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Abstract

Performance enhancement and injury prevention are key to the success of elite athletes. Biomechanics is a valu-
able tool to provide insight into the behaviour of the musculoskeletal system during the execution of sport specific
tasks. The aim of this work is to assess muscle force of the human lower limbs during the execution of handball spe-
cific changes of direction (CODs) (45°, 90° and 135°). Eleven elite female handball players performed 6 COD tasks
(3 with each limb). Musculoskeletal models were scaled and used to execute inverse kinematic and inverse dynamic
analyses in OpenSim. Static optimization was utilised to estimate muscles’ activity and force. Statistical parametric
mapping was employed to compare average joint angles, joint moments, and muscle forces between the different
COD angles. Sharper CODs were found to be associated with steeper deceleration and smaller hip flexion moments.
The 90° CODs were found to have the smallest knee flexion and largest knee extension joint moments, together
with the smallest ankle plantarflexion and largest dorsiflexion joint moments. The rectus femoris, the adductors,
the psoas and the tibialis anterior muscles showed largest peak forces for the 90° CODs, while the soleus, the gas-
trocnemius and the tibialis posterior muscles showed the smallest peak forces for those CODs. All the remaining
muscles showed decreasing peak force with the increase in COD angle. Statistical comparisons between dominant
and non-dominant limbs showed no significant difference between them, regardless of the evaluated variables.
Keywords: Change of direction, Musculoskeletal modeling, Inverse kinematics, Inverse dynamics, Static optimisa-

tion

1. Introduction

Fully understanding a sports injury, how to prevent it
and how to rehabilitate athletes to the performance level
they had before the injury requires extensive knowledge
of not only the risk factors and injury mechanisms, but
also the athletes’ execution of specific tasks as well. The
description of the biomechanics by which the injury oc-
curs is critical to identifying which intrinsic factors and
which specific tasks put the athletes more at risk.'

Knee injuries are the most prevalent in sports.! The
most debilitating of the knee injuries is the rupture of the
ACL, which still poses the greatest challenge in sports
medicine.! Non-contact ACL injuries have clearly been
associated with twisting impacts, where the joint’s inter-
nal or external rotation and hyperextension play a defini-
tive role. Motions like landing from jumps and suddenly
changing direction while running carry the most risk
for this type of injury.! Therefore, athletes that prac-
tice sports like football, rugby or handball are particu-
larly susceptible. Furthermore, the ratio between female
and male athletes that sustain ACL injuries is about 2.6,
which implies women as the most vulnerable popula-
tion.!

Several papers have focused on the relationship be-

tween ACL injury and the biological sex of the athletes.
According to Hahn et al.(2021), regardless of the type
and amount of sports practiced by athletes, knee insta-
bility is very common, especially among women.”? A
review of scientific papers regarding handball injuries,
by Raya-Gonzélez et al. (2020), reported that male
athletes most commonly injured the knees and ankles,
whereas female athletes primarily injured the knees.’
This means that not only is it more common for female
athletes to sustain knee injuries than male athletes, but
also that it is the most prevalent handball related injury
in women. Impairments of the motion of the hip have
been reported by Powers (2010) to strongly affect the
kinematics and dynamics of the knee joint. He also
suggested females may be more susceptible to this in-
fluence than males, potentiating ACL injury risk.* A
review paper by Bencke et al. (2018) on gender dis-
parities of muscle activation during the performance of
sports’ tasks greatly associated with ACL injury found
that young female athletes present reduced activity of
hamstring muscles and elevated activity of the quadri-
ceps when compared to men.’

Pappas et al. (2013) reported several risk factors for
ACL rupture, such as limb asymmetry, excessive quadri-



ceps forces, excessive knee valgus and poor trunk con-
trol. This information indicates that motions that poten-
tiate these characteristics, such as CODs, carry higher
risk for ACL tear.® The risk factors associated with
sports injuries were also investigated by Van Der Does et
al. (2016) in a kinematic and dynamic study of counter-
movement jump landings across female and male korf-
ball, volleyball and basketball players. They reported
that landing with smaller knee flexion moments, com-
bined with greater ground reaction forces, carries higher
risk for knee injury through overuse, and that greater
ankle dorsiflexion moments increases risk of acute in-
jury of the ankle.” Therefore, studying how athletes
perform these manoeuvres can provide key information
for injury prevention and rehabilitation. The need for
skill-specific training of high risk maneuvers like CODs,
with the purpose of correcting mechanical behaviours
of the lower limbs joints, was highlighted by Weiss and
Whatman (2015) as an effective way to reduce ACL in-
jury risk.® This claim is supported by Dos’Santos et
al. (2019) in a review paper that states that the most
effective training programs to reduce knee injury risk
consisted of balance training and changing of the COD
technique.’

The question then arises as to whether the best for
injury management is also the best for performance.
Dos’Santos et. al (2018) explored the influence of angle
and velocity in COD manoeuvres in sports and the re-
lation of these parameters to a performance-injury con-
flict. They reported that the most desirable angles and
speeds for athletic success also carry the most risk for
injury. Identifying the existence of a necessary trade-off
between approach velocity and the ability to execute the
COD manoeuvre is one of the highlights of this analysis.
Furthermore, it reinforced the need for further biome-
chanical studies considering the impact of these two pa-
rameters in the performance of COD motions.'” This
theme was further investigated by Fox (2018). The key
takeaway from this study is that prevention programs
must take into account the performance of the COD
task, to make sure they can be used without compromis-
ing athletic success.!! Different types of training and
their effects on COD execution were analysed by Ny-
gaard et al. (2019), reporting that their effectiveness is
strongly dependent on the type of the COD task.'? This
study reports the need to adapt training to the specific
requirements of the manoeuvres, highlighting the im-
portance of knowing the biomechanical specificities of
each sports’ CODs, in order to develop optimal training
procedures.

Angle dependence of the biomechanical behaviour of
lower limb joints during COD motions was the focus of
another work developed by Dos’Santos et al. (2021),
supporting the previously mentioned notion that sharper
changes of direction are riskier for the knee. This work
also states that the use of biomechanical analysis of
these motions, to assess injury risk or to help in train-

ing, must consider the COD angle, since it affects joint
movement patterns.'® Findings by Jodo et al. (2014)'*
support the notion of synergies between joints (the knee
and ankle in this case) in the control of complex mo-
tions, such as hopping or changing direction. There-
fore, to better understand the biomechanical behaviour
of the lower limbs during sports related tasks, the vari-
ous joints acting together must be considered.

Considering the sport specificity and the other afore-
mentioned factors that influence COD performance, the
biomechanical analysis of this manoeuvre requires the
usage of reproducible tasks. By describing the differ-
ences in kinematic and dynamic behaviour of the knee
between drop-jump and COD tasks in elite female hand-
ball athletes, Kristianslund and Krosshaug (2013) and,
later, Later, Nedergaard et al. (2020), concluded that
drop-jump motions cannot be used to infer about knee
torques in CODs.'> !¢ These finds support the need for
specific tasks to be designed to emulate the in-game sit-
uations of interest.

