative to the knee. 
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Introduction/Introduction 
Repetitive work is a known risk factor for 
work-related upper extremity injuries. During 
repetitive tasks, individuals can display several 
multi-joint muscular and kinematic adaptations 
that enable performance maintenance despite 
accumulating fatigue. Fatigue-induced 
compensations may result in joint loading 
trade-offs, altering the distribution of 
mechanical demands across musculoskeletal 
structures, affecting injury risk. However, as 
individuals display “small” multi-axis 
kinematic changes at each joint simultaneously 
with fatigue, it is unclear to what extent 
overall mechanical demands are re-distributed 
based upon kinematic variables alone. 

Objective/Objectif 
To perform a secondary kinetic analysis by 
evaluating joint moment trade-offs across the 
trunk, shoulder, and elbow during repetitive 
upper extremity work. 

Methods/Méthodologie 
Sixteen right-hand dominant university-aged 
men performed 1-minute work cycles 
consisting of 4 upper extremity tasks (pull, 
push, drill press, target-matching). Tasks were 
scaled to participant anthropometrics and 
strength. Participants performed work cycles 

until failure to maintain task performance 
and/or verbal declaration to discontinue. 
Whole-body kinematics were recorded. Joint 
moments were calculated at the elbow, 
shoulder, and trunk. 

Results/Résultats 
Mixed-effects models revealed task-dependent 
interactions between joint moments and rate of 
change over time (p<0.05), indicating joint 
moment trade-offs over time. During the push 
task, reductions in resultant shoulder (Δ from 
initial to end = -1.2 ± 2.0 Nm) and trunk 
moments (Δ = -1.0 ± 7.6 Nm) were 
compensated by increased elbow extension 
moments (Δ = 1.4 ± 2.2 Nm). During the drill 
task, decreased resultant shoulder moments 
(Δ = -0.7 ± 1.0 Nm) were compensated by 
increased resultant trunk (Δ = 1.8 ± 4.4 Nm) 
and elbow extension moments (Δ = 1.5 ± 1.9 
Nm). No interactions were observed for the 
pull task. 

Conclusions/Conclusions 
In response to fatiguing upper extremity work, 
individuals re-distributed moments away from 
the shoulder. The compensatory changes, 
while adaptive for maintaining task 
performance and alleviating elevated shoulder 
mechanical demands, can increase demands at 
adjacent joints. 
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Introduction/Introduction 
Research investigating fatiguing upper-limb, 
repetitive movement tasks have identified sex 
differences in kinematic measures such as 
movement variability. However, traditional 
statistical analyses do not provide an estimate 
of the magnitude of these differences. 
Identifying percentage overlap of Gaussian 
distribution curves of male and female data 
may help to clarify to what extent men and 
women are similar/different. 

Objective/Objectif 
Investigate the magnitude of overlap between 
men and women’s kinematic characteristics 
during an upper-limb, repetitive pointing task 
(RPT), performed without and with fatigue. 

Methods/Méthodologie 
81 participants (n = 40 males) completed an 
RPT, the arm moving in a horizontal plane at 
shoulder height between two targets (30% and 
100% of arm length) until the first time 
participants scored 8+ on the Borg CR10 scale 
(reflecting fatigue). Reflective markers were 
placed on the upper limbs and trunk. 
Kinematics were recorded during the last 30s 
of each minute using tridimensional motion 
capture (120Hz). Joint angles (shoulder 
elevation, rotation, glenohumeral elevation 
plane, elbow flexion) were computed, and the 
average (mean) and variability (standard 

deviation) values during each 30-second 
period were calculated. Repeated Measure 
ANOVAs were run to analyze sex, fatigue and 
interaction effects on kinematic variables. 
Where sex-fatigue interaction were observed, 
normality was tested and Gaussian distribution 
curves were plotted for each sex. Overlapping 
areas of the distributions were integrated using 
a custom written MATLAB code, estimating 
the percentage overlap. 

Results/Résultats 
Shoulder elevation mean joint angle displayed 
a main effect of sex, fatigue, and an interaction 
effect. (Fatigue: p < 0.01; Sex: p < 0.01; Sex x 
Fatigue: p < 0.05). Overlaps of 81% pre-
fatigue and 71% post-fatigue were identified 
between male and female Gaussian 
distribution curves. 

Conclusions/Conclusions 
This analysis can provide valuable insights 
missed through traditional statistics. It also 
may be a useful tool to identify at-risk groups 
in specific tasks during ergonomic 
assessments. 

  



 270 

SEX-SPECIFIC EFFECTS OF LOCALIZED MUSCLE FATIGUE ON MUSCLE 
ACTIVATION DURING A MULTIJOINT REPETITIVE TASK 

Submission ID: 259 

Authors 
Ms. Erika Renda - McGill University, Mr. Chen Yang - McGill University, Prof. Julie Cote - 

McGill University 

Introduction/Introduction 
Studies suggest that the body increases 
activation of non-fatigued muscles to decrease 
the burden on the fatigued muscles. Some 
studies examined how localized muscle fatigue 
affects muscle activation across joints 
involved in a multijoint task. However, no 
study has investigated whether this differs by 
sex. 

Objective/Objectif 
Examine sex-specific effects of localized 
muscle fatigue at arm and trunk joints on their 
activation during a standing repetitive pointing 
task (RPT). 

Methods/Méthodologie 
Seventeen young adults (8 males) without 
history of upper body injuries were recruited. 
Electromyographical (EMG) electrodes were 
placed on: upper trapezius (UT), pectoralis 
major, anterior and middle deltoid, biceps and 
triceps brachii, and left and right erector 
spinae. Subjects held a 0.7 kg weight and 
performed a RPT at 1 Hz for 30 seconds (non-
fatigued RPT). They completed one shoulder, 
one elbow and one lower back fatiguing 
protocol in randomized order, separated by at 

least 30 minutes, where they held fixed 
weights and/or postures until exhaustion. 
Then, they performed the RPT again (after 
shoulder fatigue: SFRPT, after elbow fatigue: 
EFRPT, after trunk fatigue: TFRPT). Muscle 
activation (RMS), variability (SD) and mean 
power frequency (MnPF) were calculated for 
each muscle during each RPT trial. 

Results/Résultats 
There were sex x condition interaction effects 
on UT RMS (p = 0.038) and UT SD (p = 
0.0032). For UT RMS, only males showed 
higher activity at SFRPT compared to both 
EFRPT (p = 0.018) and NFRPT (p = 0.0067). 
Males had greater activation variability in UT 
during EFRPT and SFRPT in comparison to 
NFRPT (EFRPT: p = 0.0015; SFRPT: p < 
0.001). Females showed greater activation 
variability in UT during EFRPT in comparison 
to TFPRT (p = 0.025). 

Conclusions/Conclusions 
Males adopted shoulder compensatory 
strategies when shoulder muscles and elbow 
muscles are fatigued. This supports previous 
studies and could reflect sex differences in 
injury-compensatory mechanisms. 
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Introduction/Introduction 
Manual materials handling is associated to 
work-related musculoskeletal disorders. The 
importance of maintaining an aligned posture 
is emphasized to reduce this risk. However, 
this simple principle fails to reduce injuries as 
the complexity of the work context is 
neglected. 

Objective/Objectif 
The objective was to develop a framework of 
the manual materials handling principles 
related to the physical exposure of the workers 
both qualitatively with visual observations and 
quantitatively with biomechanical variables. 

Methods/Méthodologie 
The principles were identified throughout 
many research projects and interventions 
dedicated to manual materials handling 
conducted over several decades. The general 
idea was to include all components that can 
influence the physical exposure and aspects 
related to the expertise of handlers. 

Results/Résultats 
Alignment, stability, loading and rhythm 
emerged as the general principles which can 
be characterized by visual cues and 

biomechanical variables. Alignment evaluates 
the position of the load relative to the body 
and the postural alignment of the body 
segments. Stability refers to the static and 
dynamic components of the body equilibrium 
as often reported for quiet standing and gait 
tasks respectively, and grip control of the load. 
Loading involves minimizing the trip and 
duration of the handling phase, benefiting 
from load properties (benefiting from gravity 
and linear momentum) and environment, and 
sharing the load between joints in the body. 
Rhythm is composed of the footstep strategies, 
fluidity and tempo. For example, fluidity can 
be assessed with the minimization of the jerk 
of the load and synchronization of the back 
and lower limbs especially during the lifting 
phase. 

Conclusions/Conclusions 
This theoretical framework may improve the 
risk assessment of handlers by ergonomists or 
biomechanists. It is thought to be a polyvalent 
approach usable both qualitatively through 
visual observations and quantitatively through 
biomechanical instruments. The formation of 
novice handlers could benefit from the 
framework and even provide direct feedback 
with portable instruments. 
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Introduction/Introduction 
There is a well-accepted relationship between 
back disorders and manual material handling. 
The influence of working conditions on 
biomechanical strains was analyzed but few 
studies evaluated their influence on footstep 
patterns, which is a good indicator of the 
handling technique used. 

Objective/Objectif 
The aim was to analyze the influence of the 
pick height, load mass, transfer distance and 
work pace on feet positioning during the 
lifting. 

Methods/Méthodologie 
Seventeen handlers (experience of 2.2±1.3 
years) each transferred 192 boxes from a pick 
to a deposit location. The controlled 
experimental conditions were two lifting or 
deposit heights of 16 cm and 116 cm, three 
distances between both locations of 0.5 m, 1.0 
m and 1.5 m, two masses of 10 kg and 20 kg 
and free or fast pace. From motion capture 
data, lifting foot placements were analyzed by 
classifying them into three groups: even stance 
in front of the lifting location, one foot 
forward the other and parallel to the lifting 
location. The group distribution differences for 
each condition were analyzed by a chi-square 
test. 

Results/Résultats 
Lifting height, transfer distance and work pace 
had significant effects on footstep pattern 
(α<0.01) whereas the load mass had none 
(Table 1). For fast pace, high pick height and 
low distance, handlers tended to adopt an 
asymmetrical motion (parallel group), possibly 
to ensure a smooth transition to the deposit 
location. This technique may reduce the 
carrying time and allows a transfer with fewer 
steps when the available space is limited. 

Conclusions/Conclusions 
Handling techniques are influenced by 
working conditions. A fast pace and a low 
distance may constraint handlers by imposing 
postural asymmetries, and a low lifting height 
may require to be in front of the box during the 
lifting. On the other hand, a free pace, a high 
distance and a high pick height may leave 
flexibility for the handler.
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Introduction/Introduction 
In Canada, 186,300 individuals were 
employed for occupations including janitors, 
caretakers, and building superintendents as of 
2016. Cleaners are at a high risk of developing 
musculoskeletal disorders due to the repetitive 
nature of their work. Tasks such as lifting, 
mopping, and vacuuming often involve 
awkward postures and high muscular 
activation, but knowledge surrounding specific 
changes across tasks is limited. 

Objective/Objectif 
To assess muscle activity and kinematics 
across common custodial tasks. 

Methods/Méthodologie 
Ten full-time custodians participated in the 
study. Participants completed three simulated 
tasks including vacuuming, mopping (static 
and dynamic), and garbage removal (5lbs, 
10bs, 15lbs). Participants performed two 
repetitions for each task in a randomized order. 
Muscle activation was recorded unilaterally 
from eight muscles on the right upper 
extremity (anterior, middle, and posterior 
deltoid, upper trapezius, biceps, triceps, 
cervical extensors, wrist flexor & extensor 
digitorum) using surface electromyography 

(sampled at 2000Hz, AMT-8, Bortec 
Biomedical Ltd, Calgary, AB, Canada), linear 
enveloped and normalized to muscle-specific 
maximal contractions (%MVC). Reflective 
markers were placed on the upper extremity to 
track kinematics using a 10-camera motion 
capture system (sampled at 100 Hz, Vicon, 
Oxford, UK). Mean and peak muscle activity 
was examined for each task. A repeated 
measures ANOVA was used to examine 
changes in muscle activity across tasks. 

Results/Résultats 
The 15 lb garbage task generated the highest 
mean and peak activity for most muscles 
(p<0.0001). Vacuuming had high mean and 
peak muscle activity for the shoulder muscles, 
specifically the posterior deltoid (9.01 ± 0.76 
%MVC and 61.41 ± 5.07 %MVC, 
respectively). There was high forearm activity 
across all tasks, with mean activity ranging 
from 12.34-22.69 %MVC. 

Conclusions/Conclusions 
These findings provide insight into upper 
extremity work intensity across common 
cleaning tasks. Future work will focus on 
potential differences in activation or posture 
early and late in a worker’s shift. 
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Introduction/Introduction 
Anti-fatigue flooring is widely used to 
improve comfort [1,2] and prevent muscular 
fatigue [3] during occupational standing 
exposures. Although standardized and 
accessible approaches exist for measuring 
material hardness (i.e., durometers), it is 
unknown if these measures reflect the 
deflection response associated with a standing 
human interface. Characterizing the force-
deflection response of anti-fatigue flooring 
surfaces to simulated human interactions is 
important; namely for maximizing the 
aforementioned benefits while minimizing the 
potential for impaired balance control. 

Objective/Objectif 
This study quantified the effect of compression 
load magnitude and loading duration on 
flooring deflection. Deflection (D-mm), 
magnitude was further characterized as a 
function of compression load (C-kg), loading 
duration (T-s), and A Shore hardness (S) via 
curve-fitting 

Methods/Méthodologie 
Five polyvinyl chloride anti-fatigue prototypes 
were custom produced for this study. 
Following standardized measurement of A 
Shore hardness, each sample underwent 
mechanical testing procedures that differed by 
compression due to body mass (45.3kg, 
90.7kg, 136.1kg) and loading duration (initial 
(2.5s), intermediate (6.25s), final (12.5s)) to 
simulate a single-leg stance. The peak vertical 
deflection was assessed between conditions 
and the relationship between A Shore hardness 
and deflection was characterized by curve-

fitting of polynomial functions with the order 
iterated from second to fifth. 

Results/Résultats 
A significant load x duration interaction was 
detected for deflection (p< 0.001) (Figure 1). 
Deflection was characterized with the greatest 
accuracy by a single third-order polynomial 
equation with high predictive capacity (R2 = 
0.979) (Equation 1). 

Conclusions/Conclusions 
These results demonstrate that compression 
load and duration interact to nonlinearly 
influence deflection in anti-fatigue flooring 
surfaces, even during short term single-leg 
standing. The maximum observed deflection 
of -3.5 mm does not appear to significantly 
elevate fall risk during short-term human 
stance.  