The 5-0-5 agility test has been used as a reliable
substitute task to evaluate a person’s general ability to
change direction rapidly. During this test, the subject
is instructed to sprint in a straight line during 15 me-
ters, at which point he must turn 180 degrees and sprint
back another 5 meters. Although this task is highly re-
producible, adjustments must be made in order to better
represent sport specific COD tasks.!” Variations of the
5-0-5 agility test have been used across studies to rep-
resent CODs, and most importantly, handball-specific
CODs. 1820

Other factors, such as fatigue level and chronic pains,
have also been reported to influence the ability of
athletes to perform COD manoeuvres and they may
lead to different adaptation strategies for each subject,
which impact the kinematics of the COD, as stated by
Franklyn-Miller et al. (2017) and Hosseini et al. (2020).
This underlies the need to try to minimise the influence
of such factors when designing a biomechanical study
with the objective of analysing CODs in a population of
athletes.

Several studies have been performed with the in-
tent of estimating muscle participation in motor tasks,
with human gait being the one of the most studied.?'2*
Arnold et al. (2005) used a musculoskeletal model with
54 muscle-tendon actuators to compute muscle forces
of the lower limb during gait.?> The same type of model
and strategy was adapted by Shelburne et al. (2005) to
estimate muscle, ligament and joint forces at the knee
during walking,? and by Sritharan et al. (2012) to com-
pare the contribution of knee-spanning and non-knee-
spanning muscles on knee loading during gait.?® One
critical factor to consider when analysing kinematic and
dynamic results obtained from these analysis is their
great dependency on subject specific anthropometric
and geometric data, as reported by Dao et al. (2009),
reinforcing the importance of scaling the model accord-



ing to subject specific parameters.”’ The capability of
this type of actuated musculoskeletal models to analyse
human gait, calculate joint angle variations, joint mo-
ments and muscle forces becomes the starting point for
studying more complex motions.

To facilitate musculoskeletal based analysis, several
software have been developed for research and commer-
cial purposes. Among the available software, Open-
Sim, a free, open source software that allows for the
development of musculoskeletal models and dynamic
simulations of a multitude of motions, is one of the
most used.?® It provides the tools to design a model
of a desired structure, its actuators, and perform a se-
ries of analysis, such as inverse kinematics and in-
verse dynamics.?>>3 Hamner et al. (2011) success-
fully used it to develop a muscle-actuated musculoskele-
tal model to evaluate muscle contribution in propulsion
and support of a male subject when running.?! Ma-
niar et al. (2017) utilised a freely available muscle-
actuated musculoskeletal model®? and the capabilities
of OpenSim?*-3? (inverse kinematics, inverse dynamics
and static optimisation) to estimate the participation of
different lower limb muscles during side-step cutting
manoeuvres (not sport related) in healthy subjects and
assess their individual role in loading the ACL. This
study reported that the hamstring and gluteal muscles
contribute the most to protecting the ACL, by opposing
the forces it sustains.>>3* A fully computational strat-
egy to estimate muscle forces was employed by Schache
et al. (2010) in order to understand the loads in the ham-
string muscles during sprinting and their relation to the
risk of injuring said muscles. The study consisted of in-
verse dynamic analysis of one australian rules football
player. It was performed utilizing an actuated muscu-
loskeletal model®? to report joint angles, moments and
muscle forces of the lower limbs.*> The OpenSim?%-3°
software and its biomechanical analysis tools were also
used in a study by Mateus et al. (2020) aimed at de-
scribing lower limb muscles’ role in joint behaviour dur-
ing abrupt deceleration tasks. Abrupt deceleration can
be viewed as a part of several manoeuvres elite level
athletes perform, including CODs. This work analysed
elite male indoor-sports players using a muscle driven
analysis in OpenSim,?3° referred to as computed mus-
cle control, which is a dynamic optimisation technique
to estimate muscle forces.’® The obtained results were
also compared to those computed through static optimi-
sation, showing no significant differences between the
two strategies.>® Another comparison between the com-
puted muscle control and the static optimisation meth-
ods was done by Roelker et al. (2020). The reported
results showed that both methods’ accuracy to experi-
mental data obtained for gait varied according to spe-
cific muscle and was dependent on the musculoskeletal
model used. The main conclusion was that no method
was objectively better than the other and therefore nei-
ther should be used in detriment of the other.?!

Time continuous statistical analysis have been em-
ployed in biomechanical studies to assess differences
between limbs, populations and interventions.” It has
also proven useful in studying sports injury and perfor-
mance.’®3° Results from a study by Whyte et al. (2018),
utilised SPM, suggest hip and knee control plays an
important role in the execution of COD manoeuvres.*
Thomas C. Dos’Santos et al. (2021) also employed
SPM to asses inter-limb differences in joint kinematics
and kinetics in female football players changing direc-
tion to 1800. They found no significant differences be-
tween COD execution with dominant and non-dominant
limbs on their population of athletes.*! These studies
used kinematic and dynamic analysis of experimentally
acquired motion data to perform the SPM.3#!

2. Methodology
2.1. Musculoskeletal Modelling

This work used the Hill-type model to represent mus-
cle.*> This model is composed of a contractile compo-
nent and an elastic component connected in parallel with
each other, and another elastic component connected in
series. The contractile component accounts for the ac-
tive force produced by the muscle-tendon unit. More
specifically, it is responsible for the contraction dynam-
ics of the muscle. The elastic element in series repre-
sents the passive force production of tendons, and is ren-
dered as a non-linear spring, in an effort to reproduce the
stress-strain behaviour correctly. The elastic element in
parallel represents the elasticity of connective tissue and
intrinsic components of muscle, which present some re-
sistance to stretching when the muscle is not activated.
This model of the muscle-tendon unit is shown in Fig-
ure 1.4** 1In order to properly model the mechanical
properties of different muscles and estimate their active
forces, the muscle’s optimal fibre length (1), its peak
isometric active force (F™ (), maximum shortening ve-
locity (v,mq.) and pennation angle for when the fibres
are at optimal length (optimal pennation angle (ay))
must be known.3>%
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Figure 1: Hill-type computational model of muscle-tendon units in
equilibrium.32

2.2. Biomechanical Model

The general musculoskeletal model used in this work
was developed by Rajagopal et al. (2016)*? and con-
sists of 22 articulating rigid bodies actuated by 80 mass-
less MTU actuators (40 in each leg) and 17 ideal torque
actuators (upper body), resulting in 35 DOFs. The ref-
erence frames for joint origins and DOFs of the most
relevant joints for this work are presented in Figure 2.
The generic MTU actuators’ geometry and placement
are also shown in Figure 2.
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Figure 2: Representation of the rigid bodies and DOFs in the model,
labeled for the right limb (a) and the MTU actuators of the model’s
lower limbs (b).3? Image obtained with OpenSim.