References 
[1] King PM. (2002).Applied Ergonomics, 33: 
447–484. 
[2] Zander JE et al. (2004).Int J Ind Ergom, 
34: 279–288. 
[3] Gracia M et al. (2015).Human Factors, 57: 
1162–1173. 
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Introduction/Introduction 
Recently, a threshold limit value (TLV) 
equation was published by the ACGIH® to 
help mitigate excessive development of 
localized muscle fatigue (LMF) in repetitive 
upper limb tasks [1]. This equation predicts 
acceptable levels of maximum voluntary 
contraction (%MVC) for a given duty cycle 
(DC), but experimental validation of this TLV 
equation has not yet been conducted. 

Objective/Objectif 
To evaluate localized muscle fatigue responses 
at three different exposure levels along the 
ACGIH® TLV curve. 

Methods/Méthodologie 
Eighteen participants performed intermittent 
isometric elbow flexion efforts at workloads 
defined by the ACGIH® TLV equation: low 
DC (20% DC, 29.6%MVC), medium DC 
(40% DC, 19.7%MVC), and high DC (60% 
DC, 13.9%MVC) (Figure 1). Targeted LMF of 
the biceps brachii was tracked across several 
response variables: EMG amplitude (aEMG), 
EMG mean power frequency (MnPF), MVC 
(strength), Rating of Perceived Fatigue (RPF), 
Rating of Perceived Effort (RPE) and Feeling 
Scale (FS). All variables were considered in a 
3 [Condition] x 5 [Time – cycles 0 (baseline), 
3, 6, 9, 12] x 2 [Sex] repeated measures mixed 
MANOVA. 

Results/Résultats 
Across the one-hour session, the high DC 
condition resulted in 4% and 5% larger 
declines in MVC (strength) compared to the 
medium and low DC conditions, respectively. 

MnPF measures showed similar differences, 
with the high DC condition eliciting the largest 
declines (by 16%) from baseline. 

Conclusions/Conclusions 
Higher DC workloads elicited a greater LMF 
response across several key response variables, 
suggesting the ACGIH® TLV curve may be 
inappropriate at these DC levels. Other 
thresholds, particularly the maximum 
acceptable effort (MAE) equation [2], propose 
more conservative workloads that limit 
excessive LMF when working at higher duty 
cycles and/or repetition rates. 

References: 

[1] ACGIH®. (2016). Upper Limb Localized 
Fatigue: TLV® Physical Agents 7th Ed 
Documentation.  
 [2] Potvin JR. Predicting maximum 
acceptable efforts for repetitive tasks: an 
equation based on duty cycle. Human factors, 
54(2), 175-188. 
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Introduction/Introduction 
Lifting and squatting tasks are associated with 
an increased risk of osteoarthritis (OA)1yet are 
frequently adopted in occupational settings. 
Childcare workers2 have an elevated 
prevalence of knee OA; however, little is 
known about the pathways linking cumulative 
exposures to disease onset or progression. We 
hypothesize that squatting movement strategy 
may be altered when loaded (i.e. holding a 
child) in a way that may increase the risk of 
knee OA incidence and progression. 

Objective/Objectif 
The purpose of this secondary analysis was to 
investigate whether differences in movement 
strategies exist between loaded and unloaded 
squatting in healthy young university students. 

Methods/Méthodologie 
Principal component analysis was conducted 
on lower limb kinematic data for loaded and 
unloaded (0kg) flatfoot squats (FS) and heels-
up squats (HS) (14M/24F) from start of 
descent to end of ascent (a 12kg load in a baby 
sling simulated holding a child close to the 
body.) Principal components (PCs) explaining 
>5% of waveform variation were retained3 and 
interpreted using single component 
reconstruction of the 5th and 95th percentile 
waveforms4. Paired t-tests (α=.05) compared 
PC scores between the loaded and unloaded 
conditions.  
Results/Résultats 

While loaded, participants adopted a wider 
stance for both squat types, and greater ankle 

dorsiflexion and frontal plane knee deviation 
for FS and HS, respectively (p<.05) (Table 1). 

Conclusions/Conclusions 
Greater ankle dorsiflexion was found to 
increase knee shear forces5 and compromise 
knee joint health6. Previous work has observed 
greater knee adduction moments in wider 
stance squatting7. This, and lateral deviation, 
can increase stress on the medial compartment. 
The observed movement alterations are 
potential contributors to increased OA risk in 
childcare. 
1Cooper et al.(1994).Ann Rheum Dis, 
53(2),p.90-93., 2Hubertsson et 
al.(2017).Arthrit Care Res, 69(2),p.226-233., 
3Brandon et al.(2013).J Electromyogr Kines, 
23(6),p.1304-1310.,4Witte et al.(2010).Math 
Comp Model Dyn, 16(5),p.477-
488.,5Ariel(1974).Biomech IV,p.44-52.,6Lee et 
al.,(2007).J Orthop Res,20(3),p.556-
561.,7Almosnino et al.(2013).J Appl Biomech, 
29(1),p.33-43. 
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Introduction/Introduction 
Working at a standing desk has become a 
recommended strategy to reduce low back pain 
(LBP) development during prolonged 
computer work. Recent evidence suggests the 
addition of a footrest to standing work can 
help alleviate related LBP [1], but further 
biomechanical evaluation is warranted. 

Objective/Objectif 
To examine how muscle activity, joint 
kinematics, weight distribution, balance, and 
low back discomfort were affected by utilizing 
footrests at different heights while standing. 

Methods/Méthodologie 
Sixteen individuals (8M, 8F) performed a 15-
minute computer task at a standing 
workstation under four stance conditions: flat 
ground, and one leg elevated on a low (10cm), 
medium (20cm) or high (30cm) footrest. Low 
back discomfort, torso and lower limb 
kinematics, bi-lateral electromyography and 
force plate data were compared across 
conditions and time. 

Results/Résultats 
Hip flexion angle increased as a function of 
footrest height in the elevated limb, and stance 

limb hip extension significantly increased 
from flat ground standing with the use of any 
height footrest (Figure 1). Muscle activity in 
the gluteus maximus of the elevated limb 
decreased by up to 29% when using a footrest. 
Weight distribution during flat ground stance 
was balanced between limbs (~50/50%), but 
during all footrest trials, approximately 85% of 
body weight was placed on the stance limb. 
Discomfort increased as a function of time in 
all conditions. 

Conclusions/Conclusions 
Implementation of a footrest altered lower 
limb kinematics, muscle activity and weight 
distribution in both limbs. Utilizing a footrest 
between the heights of 10-30 cm may promote 
postural and muscular variability during 
prolonged computer use. However, static 
utilization of this standing aid for longer than 
10 consecutive minutes should be avoided to 
minimize development of low back 
discomfort. 

[1] Fewster, K., Riddell, M.F., Gallagher, 
K.M., Callaghan J.P. (2019). Does proactive 
cyclic usage of a footrest prevent the 
development of standing induced low back 
pain? Human Movement Science, 66: 84-90. 
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Introduction/Introduction 
Musculoskeletal injuries affect up to 87% 
musicians. Prevalence is increased in violinists 
who combine the three major causes of 
injuries: static weight holding, quick repetitive 
movements, and a constrained posture; all 
leading to muscle fatigue accumulation. 
Dynamic assistive support (DAS) is used in 
ergonomics to reduce muscle activations and 
thus potentially slow down fatigue 
development. However, the cancellation of 
gravitational force needed to support 
violinists’ left upper-limbs’ weight at the 
elbow joint may perturb kinematics and impair 
music performance. Using DAS as an 
ergonomic tool thus requires to first test 
whether musicians can adapt to the 
perturbation it causes. 