2.3. Inverse Kinematics

In this case, the IK tool in OpenSim was used to cal-
culate joint angles and translations during the execution
of the CODs. It works by forcing the model, respect-
ing its joint’s DOFs, to assume the position that bet-
ter corresponds to the experimental marker coordinates
obtained from the motion capture system, at each time
frame. This is achieved by solving of a weighted least
squares problem (see Equation 1) The objective is to
find the vector of generalised coordinates,q, that min-
imises the distance between the experimental marker’s
position and the position of the marker on the model
(marker error), as well as the difference between the
experimental coordinate values (i.e. joint angles calcu-
lated outside OpenSim) and the coordinate values esti-
mated by the IK (coordinate errors).?’ Since no experi-
mental coordinate values were inputted to OpenSim, the
cost function used in IK was as follows:

2
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where g is the vector of generalised coordinates, w; is
the weight factor and z”*"7°** and @ "*9°! are the three-
dimensional positions of the i*" marker for the subject
and model, respectively.”” The weight factors indicate
how strongly the error term of a specific marker must be
minimised. For this work, weight factors were the same
as those used by Rajagopal et al. (2016) in their running
simulations.?
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2.4. Inverse Dynamics

ID is the process by which it is possible to calculate
the internal forces that produce a certain movement, by
systematically solving the EoM of a system. In order
to do that, anthropometric measurements, mass, inertia
and location of the centre of mass must be known for
every segment of the system. The external forces result-
ing from the movement of the system and the kinematic

variables are also necessary for this process. The EoM
that describe a motion can be written as follows:

M(q)§+C(q,q) +G(q) =7 2

where q,q,4 € RY are the vectors of generalised
positions, velocities and accelerations, respectively,
M(q) € RY®N is the system mass matrix, C(q, q) €
RY is the vector of Coriolis and centrifugal forces,
G(q) € RY is the vector of gravitational forces and
7 € RY is the vector of generalised forces, with N rep-
resenting the total number of DOFs in the system.?’

2.5. Muscle Force Estimation

The SO tool is an extension of the ID tool used to es-
timate individual muscle forces acting on the system to
produce its motion. It does so by decomposing the net
joint forces and torques into individual muscle forces,
while taking into account force-length-velocity proper-
ties of the MTU actuators (Equation 3).
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where n is the number of MTUs in the model, a,, is
the activation of the m'" muscle at a given time step,
F,?L, I and vy, are its maximum isometric force, length
and shortening velocity, respectively, f(E2, L, vp) is
its force-length-velocity surface, 7, ; is its moment arm
about the j** joint axis and 7; is the generalised force
acting about that joint axis.

This generates an under-determined system of equa-
tions, as there are more unknowns than the number of
DOFs in the model, which results in an infinite number
of solutions. This optimisation strategy surpasses this
problem by finding the solution that minimises a specific
objective function. In this work, the SO was instructed
to solve the EoM for the generalised forces while min-
imising the squared sum of their activations (Equation
4).

J= (am)? @
m=1

This process is repeated independently for each time-
step of the analysed motion.

2.6. Statistical Analysis

After obtaining the outcomes from IK, ID and SO, for
every trial of the 11 subjects, the output files of inter-
est were post-treated in Matlab. All results were low-
pass filtered, using a Butterworth filter with a cut-off fre-
quency defined through Residual Analysis. They were
normalised in the time-domain and ploted in terms of
percentage of COD completion, so that 0% corresponds
to the first instant of contact with the force plate and
100% to the last. Joint moments and muscle forces were
also normalised by the mass of the subjects.



SPM was used to assess inter-limb differences be-
tween the total average results on the 3 COD angles.?*!
It was also implemented to statistically compare the to-
tal average results across the different COD angles, in
order to investigate angle dependence of the variables
of interest.>’ In this case, 2-tailed paired t-tests were
used to compare pairs of results, and the null-hypothesis
corresponds to no difference between these results. The
defined statistical significance of oz = 0.05 signifies that
for every instant the SPM produces a ¢ value that sur-
passes the critical threshold, ¢*, the null-hypothesis is
rejected with a confidence level of 95%. SPM produces
p-values across the full time-series, indicating the prob-
ability of the supra-threshold cluster being as large (in
the time domain) as the observed cluster in the statistical
test.*>*7 SPM analysis was performed using the open-
source Matlab package spmid (spmld.org, ©T. Pataky)

2.7. Experimental Procedure
Eleven healthy female handball players (age: 22 + 4
years, height: 1.69 + 0.08 m, weight: 67 * 12 kg)
participated in this study. The acquisition of three-
dimensional marker data was carried out in the Lab-
oratory of Biomechanics of Lisbon (Instituto Supe-
rior Técnico) using a motion capture system (MO-
CAP) composed of 14 infrared ProReflex 1000 cam-
eras (Qualisys ©, Goteborg, Sweden). GRF were also
acquired, by means of 3 force plates (AMTI, OR 6-7-
1000 508x464mm, Watertown, MA). The acquisition
frequency of the MOCAP system and of the force plates
was set to 100 Hz for both. 71 reflective markers were
placed on the subjects (47 on anatomical prominences
and 24 clusters).3

The task design consisted of three CODs, at 45°, 90°
and 135° angles. Each COD was performed using both
the left and right legs. Subjects were running in place at
the start of a 1m line placed on the floor. Upon a signal,
they took a small support step and then a second step
along that line in order to place the stance foot on the
centre of the force plate. Then they changed directions
to sprint along another line marked on the floor, at the
desired angle. Figure 3 illustrates the task design. 5
successful trials were acquired for each COD, making a
total of 30 dynamic trials per subject.

@ @@ @ Starting Points
> 90° COD (left foot)
Sprint Finish Line
--- Trajectory Line
[0 Force Piate

| 3m |

I 1
Figure 3: Schematic representation of the laboratory setup and the
execution of the 90° COD with the left foot.

All experimental data was filtered using low-pass
Butterworth filters with cut-off frequencies calculated
through residual analysis, as proposed by Winter

(2009).48

3. Results & Discussion

The most relevant results from IK, ID and SO are sum-
marised in Tables 1, 2 and 3, respectively. The aver-
age maximum and minimum velocities, maximum and
minimum joint angles, maximum and minimum joint
moments, maximum and minimum estimated muscle
forces and their respective timings are presented for the
3 COD angles, executed with the dominant and non-
dominant limb.

The curves regarding hip flexion, adduction, rotation,
knee flexion and ankle flexion angles for a 45° COD ob-
tained in this work are similar in profile and magnitude
to those presented by Maniar.’> Knee flexion and an-
kle dorsiflexion moments reported by Maniar®® for the
45° CODs are also similar in shape to those obtained
in this work. Regarding joint motion in the sagittal
plane, hip and knee flexion angles obtained in this work
are in agreement with those reported by Dos’Santos et
al.’® and Schreurs et al.'® In both cases, flexion at
IC decreased with the increase in cutting angle. Ankle
dorsiflexion followed the same pattern, showing greater
angles at IC for the 45° COD. The statistical analysis
in this work did not identify significant differences in
peak knee flexion and ankle dorsiflexion for the differ-
ent COD angles. Rather, this analysis highlights IC as
the COD phase where cutting angle influences the sagit-
tal plane kinematics the most.

As another measure of the impact the cutting angle
has on COD execution, this work found that sharper
CODs are performed at lower velocities. Not only that,
initial and terminal velocities also decrease with the in-
crease in cutting angle. These findings are in accordance
with those by Dos’Santos et al.,'®!* which reported
a trade-off between velocity and COD angle. More-
over, as COD angle increases, the WA and Acceleration
phases correspond to steeper deceleration and accelera-
tion, respectively. Mateus et al.*® found the Soleus mus-
cle to be one of the main contributors to the deceleration
during tasks like CODs. Maniar et al.** also reported
the Gastrocnemius to play a significant role in deceler-
ation when changing direction. This information indi-
cates that these muscles are expected to increase their
produced force with the increasing COD angles.

Since the Soleus and Gastrocnemius muscles are both
plantarflexor muscles, their behaviour reflects on the an-
kle joint moment. This work’s statistical analysis of
the ankle motion revealed plantarflexor moments to be
smaller for the first 40% of the 90°COD than for the
135° COD, which is to say, during the phase where
deceleration occurs. These results also found a signif-
icant increase in force production by these two muscles
towards Toe-off of the 135° COD. As no deceleration
is present at this time, this may indicate these muscles
have another function other than braking, which is also
accentuated by the increase in COD angle.



Table 1: Inverse Kinematics Results: maximum and minimum average velocities; peak hip flexion(+) and extension(-); peak hip adduc-
tion(+) and abduction(-); peak hip internal(+) and external(-) rotation; peak knee flexion(+) and extension(-); peak ankle dorsiflexion(+) and
plantarflexion(-) average joint angles(®). Respective timings presented in % of COD execution. Results presented as average + standard devi-

ation, for all COD angles, for the dominant (top) and non-dominant (bottom) limbs.
Inverse Kinematics

Domi Limb
45° 90° 135°
| WVelws)  ~ %COD | = Vel@s)  %COD | = Vel@msy  %COD |
Velocitiy (Max/Min) 34+05/26+£04 100% / 0% 2.5+£04/1.6£0.3 100% / 45% 2.0£04/09£04 100% / 45%
| | |
Hip Flexion-E ion (Max/Min) 50.0+6.7/-16.7+ 7.8 0% /1 100% 38.9+83/-144+83 0% /100% 28.9+6.7/-13.3+8.9 0% /1 100%
Hip Addcution-A ion (] in) —6.0+6.0/-15.5£3.5 36% / 88% —15.8+5.0/-26.0£6.5 0% 173% —22.0£7.0/-27.0£8.0 | 100%/67%
Hip Internal-External Rotation (Max/Min) 44£10.0/-125%£7.5 33% /100% —4.4+£88/-23.1%+3.8 9% 193% 2.5£5.0/-26.3+3.8 9% 193%
Knee Flexion-E ion (Max/Min) 52.1+£4.3/17.1£3.6 37%/100% | —53.6 £5.7/-20.7£5.7 | 45%/92% 53.6£7.9/-193£29 47% 192%
Ankle Dorsiflexion-Plantarflexion (Max/Min) 22.1£36/-93+43 51%/100% | —19.6 4.3/ -20.7£7.9 | 57%/100% 16.4+5.7/-24.3 £3.6 47% 1 100%
N i Limb
45° 90° 135°
| Wel@s) 7 %COD | VelGs)  %COD | Vel@ms  %COD |
Velocitiy (Max/Min) 34+0.7/2.6£0.6 100% / 0% 2.5+£0.3/1.7£0.2 100% / 45% 2.0£0.3/0.8£0.3 100% / 45%
| | |
Hip Flexion-E ion (Max/Min) 50.0£10.0/-15.6+7.2 | 0%/100% 36.7£5.6/—15.6+5.6 0% /1 100% 30.0£7.8/-10.0£8.3 0% 1 100%
Hip Addcution-Abduction (Max/Min) —4.5+5.0/-125+£5.0 0% / 85% —15.5£6.0/-21.0+7.0 [ 100%/63% | —20.0+7.0/-25.5£4.0 | 100%/12%
Hip Internal-External Rotation (Max/Min) 3.14£81/-14.4+10.6 24% / 100% 6.3 £8.1/-22.54+10.0 9% 1 100% 5.6£8.8/-24.4%8.1 15% /1 95%
Knee Flexion-E ion (Max/Min) 543+£43/-171%£3.6 | 41%/100% 55.0£5.0/-18.6 2.9 45% 193% 586 £7.9/—-21.4£5.7 44% 191%
Ankle Dorsiflexion-Plantarflexion (Max/Min) | 22.14+3.6/-19.3£3.6 | 52%/100% 22.1£3.6/-21.4+43 49% 1 100% 20.0£5.0/-23.6 4.3 47% 1 100%

Table 2: Inverse Dynamics Results: peak hip flexion(+) and extension(-); peak hip adduction(+) and abduction(-); peak hip internal(+) and
external(-) rotation; peak knee flexion(+) and extension(-); peak ankle dorsiflexion(+) and plantarflexion(-) average joint moments (Nm/Kg).
Respective timings presented in % of COD execution. Results presented as average + standard deviation, for all COD angles, for the dominant
(top) and non-dominant (bottom) limbs.

45° 90° 135°
Hip Flexion-Extension (Max/Min) 1.2+04/-1.7£04 100% 1 0% 1.1+£03/-1.1+04 100% 1 0% 09+0.3/-1.9£0.3 100% / 0%
Hip Addcution-Abduction (Max/Min) 1.4+0.9/-0.0+0.2 56% | 0% 1.8+0.8/0.24+0.2 61% / 0% 1.5+1.1/0.6+0.3 63% / 100%
Hip Internal-External Rotation (Max/Min) 00+£01/-0.5£04 0%739% | —0.1+0.1/-0.7£0.4 | 100%/50% | —0.1£0.1/—-0.5+0.5 | 100% /43%
Knee Flexion-Extension (Max/Min) 0.7+£03/-2.0£1.3 0% [ 44% 04+£01/-2.9£038 0% [ 43% 0.7+£02/-1.8£1.0 0% 136%
Ankle Dorsiflexion-Plantarflexion (Max/Min) | —0.1 +£0.1/-2.6 £0.8 0% / 64% 00+0.1/-194+04 0% / 67% —0.3+0.1/-24+04 0% 1 67%
Non-domi Limb
45° 90° 135°
Hip Flexion-Extension (Max/Min) 1.3£04/-1.8+£04 100% /0% 1.2+£03/-1.3£04 100% /0% 1.0£0.2/-1.0+0.2 100% /0%
Hip Addcution-Abduction (Max/Min) 0.8+1.0/-0.1+0.3 56% / 0% 1.3+1.0/0.2+0.3 34% / 0% 1.0+0.3/0.6+0.2 100% / 0%
Hip Internal-External Rotation (Max/Min) 0.0+02/-0.34+0.3 0%/41% | —0.1+0.1/-0.6 £0.4 | 100%/43% 01+0.1/-0.4+0.3 100% / 40%
Knee Flexion-Extension (Max/Min) 0.7+£02/-24£12 0% [ 46% 0.7+£02/-3.6£1.2 0% 43% 06+01/-24£09 0% 134%
Ankle Dorsiflexion-Plantarflexion (Max/Min) 0.0+02/-244+0.8 0% / 64% 0.0+0.1/-1.84+0.6 0% / 66% —0.3+0.1/-2.0£0.6 0% / 66%