Objective/Objectif 
To assess motor adaptation of the left upper-
limb to DAS. 

Methods/Méthodologie 
We recruited 15 expert violinists. Participants 
were equipped with reflective markers and 
electromyography electrodes to record 
kinematics and muscle activity, respectively. 
To quantify motor adaptation, violinists played 
a looped excerpt without (baseline), with 
(adaptation), and without (washout) DAS. 

DAS was applied at the left (violin-holding 
side) elbow. All three conditions were 
repeated one week later to assess potential 
retention. Nine to twelve months later, 
participants listened to their own audio 
recordings playing with and without DAS and 
blindly assessed their performances. Linear 
mixed models were used to compare DAS and 
no-DAS conditions. 

Results/Résultats 
Analysis of joint angular errors during early 
adaptation revealed that DAS perturbed left 
upper-limb kinematics. Although no motor 
adaptation was observed, similarity of joint 
angles and muscle activities between DAS and 
no-DAS conditions remained strong. Musical 
performance was unchanged with DAS. 
Finally, DAS reduced mean activations of left 
medial deltoid and superior trapezius. 

Conclusions/Conclusions 
Changes in violinists’ left upper-limb 
kinematics with DAS were not detrimental to 
musical performance, suggesting that expert 
violinists can maintain high performance 
levels despite being assisted. Additionally, 
reduced muscle activations make DAS a 
promising tool to limit fatigue accumulation 
and in turn, prevent playing-related 
musculoskeletal injuries. 
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Introduction/Introduction 
To prevent musculoskeletal disorders 
associated with physically intensive 
occupations it is important to understand 
movement strategy selection. A potential 
method to gain understanding of movement 
strategy is mechanical work analysis [1]. 

Objective/Objectif 
To examine the relative work contributions of 
the ankles, knees, hips and low back when 
lifting a 20 kg vs. 7 kg waste bag, within the 
context of municipal waste collection. 

Methods/Méthodologie 
Participants (n=25) performed 20 simulated 
waste bag collection trials split among two bag 
mass conditions (20 kg and 7 kg). Whole-body 
kinematics and ground reaction forces were 
collected at 100 Hz and 1000 Hz respectively. 
Rotational work at the ankles, knees, hips and 
low back were calculated during the upward 
phase of each lift. Relative work of each joint 
was calculated by dividing each joint’s work 
contribution by the combined work performed 
by all joints of interest. Joint work was 
calculated as the integral of each joint power 
curve, where joint power was calculated as the 

products of joint moments and angular 
velocities. 

Results/Résultats 
When lifting the 20 kg waste bag the hips 
contributed 2.5% and 2.8% (left and right, 
respectively) more relative work (Table 1). 
Relative work contributions also increased at 
the ankles, significantly about the left ankle, 
while decreasing about the knees and 
significantly about the left knee. 

Conclusions/Conclusions 
A more hip-driven strategy may be an 
adaptation to heavier loads to utilize the 
greater strength capacity of the hip extensors 
[2] . However, changes in relative 
contributions were modest, perhaps due to the 
novice nature of participants. Expert lifters, 
who have been found to adapt lifting strategies 
to reduce injury risk [3], may have 
demonstrated greater changes in lifting 
mechanics. 

[1] Robertson, D. & Winter, D. (1980). J. 
Biomech. 

[2] Stoll, T., et al. (2000). C. Rheum. 

[3] Plamondon, A., et al. (2014). Appl. Ergo. 
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Introduction/Introduction 
In Carpal Tunnel Syndrome (CTS), disruptions 
in blood flow results in structural and 
functional changes to carpal tunnel tissues. 
These changes include impairments in the 
propagation to electrical impulses of the 
median nerve, edema of the nerve, and altered 
tendon-subsynovial connective tissue (SSCT) 
mechanics. The effects of occlusion on 
intraneural blood flow and tissue stiffness are 
not well investigated, although, in CTS 
patients, intraneural blood flow is reportedly 
lower and tissue stiffness is higher. The 
temporal effects of occlusion on changes of 
carpal tunnel tissues has not been investigated. 

Objective/Objectif 
The purpose of the investigation was to 
quantify the temporal effects of 30 minutes of 
sub-diastolic blood flow occlusion on median 
nerve edema, intraneural hemodynamics, 
nerve function, tendon stiffness, and carpal 
tunnel tendon-connective tissue mechanics. 

Methods/Méthodologie 
Forty healthy participants (23.3 ± 4.1 years) 
underwent ultrasound testing prior to, and 
every 5 minutes following brachial cuff 
inflation. Cuff inflation level was determined 
as 80% of their resting diastolic blood 
pressure. Ultrasound with a 15 MHz linear 
array transducer was used to collect B-mode, 
pulse-wave, colour Doppler, and shear-wave 
elastography images to assess: (1) median 
nerve CSA (MN CSA), (2) intraneural blood 
flow velocity (INBF); (3) stiffness of the FDS 
tendon of the third digit and; (4) FDS-SSCT 
relative motion during repetitive finger 

motion. Nerve conduction tests were 
completed at baseline and twice during 
occlusion. 

Results/Résultats 
INBF immediately decreased following cuff 
occlusion and remained declined throughout 
the occlusion protocol. Median nerve sensory 
conduction velocity and sensory amplitude 
significantly decreased over 30 minutes, while 
motor latency significantly increased (Figure 
1). 

Conclusions/Conclusions 
Disruptions in median nerve blood flow 
resulted in immediate changes to nerve 
function and hemodynamics, highlighting the 
dependency of carpal tunnel tissue function on 
local blood flow. A neural network is being 
developed to advance analysis of tendon-
connective tissue mechanics, while decreasing 
analysis time. 
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Introduction/Introduction 
Previous research has quantified both 
displacement and deformation of the median 
nerve (MN) within the carpal tunnel during 
gripping. Consistent patterns have emerged 
with increasing grip force, including greater 
ulnar displacement and increased circularity of 
the MN. However, other researchers have 
noted day-to-day variability in measurements. 
This begs the question as to whether 
differences may extend to a faster time-scale 
involving repetitive trials. 

Objective/Objectif 
We determined the effect of multiple gripping 
trials on MN displacement as a means to study 
trial-dependent changes over time. 

Methods/Méthodologie 
Fourteen right-handed participants were seated 
in a testing apparatus with their forearm 
supported in supination while the transverse 
carpal tunnel was imaged with ultrasound. 
Participants interacted with a digital 
dynamometer in a chuck grip while following 
a force profile in 3 successive ramp trials, 
reaching 50% of their maximal voluntary 
effort (MVE) in each trial. Ultrasound images 
were extracted in each trial while ramping 
force up and down in increments of 10% MVE 
and analyzed to assess MN displacement. 

Results/Résultats 
There was a significant trial by force 
interaction (F10,100=7.792, p=.001), with 
greater ulnar displacement in trial 1 compared 
to trials 2 and 3 (Fig 1). More specifically, 
from 0%−50% MVE, the MN displaced 68% 
relative to the neighbouring flexor tendon in 
trial 1, while displacing 23% and 15% in trials 
2 and 3, respectively. 

Conclusions/Conclusions 
During a chuck grip in forearm supination, the 
MN displaced ulnarly; however, when the 
fingertips were unloaded, the MN did not 
adopt the same starting position. This may be 
attributed to reorganization of structures 
within the carpal tunnel, including the flexor 
tendons in relation to the MN. These findings 
may be relevant in occupations involving 
repetitive gripping, ultimately causing MN 
entrapment and the development of work-
related carpal tunnel syndrome. 
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Introduction/Introduction 
Expert handlers handle boxes differently than 
novices. Their foot motions during transfer 
allow them to efficiently use box momentum, 
improving their balance. However, differences 
in footstep patterns among novices and experts 
are often neglected in ergonomic studies as 
they are rarely the main focus.  
 