Table 3: Static Optimization Results: maximum and minimum Gluteus maximus, Gluteus medius, Gluteus minimus, Psoas, Piriformis, Adduc-
tor brevis, Adductor longus, Semimembranosus, Semitendinosus, Tibialis anterior, Tibialis posterior, Gastrocnemius and Soleus average force
(N/Kg). Respective timings presented in % of COD execution. Results presented as average + standard deviation, for all COD angles, for the
dominant (top) and non-dominant (bottom) limbs.

Dominant Limb

45° 90° 135°

Gluteus maximus (Max/Min) 3.0£1.4/0.0£0.0 20% /100% | 2.1+£0.4/0.0+0.0 0% / 100% 1.3+£0.4/0.0£0.0 13% / 100%

Gluteus medius (Max/Min) 1.5+0.6/0.0£0.0 0% / 100% 0.84+0.0/0.0+0.0 0% / 100% 0.8+0.0/0.0£0.0 30% / 100%
Gluteus mini; (Max/Min) 0.34+0.0/0.0£0.0 0% / 100% 0.0+0.0/0.0+0.0 0% 1/ 100% 0.0+0.0/0.0£0.0 0% / 100%
Psoas (Max/Min) 129+£21/09+2.7 100% / 0% 150+1.8/1.84+0.9 100% / 0% 13.8+25/21+1.3 100% / 0%
Piriformis (Max/Min) 2.7+1.0/0.0+0.0 20% / 100% 1.7+0.4/0.0+£0.0 0% / 87% 0.8+0.8/0.0£0.0 0% / 719%
Adductor brevis (Max/Min) 4.14+23/0.5+£0.0 65% 1 0% 50+1.7/0.8+0.4 64% 1 0% 3.3+21/1.3+£04 74% 1 0%

Adductor longus (Max/Min) 7.7+£2.7/0.5+£0.0 84% | 0% 794+21/1.3+£0.8 78% 1 0% 6.3+1.7/1.7+£0.4 87% 1 0%
Rectus femoris (Max/Min) 15.9+£83/1.7+0.8 54% 1 0% 26.24+4.6/2.3+0.8 48% 1 0% 16.7£10.0/0.8£0.8 37% 1 0%
Semimembranosus (Max/Min) 10.0£25/1.7+0.8 0% / 100% 8.34+2.5/0.8+0.0 0% / 100% 75+£25/1.7+0.8 0% / 100%
Semitendinosus (Max/Min) 2.34+0.0/0.0+0.0 19% / 100% 1.7+0.8/0.0+0.0 | 64%/100% 1.7+0.8/0.8+0.0 60% / 100%
Tibialis anterior (Max/Min) 2.94+0.0/0.0£0.0 100%/57% | 4.3+£0.0/0.0£0.0 100% / 71% 2.94+0.0/0.0+0.0 100% / 64%
Tibialis posterior (Max/Min) 10.0£2.9/0.0%£0.0 73% 1 0% 7.14+43/0.0£0.0 74% 1 0% 8.6+2.9/0.0+£0.0 78% 1 0%
Gastrocnemius (Max/Min) 15.7+86/29+14 61% / 0% 14.3+4.3/1.44+0.0 74% 1 0% 171+4.3/29+14 75% 1 0%

Soleus (Max/Min) 37.14+14.3/0.0+£0.0 | 44%/100% | 32.94+8.6/1.4+£0.0 | 53%/100% | 38.6+12.9/2.9+0.0 | 37%/100%
Non-domi Limb

45° 90° 135°
Gluteus maximus (Max/Min) 3.14+1.2/03+£0.1 20% / 100% 2.14+1.0/0.0+0.0 0% / 100% 1.6 £1.5/0.0+0.0 50% / 100%
Gluteus medius (Max/Min) 1.6£0.9/0.3£0.1 0% / 100% 0.74+0.3/0.0+0.0 0% / 100% 0.7+£0.8/0.0£0.0 39% 1 100%
Gluteus minil (Max/Min) 0.4+0.2/0.1+£0.0 0% / 100% 0.2£0.0/0.0£0.0 0% / 100% 0.1+0.1/0.0£0.0 41% 1 100%
Psoas (Max/Min) 142+3.0/0.7+04 100% / 0% 147+20/1.4+1.0 100% / 0% 134+19/39+14 100% / 0%
Piriformis (Max/Min) 2.64+0.8/0.4+0.2 0% / 100% 1.7+1.1/0.0+0.0 35% 1 96% 1.6 +£1.5/0.2+0.0 37% 1 90%

Adductor brevis (Max/Min) 33+1.8/0.3+0.1 65% 1 0% 49+22/08+0.1 61% /0% 3.0+1.7/1.5+0.2 68% / 0%
Adductor longus (Max/Min) 6.6+27/04+0.1 65% 1 0% 76+27/1.0+0.0 77% 1 0% 54+21/2.6+0.1 87% 1 0%
Rectus femoris (Max/Min) 142+71/1.3+0.9 48% 1 0% 26.1+84/24+0.9 43% 1 0% 199+8.6/1.8+0.4 33% / 0%
Semimembranosus (Max/Min) 101 £+£29/1.5+1.0 0% 1 100% 92+22/1.1£0.7 0% / 100% 6.1+22/1.4+0.6 0% / 100%
Semitendinosus (Max/Min) 1.5+06/04+0.1 20% / 100% 1.1+1.2/0.0£0.0 42% 1 0% 1.1+0.5/05+0.2 17% 1 100%
Tibialis anterior (Max/Min) 2.9+0.0/0.6+0.1 100% /62% | 3.54+0.1/0.6 +0.0 100% / 73% 3.3+0.8/0.4+0.5 100% / 67%
Tibialis posterior (Max/Min) 9.4£2.7/0.0£0.0 73% [ 0% 8.8+3.4/0.0+0.0 69% / 0% 7.2+£3.1/0.0+0.0 81% /0%
Gastrocnemius (Max/Min) 16.0£5.6/2.2+£0.9 56% 1 0% 120£6.1/1.9+£0.8 67% 1 0% 16.8 £7.4/3.3+£0.6 72% 1 0%
Soleus (Max/Min) 35.1+11.2/0.0+£0.0 | 44%/100% | 30.7+9.3/0.0+£0.0 | 59%/100% | 40.0£0.9/0.0+0.0 | 40%/100%




Regarding the knee joint, statistical comparison of
the joint moments across the COD angles suggested the
135° COD presented smaller knee extensor moments at
the end of Acceleration phase when compared to the
90° COD. This coincides with the observation that the
Gatrocnemius has an increase in force around the Toe-
off of the 135° COD, as it is also a knee flexor muscle,
which force opposes the extensor moment. Regarding
the other knee flexor muscles, Semimembranosus and
Semitendinosus, the increase in COD angle mostly af-
fects their participation during IC and Toe-off, which
show a decrease in their generated force. The Rectus
femoris, as a knee extensor muscle, appears to be re-
sponsible for the peak in knee extensor moment verified
for the 90° COD, as it showed significantly higher force
for the 90° COD when compared to the 135° COD dur-
ing the beginning of the Acceleration phase.