 

Objective/Objectif 
This study adapts the classification taxonomy 
developed by Wagner et al. to compare novice 
and expert handlers’ foot motions during a 
palletizing task and the effects on low back 
loads. 
 
 

Methods/Méthodologie 
Fifteen experts and 15 novices transferred 24 
15-kg boxes (4 boxes high, 3 wide, 2 deep) 
from one pallet to another 1.5 m away, without 
foot placement restrictions. Footstep patterns 
were observed at five points: first contact with 
the box, pickup, first step following pickup 
(transfer), last step prior to deposit, and 
deposit. A taxonomy similar to another study 

was used to assess foot positions and 
movements in each phase [2]. Mann-Whitney 
U-tests were performed to evaluate differences 
between the frequency of occurrence of 
footstep patterns in novices and experts 
(α<0.05).  
 

Results/Résultats 
During the lifting phase, experts maintained a 
static posture of the feet 58.6% and novices 
41.3% of the time (p<0.001). A “split stance” 
during lifting was observed more frequently in 
novices (Δ=+11.3%, p=0.02). Pivot motion of 
the rear foot during lifting was observed more 
frequently in novices than experts (Δ=+9.4%, 
p=0.006). 

Conclusions/Conclusions 
Differences in experts’ and novices’ footstep 
patterns occur only during the lifting phase. 
Generally, experts stand still while lifting the 
box, and then move toward the pallet. During 
lifting, novices’ rear foot motions may 
represent a time-efficiency strategy, whereas 
experts’ static foot positioning may ensure 
symmetry of movements to minimize joint 
loading at L5/S1. 
 

  



 283 

THE EFFECT OF A COUNTERWEIGHT SYSTEM AND WHOLE-BODY VIBRATION 
EXPOSURE ON PERFORMANCE 

Submission ID: 471 

Authors 
Mr. Aaron Derouin – Q, Dr. Andrew Law - National Research Council Canada, Dr. Heather 

Wright-Beatty - National Research Council Canada, Dr. Steven Fischer - University of Waterloo 

Introduction/Introduction 
Our previous work showed that operationally 
relevant head supported mass (HSM) with 
night vision goggles (NVGs) degrades 
performance during a Fitts’ Law based 
reciprocal scanning task. Helicopter aircrew 
who often use counterweight (CW) systems 
are routinely exposed to whole-body vibration 
(WBV), which is an occupational risk factor 
associated with the development of spinal 
disorders. Therefore, it is imperative to 
understand the combined impact of HSM and 
WBV exposure on performance. 

Objective/Objectif 
To understand how WBV exposure and CW 
use influence target acquisition time (TAT) 
and error index (EI) during a rapid visual 
target acquisition task. 

Methods/Méthodologie 
Sixteen healthy male participants (26.7 ± 5.1 
years) wore a military helmet with replica 
NVGs and were restrained in a helicopter seat 
that was secured to NRC’s human rated shaker 
platform. Two WBV conditions (noWBV; 
WBV), two HSM configurations 
(counterweight, HSM-CW; no counterweight, 
HSM-noCW), and two movement trajectories 
(MTAXIAL; MTOFFAXIS) were evaluated. A 635 
g counterweight was attached to the helmet in 
the HSM-CW condition. Participants were 

instructed to move their head as rapidly as 
possible between each set of target pairs in a 
repetitive, reciprocal fashion. 

Results/Résultats 
TAT was 18.09% (0.324 s) lower for the 
noWBV+HSM-noCW condition compared to 
the WBV+HSM-CW condition (Figure 1). EI 
was highest for the WBV+HSM-CW 
condition. 

Conclusions/Conclusions 
WBV exposure in combination with the added 
inertia of a CW substantially degrades 
performance. WBV and added inertia appear 
to adversely affect performance due to the 
difficulties in stabilizing the head during the 
honing or corrective phase of target 
acquisition. 
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Introduction/Introduction 
The wrist flexor and extensor muscles of the 
forearm have different functional roles when 
controlling wrist movement. The flexors are 
task-dependent, while the extensors are 
suggested to have a larger wrist stabilizing 
role. Minimal work has investigated hand and 
wrist function when the wrist flexors or 
extensors are independently fatigued. 

Objective/Objectif 
To examine how a dynamic contraction fatigue 
protocol of the wrist flexors and extensors, 
effects wrist strength and hand tracking 
performance. 

Methods/Méthodologie 
Eighteen right-handed participants were 
recruited (8F, 10M). Participants placed their 
right forearm in a three-degrees-of-freedom 
wrist manipulandum (WristBot, Genoa, Italy). 
Interfaced with tracking software, the position 
of the handle was displayed as a blue circle on 
a computer monitor. A yellow target moved 
around the monitor for participants to match. 
Following practice, 5 baseline traces were 
performed prior to fatigue. Participants then 
fatigued either their wrist flexors or extensors. 
Once fatigued, participants performed traces 
and exerted maximal wrist forces at 6 time 
points up to 10 minutes post-fatigue. Tracking 
error was assessed as the displacement of the 
handle from the target in the x and y 
directions. 

Results/Résultats 
A significant decrease in force was observed at 
all time points following the fatigue protocol 
(Baseline: 146.1 ± 9.7N; 2 Min: 114.4 ± 6.9N; 
6 Min: 122.0 ± 7.3N; 10 Min: 124.4 ± 7.4N, p 
< 0.05). Tracking error significantly increased 
immediately following fatigue (Baseline: 1.39 
± 0.05°; 0 Min: 1.89 ± 0.14°, p < 0.05, Fig 1). 
Tracking error recovered quickly, returning to 
baseline error by the 1-minute post-fatigue 
trace. 

Conclusions/Conclusions 
The impact and recovery from dynamic fatigue 
does not differ between the wrist flexors and 
extensors regarding tracking error or maximal 
force output. Tracking error increased 
immediately following fatigue, however, 
recovered rapidly. This may indicate a change 
in control strategies used to maintain 
performance.
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Introduction/Introduction 
Upper arm musculoskeletal disorders (MSDs) 
postural risk is based on deviation from neutral 
(arm hanging relaxed from the shoulder) both 
in amplitude and duration. The comfortable 
‘neutral’ zone is between 0 and 20° measured 
in both sagittal (flexion) and frontal 
(abduction) planes. Risk is high if deviation is 
beyond neutral over half the time.  

Objective/Objectif 
Variations in arm deviation were measured 
while working in sedentary office 
environments with a table either at seated or 
standing height.   

Methods/Méthodologie 
We studied 13 people using a table that 
automatically changed between sitting and 
standing heights for durations from 0 to 15 
minutes within a 30-minute cycle (0 %, 10 %, 
20 %, 30 %, 40 % and 50 %) in their regular 
work environment. Condition ordering was 
randomized. After using this table for at least 
two working days, right and left arm deviation 
were measured while working using wireless 
2-D inclinometers (CAPTIV 7000, TEA) for 
one hour. High-risk recordings are presented 
here. 

Results/Résultats 
Frontal deviation risk varied between 
dominant and non-dominant sides: 62 % and 

95 % of the recordings, respectively. Sagittal 
plane distinctions were lesser: 36 % versus 34 
%, respectively. Standing reduced risk: at most 
6% for the non-dominant frontal deviation. 
Across the 6 standing conditions, 50% 
standing was lowest risk for dominant and 
non-dominant sides. Other standing durations 
did not show clear tendencies.  

Conclusions/Conclusions 
Arm posture risk was worse for non-dominant 
arm in the frontal plane. Indeed, activities of 
dominant and non-dominant arms differed: the 
non-dominant arm moved papers and reached 
for drink whereas the dominant arm moused. 
Posture was more frequently neutral when 
standing.  Standing half of a 30-minute cycle 
reduced at-risk upper arm deviations duration 
in frontal and sagittal planes. Lesser standing 
periods including continuously sitting had no 
marked effect.  While only addressing one 
MSD-prone body region, these results are 
significant. 
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Introduction/Introduction 
Individuals with compromised health and 
those who work with high occupational stress 
have lower heart rhythm variability HRV than 
their colleagues. Since continuous sedentary 
work increases physical health risks including 
localised discomfort, metabolic risk and 
Cardiovascular disease, HRV indicators could 
indicate improved physiological characteristics 
when regularly changing between sitting and 
standing posture as experts recommend. 

Objective/Objectif 
Fifteen participants’ HRV was recorded over 1 
hour when using workstations which 
automatically and regularly changed between 
sitting and standing heights in sedentary 
worker’s regular environment to determine 
significance. 

Methods/Méthodologie 
Six different standing durations within a 30-
minute cycle were considered, covering from 
0% to 50% standing in 10% increments: 0, 3, 
6, 9, 12, and 15 minutes. Conditions ordering 
was randomized, and each condition was 
experienced for at least 10 working hours prior 
to the HRV recording. During the recording, 
the participant worked normally while wearing 
the sensor. A Polar H10 thoracic belt and 
Kubios HRV Standard software recorded 
HRV. Linear Mixed Effects (LME) models of 
SD1, SD2 and SD2/SD1 (non-linear HRV 
indicators) analysed results in R, including 
participant as a random factor and two-level 
covariate variables (table 1). 

Results/Résultats 
SD1 and SD2/SD1 were significantly affected 
by the variations across the six table 
conditions. Their effects were less than age 
(over 40 years), years working in similar 
conditions (over 10 years), regular physical 
activity (more than 3 times weekly) and pre-
existing pain in all areas except for the neck. 
Continuously sitting (0% standing) and 
standing 40% did not significantly increase 
HRV. Greatest improvements occurred with 
10% and 50% standing. Age had a negative 
effect (as expected), as did regular exercise 
(unexpected). 

Conclusions/Conclusions 
HRV shows some ability to indicate 
improvements in physiology expected when 
regularly interrupting continuous sitting, 
although this is more limited thank localised 
pre-existing pain markers.  This indicator may 
complement biomechanical indicators in 
ergonomics. 
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Introduction/Introduction 
Muscle fatigue has been recognized and 
considered as a high-risk issue for back pain 
injuries. 

Objective/Objectif 
The aim was to investigate differences in 
surface electromyography (EMG) data of ten 
back muscles performing a manual lifting task 
inducing muscle fatigue with respect to four 
different heights. 

Methods/Méthodologie 
Four healthy subjects were asked to lift and 
deposit twenty-four 10-kg boxes for almost 16 
minutes in a simulated laboratory environment 
in order to assess muscle fatigue. EMG data 
for ten muscles was collected and cut off for 
each cycle (lift plus deposit) by the 
magnetometer and evaluated using a time-
frequency analysis procedure (STFT) for 
extracting the mean and median frequency 
calculation. Median and mean frequency 
(MDF/MNF), and root mean square (RMS) 
were measured and used to analyze the 
changes in the EMG signal of all the tested 
muscles for four different heights. The results 
showed that MDF/MNF decreases and RMS 
increases as a sign of muscle fatigue. 

Results/Résultats 
In this study the analysis data in terms of 
muscles and heights showed that posterior 
deltoid right (PDR) was the most remarked 
muscle that has been contributed to muscle 
fatigue assessment among all evaluated back 

muscles with an average percentage value 
100% for MNF (which is the average number 
of cases where fatigue occurs for each muscle 
at four different heights) and 87.5% for MDF. 
The second rate of muscle fatigue went to 
posterior deltoid left (PDL) with rate of 
average percentage value 75% for both MNF 
and MDF. 

Conclusions/Conclusions 
During the entire manual lifting task, height 2 
and height 1presented the highest number of 
fatigue repetitions compared to all other 
heights. It is evident from the findings that 
various muscles had their own unique fatigue 
pattern between the four different heights, and 
it can be expected that fatigue occurs from 
approximately 6 to 14 minutes of entire 
experiment. 
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Introduction/Introduction 
Previous investigations into the association 
between lumbar spine geometry and pathology 
have produced conflicting results, likely due in 
part to inconsistent definitions of the 2D 
measures used. 

Objective/Objectif 
Our aim was to used partial least squares 
(PLS) statistical shape modelling to quantify 
the 3D shape differences associated with 
various pathologies. 

Methods/Méthodologie 
CT images were obtained from 51 patients at 
the Ottawa Hospital (24 females, age 60±15 
years). Diagnosis information was retrieved 
from the radiology reports. The most common 
diagnoses were: being scheduled for spinal 
fusion surgery (n=15), spinal stenosis (n=20), 
and disc herniation or degeneration (n=15). 
The images were manually segmented to 
produce 3D meshes of the lumbar vertebrae 
and node correspondence among the meshes 
was established using 3-Matic (Materialise, 
Leuven, Belgium). PLS discriminant analysis 
was used to create statistical shape models for 
each diagnosis. PLS is similar to principal 
component analysis, but extracts features that 
represent the greatest sources of variability 
between pre-defined groups, rather than 
greatest overall sources of variability. A leave-
one-out method was used to test the 
classification accuracy of each PLS model. 

Results/Résultats 
Spines of pre-fusion patients could be 
predicted based on shape with a classification 

accuracy of 76% and F1 score of 57% 
indicating reasonable representation of shape 
differences between these groups by the 
statistical shape model. The L4-L5 facet joints 
of pre-fusion patients were more sagittally 
oriented than those of other patients (Figure 1). 
Sagittal orientation of the facet joints has 
previously been associated with various spinal 
pathologies. The F1 score was 55% for 
classifying a disc issue based on geometry and 
was 52% for spinal stenosis. 

Conclusions/Conclusions 
PLS statistical shape modelling can be used to 
identify morphological differences associated 
with pathology and could also be used to 
generate geometries for computational models 
to enable investigations into the biomechanical 
mechanisms underlying these geometrical 
differences. 
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Introduction/Introduction 
Bone shape and joint mechanics predict knee 
osteoarthritis progression. Only one study has 
explored how joint mechanics affect acute 
deformation of cartilage, and no data exists on 
how bone shape affects acute cartilage 
deformation. 
 

Objective/Objectif 
To determine the relationship between knee 
joint reaction forces (JRFs) and bone shape 
with acute changes in cartilage caused by 
walking and cycling in women with 
symptomatic knee osteoarthritis. 