These 3 thigh muscles also participate in hip flexion
and extension, where the Rectus femoris has an oppos-
ing role to the Semimembranosus and Semitendinosus
muscles. The Psoas and Gluteus maximus muscles are
also involved in the control of this hip joint motion. This
work found that hip flexion angles at IC decrease as
COD angle increases. Similar reports were also made
by Dos’Santos et al.'® To the larger IC flexion angles
verified for the 45° COD correspond larger extensor mo-
ments observed during IC of that COD, when compared
with the other CODs. This alludes to an increased con-
tribution of the hip extensor muscles during the initial
phase of the 45° COD, verified by the statistical analy-
sis.

The gluteal muscles showed a decrease their partic-
ipation, particularly during the IC phase, with the in-
crease in COD angle. These muscles were found by Ma-
niar et al.>* to be the largest contributors to acceleration
towards the desired direction. However, the difference
in the Acceleration phase of the movements showed
by the velocity profiles of the various COD angles is
not reflected in a significant change in the gluteal mus-
cle’s force production. Moreover, the magnitude of the
gluteal forces showed during the Acceleration phases of
the movements are smaller than those of other muscles,
in particular, the Psoas and the Adductor muscles. This
suggests these hip muscles may play a more important
role in accelerating the movement towards the desired
new direction. As a hip flexor, the Psoas contributes
to approximate the trunk and thigh segments, potentiat-
ing acceleration. The 90° COD showed higher levels of
force for this muscle than the other CODs, with a par-
ticularly significant increase when compared to the 45°
COD. The Adductor brevis and Adductor longus mus-
cles’ function is to move the thigh (and leg) away from
the mid-line of the body, in the frontal plane. As COD
angle increases, so does the hip adduction moment at IC,
as a result of the increased force generated by these two
muscles, combined with the decrease in force produced
by the hip abductor muscles (i.e. gluteal muscles). The

Adductor muscles also show more contribution towards
the Acceleration and Toe-off phases for the 90° COD
than for the others. However, this is not translated in
the hip adduction moment, which found no significant
differences between COD angles during those phases.
That is probably due the action of the abductor muscles
of the hip, opposing that motion.

Since hip joint rotation is controlled by muscles
which primary function is the generation of force in-
volved in other motions, hip behaviour in this DOF be-
comes whatever results from the control of those other
motions. The possibility of executing the CODs with an
externally or internally rotated hip, as shown by the re-
sults in this work, implies that hip rotation is not critical
to COD execution.

This work, similarly to Dos’Santos et al.,*! who eval-
uated inter-limb variance during 180° COD tasks, found
no significant differences between COD execution with
the subjects’ dominant or non-dominant limb. This may
be an indicator that elite athletes sports involving COD
manoeuvres may be less susceptible to between-limb
asymmetries due to their training.

Little hip and knee flexion as well as hip internal
rotation have been found to be associated with larger
knee valgus, and to contribute greatly to an increase in
acACL loading.”!%13:15 The present study found the
135° CODs to have the most dangerous combination of
these factors.

4. Conclusions, Limitations & Future Work

The objective of this work was to evaluate and compare
hip, knee and ankle joint angles and moments and lower
limb muscle forces estimated from experimental data
of female handball athletes executing COD manoeuvres
with different angles. The methodology applied allowed
the computation of joint kinematics and kinetics, which
were shown to be consistent with the literature. Addi-
tionally, muscle activity was also computed.

The main findings pertain to the dependence of the
biomechanics of the COD task on the cutting angle.
Sharper CODs are associated with lower velocity pro-
files, steeper deceleration and acceleration and more ex-
tended hips. The COD angles differ from each other
by 45 degrees. However, the differences in kinematic
and dynamic behaviour of the lower limbs between the
90° and 135° CODs are generally smaller than the dif-
ference between the 45° and 90° CODs. This im-
plies lower limb biomechanics do not have a linear re-
sponse to the increase in COD angle. When it comes
to knee and ankle, the change in these joint’s moments
is not proportional to the variation in COD angle, nor to
change in kinematics. Even though the kinematics of the
CODs are not as impacted when the cutting angle goes
from 90° to 135°, the internal forces acting on the knee
and ankle change the most with that angle increment.
The 90° COD was found to be the task where the Soleus
and Gastrocnemius muscles contributed less to the IC
and WA phases of the manoeuvres. This is of particu-



lar importance, since these muscles have been proposed
by literature to be responsible for the abrupt decelera-
tion during the first half of the stance phase of COD
tasks. The comparison between biomechanical profiles
of the COD tasks executed with the subjects’ dominant
and non-dominant limbs revealed no significant asym-
metries in the evaluated population.

This study carries a set of limitations, starting by hav-
ing been performed in a laboratory setting. Even though
this type of experimental acquisition allows for more ac-
curate data to be extracted, the simplification of the task
to fit within the laboratory’s requirements may distance
it from what would be an actual in-game situation. Fur-
thermore, intensity and fatigue levels in the laboratory
environment can be smaller than those experienced in-
game, thus not accurately reflecting the events trying to
be reproduced. As such, an important improvement on
this work would be to investigate the possibility to mea-
sure biomechanical data in-game. This would allow for
a more accurate representation of the COD tasks to be
studied, and would even enable the study of other in-
game situations that are not reproducible in laboratory
settings.

The musculoskeletal model used also has its limita-
tions mostly regarding degrees of freedom that could not
be considered in order to successfully reproduce the de-
sired motion. The knee and ankle joints were only con-
sidered to have movement on the sagittal plane, which
is not true for natural human motion. Furthermore, the
subtalar and metatarsal-phalangeal joints were consid-
ered to have no movement at all. These foot motions
could play an important role in the execution of the
CODs. Moreover, the muscle parameters utilized were
obtained from works with different subjects, body types
and strategies, and may not truly represent the subjects
analysed here. Another limitation comes from the static
optimization process, which considers tendons to be in-
extensible and therefore does not take into account mus-
cle’s parallel elastic element’s contribution.

Another important limitation of this study was the
small population it evaluated. Larger populations allow
for more robust statistical analysis results. A great im-
provement this work would be to increase the population
size.