Methods/Méthodologie 
Thirteen women completed biomechanical 
assessments to estimate knee JRFs during 
walking and cycling. Magnetic resonance 
imaging (MRI) scans were acquired pre- and 
post-25-minutes of walking (n=7; mean (SD) 
age = 62.1(5.4) years, BMI = 28.1 (5.5) kg/m2) 
and/or cycling (n=9; mean (SD) age = 
62.9(5.7) years, BMI = 28.6 (5.2) kg/m2). MRI 
scans assessed cartilage thickness and 
composition (i.e., free water measured using 
T2 relaxation). Bone shape was characterized 
using a statistical shape model (SSM) built 
from MRI scans of 13 participants in this study 
and 100 demographically similar women from 
the Osteoarthritis Initiative (OAI). Of the 100 
OAI samples, 20 were randomly sampled from 
each of the 5 Kellgren and Lawrence 
osteoarthritis severities. Change in cartilage 
thickness/composition, as well as the 
correlation between cartilage change with 
JRFs and the SSM, were determined 

continuously over the cartilage surface using 
statistical parametric mapping. 

Results/Résultats 
Cartilage thickness and free water (T2) 
decreased on the tibial plateau after activity 
(Figure 1 A,B). SSMs for the femur and tibia 
showed characteristics of osteoarthritis. Higher 
tibiofemoral JRF was correlated with greater 
water (T2) redistribution towards the posterior 
medial femoral condyle after cycling (Figure 1 
C). Knees more characteristic of osteoarthritis, 
determined by the SSM, also redistributed 
water (T2) towards the posterior medial 
femoral condyle (Figure 1 D). 

Conclusions/Conclusions 
Walking and cycling deformed cartilage. We 
showed, for the first time in vivo, that the 
response of cartilage to activity depends on 
bone shape and JRFs. 

 



 
 

 
 

Master's and Doctoral New Investigator Awards Session: Sponsored 
by C-Motion / Bourses de maitrise et de doctorat pour nouveau 

chercheur : commandité par C-Motion 
 
 
 
 

Thursday May 27th, 2021, Live sessions from 13h45-15h15  
 

 
p. 290-295 

 



 290 

New Investigator Doctoral Awards 
 

DAILY CUMULATIVE KNEE LOAD AND BODY MASS INDEX ALTER KNEE 
CARTILAGE RESPONSE TO RUNNING IN ASYMPTOMATIC WOMEN 

Submission ID: 152 

Authors 
Dr. Elora C. Brenneman Wilson - McMaster University, Dr. Anthony A. Gatti - McMaster 

University, Dr. Peter Keir - McMaster University, Dr. Monica Maly - University of Waterloo 

Introduction/Introduction 
Articular cartilage requires optimal loading to 
maintain homeostasis. This optimal range of 
loading may vary based on cartilage 
conditioning; that is, mechanically-driven 
modeling to acclimate to external loads. An 
accumulation of loading at the knee joint 
(daily cumulative knee load) plays a role in 
conditioning cartilage to tolerate acute loads. 

Objective/Objectif 
The primary objective was to determine the 
relationship of daily cumulative knee load on 
tibiofemoral thickness, volume, and T2 
relaxation change following 15-minutes of 
running in healthy, asymptomatic women. 
Secondarily, we investigated the relationship 
of body mass index (BMI), daily steps, and 
their interaction on tibiofemoral change. 

Methods/Méthodologie 
Fifteen women completed biomechanical gait 
analyses, then were given an accelerometer to 
wear over the right hip for seven consecutive 
days. During a second visit, MR scans of the 
right knee were acquired before and 
immediately after 15-minutes of running at a 
self-selected pace. 
Daily cumulative knee load was the interaction 
term between tibial compressive joint reaction 
force (JRF) and average number of steps per 
day (right leg). Tibial and femoral cartilage 
were segmented from scans to quantify 
changes in cartilage thickness, volume, and T2 
relaxation. 
Multiple linear regressions tested the 
relationships of cartilage change with daily  

 
 
cumulative load. Baseline (thickness, volume, 
T2 relaxation), number of steps per day (right 
leg), JRF impulse, and their interaction 
(JRF×steps; daily cumulative knee load) were 
independent variables. For the secondary 
objective, BMI substituted JRF impulse. 

Results/Résultats 
Daily cumulative knee load was related to 
tibial volume change after running [F(4, 14) = 
4.68, p=0.013, R2 = 0.50]. Tibial volume 
change was also explained by baseline 
volume, BMI, daily steps, and BMI×Steps (R2 
= 0.43, p=0.002). 

Conclusions/Conclusions 
In asymptomatic women with lower JRF 
Impulse (or lower BMI), greater daily steps 
resulted in less volume change in tibial 
cartilage after a running exposure, suggesting 
cartilage conditioning. 
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Introduction/Introduction 
Although patellofemoral pain (PFP) is a 
common occurrence, its etiology remains 
unknown. One widely accepted hypothesis is 
that an imbalance of quadriceps muscle 
strength causes PFP by changing the 
mechanics of the patellofemoral joint (PFJ). 
Past research has focused on identifying the 
effects of selective quadriceps muscle 
weakness on the PFJ mechanics, but how the 
individual muscles of the quadriceps group 
contribute to PFJ biomechanics is unknown. 

Objective/Objectif 
The purpose of this study was to quantify the 
contribution of individual quadriceps muscles 
to PFJ mechanics; specifically, the 
contributions to the PFJ contact pressure 
distribution and patellar tracking. 

Methods/Méthodologie 
Skeletally mature New Zealand White rabbits 
were used (n=10) and PFJ pressure distribution 
and patellar tracking were measured while 
activating all quadriceps muscles 
simultaneously (ALL), and activating the 
quadriceps muscles individually: vastus laterlis 
(VL), vastus medialis (VM), and rectus 
femoris (RF). PFJ contact pressures were 
measured using Fuji pressure sensitive films, 
and patellar tracking was quantified using 3d 
high-speed videography of an externalized 
patellar bone marker. 

Results/Résultats 
Peak pressures were greater when quadriceps 
muscles were activated individually (p < 0.01), 
and joint contact area was smaller when RF 
was stimulated individually, compared to ALL 

(p < 0.01, Fig 1-a). When individual 
quadriceps muscles were activated at 70 Hz, 
we observed that the patella always moved 
medially (Fig 1-b), however, the magnitude of 
medial translation of each muscle was 
observed to be different. It is surprising as the 
VL has been assumed to be a lateral stabilizer 
of the patella. 

Conclusions/Conclusions 
We conclude from the results of this study that 
simultaneous activation of all quadriceps 
muscles tends to reduce peak pressures and 
increase PFJ contact areas compared to 
activation of individual quadriceps muscles. 
Therefore, it seems likely that quadriceps 
strength imbalance leads to changes in PFJ 
pressure distributions that cause PFP. 
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Introduction/Introduction 
We previously identified scapular shapes 
associated with rotator cuff tears, which 
suggested that an individual’s shoulder 
anatomy may significantly influence their 
functional landscape – defined as the 
collection of motions that can be safely and 
effectively performed. To investigate this idea, 
we first quantify the skeletal range-of-motion 
(ROM) – defined as the range of positions that 
can be achieved given an individual’s skeletal 
geometry.  
 

Objective/Objectif 
To develop a computational model that 
predicts the upper envelope of glenohumeral 
ROM from skeletal shape and test whether 
predictions are consistent with gross 
qualitative differences in arm usage in humans 
and primates.  
 

Methods/Méthodologie 
We developed a 6dof glenohumeral model and 
simulated 2300 positions spanning a range of 
ab-adduction, abduction plane, and internal-
external rotation. We defined the ROM as the 
positions where the humeral head and glenoid 
maintained congruent contact (Fig.1). We 
quantified a functional abduction limit 
(FAL) as the upper abduction angle within 
which ≥70% of the simulated positions were 
congruent. To help validate our model, we 
compared the predicted ROM and FAL of 
primate species to expectations from their 
predominant arm usage. 