It would also be of particular interest to study smaller
increments in COD angle, to better understand the knee
and ankle joints response. This would also account for
a wider range of game-like situations.

The outcomes of this study are valuable for the
development of training programs to further improve
these athletes’ performance while decreasing their in-
jury risk.!*33  Factors like increasing braking and
propulsion capacity, through muscle training, as well as
joint positions through technique training can be eval-
uated with similar studies.'> Other than the possibility
of analysing a particular athlete in detail, which is ex-
tremely valuable for elite athletes, this methodology can

be applied for larger populations to identify the most
common motion patterns, and introduce that knowledge
in training at the younger formative levels.

5. Acknowledgement

This document was written and made publically avail-
able as an institutional academic requirement and as a
part of the evaluation of the MSc thesis in Biomedi-
cal Engineering of the author at Instituto Superior Tec-
nico. The work described herein was performed at
the Biomechanics Group of Instituto Superior Técnico
(Lisbon, Portugal), during the period February 2020-
October 2022, under the supervision of Prof.Dr. Carlos
Miguel Fernandes Quental.

References
[1] L. Peterson and P. Renstrom, Sports Injuries: Pre-
vention, Treatment and Rehabilitation, Fourth Edi-
tion. CRC Press, 2017, vol. 13.

[2] T. Hahn, A. Foldspang, and T. Ingemann-Hansen,
“Prevalence of knee instability in relation to sports
activity,” Scandinavian Journal of Medicine and
Science in Sports, vol. 11, no. 4, pp. 233-238,
2001.

[3] J. Raya-Gonzélez, F. M. Clemente, M. Beato, and
D. Castillo, “Injury profile of male and female se-
nior and youth handball players: A systematic re-
view,” International Journal of Environmental Re-
search and Public Health, vol. 17, no. 11, 2020.

[4] C.M. Powers, “The influence of abnormal hip me-
chanics on knee injury: A biomechanical perspec-
tive,” Journal of Orthopaedic and Sports Physical
Therapy, vol. 40, no. 2, pp. 42-51, 2010.

[5] J. Bencke, P. Aagaard, and M. K. Zebis, “Muscle
activation during ACL injury risk movements in
young female athletes: A narrative review,” Fron-
tiers in Physiology, vol. 9, no. MAY, pp. 1-10,
2018.

[6] E. Pappas, F. Zampeli, S. A. Xergia, and A. D.
Georgoulis, “Lessons learned from the last 20
years of ACL-related in vivo-biomechanics re-
search of the knee joint,” Knee Surgery, Sports
Traumatology, Arthroscopy, pp. 755-766, 2013.

[7] H. T. Van Der Does, M. S. Brink, A. Benjaminse,
C. Visscher, and K. A. Lemmink, “Jump Land-
ing Characteristics Predict Lower Extremity In-
juries in Indoor Team Sports,” International Jour-
nal of Sports Medicine, vol. 37, no. 3, pp. 251-256,
2016.

[8] K. Weiss and C. Whatman, “Biomechanics Asso-
ciated with Patellofemoral Pain and ACL Injuries
in Sports,” Sports Medicine, vol. 45, no. 9, pp.
1325-1337, 2015.



(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

T. Dos’Santos, C. Thomas, P. Comfort, and P. A.
Jones, “The Effect of Training Interventions on
Change of Direction Biomechanics Associated
with Increased Anterior Cruciate Ligament Load-
ing: A Scoping Review,” Sports Medicine, vol. 49,
no. 12, pp. 1837-1859, 2019.

, “The Effect of Angle and Velocity on
Change of Direction Biomechanics: An Angle-
Velocity Trade-Off,” Sports Medicine, vol. 48,
no. 10, pp. 2235-2253, 2018.

A. S. Fox, “Change-of-Direction Biomechanics: Is
What’s Best for Anterior Cruciate Ligament Injury
Prevention Also Best for Performance?” Sports
Medicine, vol. 48, no. 8, pp. 1799-1807, 2018.

H. Nygaard Falch, H. Guldteig Radergard, and
R. van den Tillaar, “Effect of Different Physical
Training Forms on Change of Direction Ability:
a Systematic Review and Meta-analysis,” Sports
Medicine - Open, vol. 5, no. 1, 2019.

T. Dos’Santos, C. Thomas, and P. A. Jones, “The
effect of angle on change of direction biome-
chanics: Comparison and inter-task relationships,”
Journal of Sports Sciences, vol. 00, no. 00, pp. 1-
14, 2021.

F. Jodao, A. Veloso, S. Cabral, and V. Moniz-
pereira, “Human Movement Science Synergistic
interaction between ankle and knee during hop-
ping revealed through induced acceleration analy-

sis,” Human Movement Science, vol. 33, pp. 312—
320, 2014.

E. Kristianslund and T. Krosshaug, “Compari-
son of drop jumps and sport-specific sidestep cut-
ting: Implications for anterior cruciate ligament
injury risk screening,” American Journal of Sports
Medicine, vol. 41, no. 3, pp. 684—688, 2013.

N. J. Nedergaard, S. Dalbg, S. V. Petersen, M. K.
Zebis, and J. Bencke, “Biomechanical and neuro-
muscular comparison of single- and multi-planar
jump tests and a side-cutting maneuver: Impli-
cations for ACL injury risk assessment,” Knee,
vol. 27, no. 2, pp. 324-333, 2020.

S. Sasaki, Y. Nagano, S. Kaneko, T. Sakurai, and
T. Fukubayashi, “The relationship between perfor-
mance and trunk movement during change of di-

rection,” Journal of Sports Science and Medicine,
vol. 10, no. 1, pp. 112-118, 2011.

M. J. Schreurs, A. Benjaminse, and K. A. Lem-
mink, “Sharper angle, higher risk? The effect of
cutting angle on knee mechanics in invasion sport

athletes,” Journal of Biomechanics, vol. 63, pp.
144-150, 2017.

(19]

(20]

(21]

[22]

(23]

(24]

[25]

(26]

(27]

(28]

T. D. C. Thomas, P. Comfort, and P. A. Jones,
“Comparison of Change of Direction Speed Per-
formance and Asymmetries between Team-Sport
Athletes: Application of Change of Direction
Deficit,” Sports, vol. 6, no. 4, p. 174, 2018.

E. Kristianslund, O. Faul, R. Bahr, G. Myklebust,
and T. Krosshaug, “Sidestep cutting technique and
knee abduction loading: Implications for ACL

prevention exercises,” British Journal of Sports
Medicine, vol. 48, no. 9, pp. 779-783, 2014.

S. A. Roelker, E. J. Caruthers, R. K. Hall, N. C.
Pelz, A. M. Chaudhari, and R. A. Siston, “Effects
of optimization technique on simulated muscle ac-
tivations and forces,” Journal of Applied Biome-
chanics, vol. 36, no. 4, pp. 259-278, 2020.

A. S. Arnold, F. C. Anderson, M. G. Pandy, and
S. L. Delp, “Muscular contributions to hip and
knee extension during the single limb stance phase
of normal gait: A framework for investigating the
causes of crouch gait,” Journal of Biomechanics,
vol. 38, no. 11, pp. 2181-2189, 2005.

H. J. Kim, J. W. Fernandez, M. Akbarshahi, J. P.
Walter, B. J. Fregly, and M. G. Pandy, “Evaluation
of Predicted Knee-Joint Muscle Forces during Gait
Using an Instrumented Knee Implant,” no. Octo-
ber, pp. 1326-1331, 2009.

Y. C. Lin, J. P. Walter, S. A. Banks, M. G. Pandy,
and B. J. Fregly, “Simultaneous prediction of mus-
cle and contact forces in the knee during gait,”
Journal of Biomechanics, vol. 43, no. 5, pp. 945—
952, 2010.

K. B. Shelburne, M. R. Torry, and M. G. Pandy,
“Muscle, ligament, and joint-contact forces at the
knee during walking,” Medicine and Science in
Sports and Exercise, vol. 37, no. 11, pp. 1948-
1956, 2005.

P. Sritharan, Y. C. Lin, and M. G. Pandy, “Muscles
that do not cross the knee contribute to the knee
adduction moment and tibiofemoral compartment
loading during gait,” Journal of Orthopaedic Re-
search, vol. 30, no. 10, pp. 1586-1595, 2012.

T. T. Dao, F. Marin, and M. C. Hobatho, “Sensitiv-
ity of the anthropometrical and geometrical param-
eters of the bones and muscles on a musculoskele-
tal model of the lower limbs,” Proceedings of the
31st Annual International Conference of the IEEE
Engineering in Medicine and Biology Society: En-
gineering the Future of Biomedicine, EMBC 2009,
pp- 5251-5254, 20009.

I. Roupa, M. Rodrigues, F. Marques, S. B.
Gongalves, P. Flores, and M. Tavares, On the Mod-



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

eling of Biomechanical Systems for Human Move-
ment Analysis : A Narrative Review.  Springer
Netherlands, 2022, no. 0123456789.

S. L. Delp, E. C. Anderson, A. S. Arnold, P. Loan,
A. Habib, C. T. John, E. Guendelman, and D. G.
Thelen, “Delp2007.pdf,” IEEE Transactions on
Biomechanical Engineering, vol. 54, no. 11, pp.
1940-1950, 2007.

A. Seth, J. L. Hicks, T. K. Uchida, A. Habib,
L. Dembia, J. J. Dunne, C. F. Ong, M. S. Demers,
A. Rajagopal, M. Millard, S. R. Hamner, E. M.
Arnold, R. Yong, S. K. Lakshmikanth, M. A. Sher-
man, J. P. Ku, and S. L. Delp, “OpenSim : Simu-
lating musculoskeletal dynamics and neuromuscu-
lar control to study human and animal movement,”
PLOS Computational Biology, pp. 1-20, 2018.

S. R. Hamner, A. Seth, and S. L. Delp, “Mus-
cle contributions to propulsion and support during
running,” Journal of Biomechanics, vol. 43, no. 14,
p- 2709-2716, 2011.

A. Rajagopal, C. L. Dembia, M. S. DeMers, D. D.
Delp, J. L. Hicks, and S. L. Delp, “Full-Body Mus-
culoskeletal Model for Muscle-Driven Simulation
of Human Gait,” IEEE Transactions on Biomedi-
cal Engineering, vol. 63, no. 10, pp. 2068-2079,
2016.

N. Maniar, “Muscle force contributions to knee
joint loading,” Thesis, Australian Catholic Univer-
sitys, 2017.

N. Maniar, A. G. Schache, M. H. Cole, and
D. A. Opar, “Lower-limb muscle function dur-
ing sidestep cutting,” Journal of Biomechanics,
vol. 82, no. October, pp. 186—-192, 2019.

A. G. Schache, H.-j. Kim, D. L. Morgan, and
M. G. Pandy, “Gait & Posture Hamstring mus-
cle forces prior to and immediately following an
acute sprinting-related muscle strain injury,” Gait
I& Posture, vol. 32, no. 1, pp. 136140, 2010.

R. B. Mateus, V. Ferrer-Roca, F. Joao, and A. P.
Veloso, “Muscle contributions to maximal single-
leg forward braking and backward acceleration in
elite athletes,” Journal of Biomechanics, vol. 112,
p- 110047, 2020.

E. C. Honert and T. C. Pataky, “Timing of gait
events affects whole trajectory analyses: A sta-
tistical parametric mapping sensitivity analysis of
lower limb biomechanics,” Journal of Biomechan-
ics, vol. 119, p. 110329, 2021.

W. D. Penny, K. J. Friston, J. T. Ashburner, S. J.
Kiebel, and T. E. Nichols, Statistical parametric
mapping: the analysis of functional brain images.
Elsevier, 2011.

10

(39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

C. N. Hughes-Oliver, K. A. Harrison, D. B.
Williams, and R. M. Queen, “Statistical paramet-
ric mapping as a measure of differences between
limbs: Applications to clinical populations,” Jour-
nal of Applied Biomechanics, vol. 35, no. 6, pp.
377 -387, 2019.

E. King, C. Richter, A. Franklyn-Miller,
K. Daniels, R. Wadey, R. Moran, and S. Strike,
“Whole-body biomechanical differences between
limbs exist 9 months after acl reconstruction
across jump/landing tasks,” Scandinavian Journal
of Medicine & Science in Sports, vol. 28, no. 12,
pp- 2567-2578, 2018.

T. Dos’Santos and C. Thomas, “Between-limb dif-
ferences during 180 turns in female soccer play-
ers: Application of statistical parametric map-
ping,” Journal of Strength and Conditioning Re-
search, 2021.

A. V. Hill, The heat of shortening and the dynamic
constants of muscle. Department of Physiology,
University College, London, 1938.

M. Millard, T. Uchida, A. Seth, and S. L. Delp,
“Flexing computational muscle: Modeling and
simulation of musculotendon dynamics,” Journal
of Biomechanical Engineering, vol. 135, no. 2, pp.
1-11, 2013.

D. Knudson, Fundamentals of Biomechanics, 2nd
edition. Springer Nature Switzerland AG, 2021.

F. E. Zajac, “Muscle and tendon: properties, mod-
els, scaling, and application to biomechanics and
motor control,” Critical reviews in biomedical en-
gineering, vol. 17, p. 359411, 1989.

B. Serrien, M. Goossens, and J.-P. Baeyens, “Sta-
tistical parametric mapping of biomechanical one-
dimensional data with bayesian inference,” Inter-
national Biomechanics, vol. 6, no. 1, pp. 9-18,
2019.

T. C. Pataky, “Generalized n-dimensional biome-
chanical field analysis using statistical paramet-
ric mapping,” Journal of Biomechanics, vol. 43,
no. 10, pp. 1976-1982, 2010.

D. A. Winter, Biomechanics and Motor Control of
Human Movement, Fourth Edition. John Wiley
and Sons, Inc., 2009.