Results/Résultats 
Consistent with a priori expectations, the 
FALs of more frequently arboreal apes 
(gibbon=140˚, chimpanzee=120˚, and 
orangutan=120˚) were higher than that of 
humans and the more terrestrial gorilla (90˚). 
Within humans, a cranially-oriented shoulder 
(predictive of injury) exhibited a higher FAL 
than the laterally-oriented shoulder 
(cranial=110˚, lateral=80˚). High abduction 
levels were achieved when the humerus was 
internally and externally rotated, but abduction 
angle was attenuated for neutral axial rotation. 

Conclusions/Conclusions 
Our results indicate potential mechanisms 
through which skeletal geometry affects 
shoulder function; for example, a laterally-
oriented scapula may require increased 
scapular motion to achieve higher abduction 
levels. This framework is a first step toward 
understanding how shape variation influences 
functional outcomes in humans, and may be 
used to predict the locomotor behaviour of 
fossil hominins. 
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Introduction/Introduction 
While jumping is a fundamental movement 
skill, its execution, especially to submaximal 
heights, is understudied. Through the lens of 
dynamical systems theory, the movements and 
patterns that underpin the production of 
successful vertical jumps both at submaximal 
and maximal heights can be explored using 
intersegmental relationships [1-2]. These 
relationships have the potential to aid coaches 
and practitioners to both train athletes more 
effectively and help individuals regain 
performance after injury. 

Objective/Objectif 
Employing a novel method of analysis using 
continuous relative phase range (CRPR), we 
evaluated the coordinative patterns that 
emerged both between and within individuals 
performing countermovement jumps to 
varying heights. 

Methods/Méthodologie 
Fifteen healthy participants (10F, 5M; age: 
23.1 ±3.07 years; height: 1.74 ±0.07m; mass: 
68.08 ±6.25kg) performed 8 jumps to each of 
25%, 50%, 75%, and 100% of their maximum 
jump height. Continuous relative phase angles 
were calculated for the foot-shank, shank-
thigh, and thigh-pelvis segment couples during 
the takeoff portion of the countermovement 
jumps. 

Results/Résultats 
We found that vertical jump height correlated 
positively with CRPR for the foot-shank 
(rmean = .699), shank-thigh (rmean = .835), and 
thigh-pelvis (rmean = .899) segment couples. A 

one-way ANOVA demonstrated that the 
slopes of the linear relationship between jump 
height and CRPR differed across all segment 
couples (F(2,42) = 19.07, p < 0.01,η2 = .42). 

Conclusions/Conclusions 
With higher jump heights, participants 
exhibited increased out-of-phase behaviour in 
all lower extremity segment couples during the 
takeoff portion of the jump. Our results 
suggest the thigh-pelvis segment couple 
experienced the greatest change in phase 
behaviour between submaximal and maximal 
jump heights, providing evidence that it was 
the least constrained of the three segment 
couples examined, and a mechanism of 
vertical jump performance that can drive 
future research in coordination. 
References 
[1] Glazier et. al (2003). SportScience 7 
[2] van Emmerik & Wagenaar (1996). J 
Biomechanics 29(9) p. 1175-1184 
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Introduction/Introduction 
Neck pain is strongly associated with lower 
back pain (LBP) and increases the likelihood 
of reporting LBP by a factor of fifteen. Since 
the isolated osteoligamentous lumbar spine 
buckles with a compressive load of less than 
90 N, the maintenance of spine stability has 
been conceptualized to be a critical factor in 
the etiology of LBP. Experimentally induced 
LBP decreases the local dynamic stability 
(LDS) and rotational stiffness of the lumbar 
spine. However, it is unclear how pain in other 
spine regions (e.g. the neck) may influence 
lumbar stability and thus the potential 
development of LBP. 

Objective/Objectif 
Quantify changes in thoracic and lumbar spine 
stability in response to experimentally induced 
neck pain. 

Methods/Méthodologie 
Twenty one participants performed 4 baseline 
and 4 pain trials, each consisting of 38 
continuous spine flexions/extensions. After the 
baseline trials, the skin overlaying the neck 
was heated, exposed to topical capsaicin and 
reheated to induce pain. Spine kinematics and 
electromyography (EMG) of major superficial 
trunk muscles were recorded. The maximum 
Lyapunov exponent (λmax) was calculated to 
estimate thoracic and lumbar LDS. An 
anatomically detailed EMG-driven 
musculoskeletal model (Brown & McGill 
(2010). Comput. Methods Biomech. Biomed. 
Eng.) quantified the neuromuscular 
contributions to lumbar rotational stiffness. 

Neck pain was quantified using a 10 cm visual 
analog scale. 

Results/Résultats 
Induced pain was 5.4 ± 2.5 cm (mean ± SD). 
Thoracic λmax was higher (indicating decreased 
LDS) in the first post pain trial (P1) compared 
to both baseline and the third post pain trial 
(P3) (Figure 1). Lumbar λmax and rotational 
stiffness did not change significantly with 
pain. 

Conclusions/Conclusions 
Neck pain altered motion, resulting in 
decreased LDS in the thoracic but not the 
lumbar region. It appears that any negative 
impact of the experimental neck pain was 
adequately compensated for by the upper back 
and therefore did not require adaptations at the 
low back. 
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Introduction/Introduction 
The proximal carpal row is unique because the 
bone motion is induced by passive ligaments 
and bone to bone contact – active muscles do 
not play a direct role. Previous work has 
identified subject-specific variation in carpal 
bone motion, but the causes of this variation 
are not well understood. While studies have 
examined how wrist laxity and ligament 
properties affect carpal bone motion, the 
influence of bone morphology has yet to be 
thoroughly investigated. 

Objective/Objectif 
To determine how scaphoid morphology 
affects wrist laxity and carpal bone kinematics. 
We expected that variation in scaphoid shape 
would restrict scaphoid movement at the 
radiocarpal joint, affecting the wrist range of 
motion (ROM). 

Methods/Méthodologie 
From a pool of 17 volunteers, 10 volunteers 
were chosen that spanned a range of wrist 
laxity, measured as the passive flexion-
extension wrist ROM. Their right wrists were 
CT scanned in neutral, extreme flexion and 
extreme extension poses. 3D surface files and 
kinematic transforms were acquired from CT 
using established methods. We incorporated 
the scaphoid surface files into an existing 
statistical shape atlas (22 total scaphoid 
surfaces). The principal components (PCs) of 
scaphoid shape were compared to the subjects’ 
passive flexion and passive extension ROM. 

Results/Résultats 
PC1 was positively correlated with passive 
flexion (R2 = 0.67, p < 0.01) and PC2 was 
negatively correlated with passive extension 
(R2 = 0.46, p < 0.05) (Figure 1). Low PC1 
values altered the shape of the concave 
scaphoid facet, while high PC2 values were 
associated with a protuberance on the 
proximal, lateral scaphoid. These features 
likely alter the capitate’s articulation with the 
scaphoid, decreasing wrist ROM. 

Conclusions/Conclusions 
Scaphoid morphology plays a statistically 
significant role in determining wrist flexion-
extension ROM. More work is needed to 
determine whether changes in morphology are 
causative, resulting in a large ROM, or 
adaptive, developing to support the carpus 
during subject-specific motion patterns. 
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