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ABSTRACT

The goal of this study was to report deep squat hip kinetics in young, athletic adults using a
personalized numerical model solution based on inverse dynamics. Thirty-five healthy subjects
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underwent deep squat motion capture acquisitions and MRI scans of the lower extremities.

Musculoskeletal models were personalized using each subject’s lower limb anatomy. The aver-
age peak hip joint reaction force was 274 percent bodyweight. Average peak hip and knee flex-
ion angles were 107° and 112° respectively. These new findings show that deep squatting
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kinetics in the younger population differ substantially from the previously reported in vivo data

in older subjects.

Introduction

A deep squat requires high range of motion of the
hip and knee joint (Bagwell et al. (2016); Shelburne
and Pandy 2002; Smith et al. 2008). Repititive end
range hip flexion has been shown to contribute to
young adult hip pain in some mechanical hip disor-
ders (Philippon et al. 2007; Lamontagne et al. 2009).
Furthermore, it is hypothesized that premature con-
flicts between femur and acetabulum and high cartil-
age contact stresses can lead to early osteoarthritis of
the hip joint (Mavcic et al. 2002; Ganz et al. 2008).
Clearly some variations in hip morphology are patho-
logical however in most cases the morphological
abnormality is more discrete and difficult to identify
(Reijman et al. 2005; Hosnijeh et al. 2017). The calcu-
lation of individual hip joint stresses using discrete or
finite element analysis could potentially identify at-
risk hip joints (Genda et al. 2001; Mavcic et al. 2002).
However this computational simulation technique
requires the input of accurate hip joint loading data
during challenging hip joint motions such as the deep
hip flexion squatting motion.

As a closed chain exercise, the squat has gained
wide acceptance for core stabilization and strengthen-
ing the lower body muscles (Schoenfeld 2010).
Previously, the lower limb joint kinematics have been

described as well as the impact of variations in squat-
ting technique (McLaughlin et al. 1977; Escamilla
et al. 2001a; Swinton et al. 2012). Most of these stud-
ies have focused on the knee biomechanics with the
aim of enhancing the strength performance and mini-
mizing the injury risk (Wilk et al. 1996; Salem et al.
2003; Adouni and Shirazi-Adl 2009; Bersini et al.
2016). As such, the closed chain nature of the squat
has been shown to reduce the anterior cruciate liga-
ment strain thereby proving its rehabilitation super-
iority compared to the knee extension exercise (Yack
et al. 1993; Signorile et al. 1994). Even though some
of these studies also calculated knee joint reaction
forces during deep squatting (Dahlkvist et al. 1982;
Wilk et al. 1996; Escamilla et al. 2001b; Han et al.
2013), none report on the hip joint reaction force
(HJRF) during deep squatting in young adults.

The golden standard in determining HJRF consists
of in vivo measurements with the help of instru-
mented hip prostheses able to transmit data telemetri-
cally (Rydell 1966; English and Kilvington 1979;
Graichen and Bergmann 1991; Bergmann et al. 2001).
Bergmann et al. have gathered the largest in vivo data
sets currently available in literature and they report a
mean peak HJRF of 147 percent of bodyweight
(%BW) in 3 subjects (Bergmann et al. 2001) and
230%BW in 10 subjects (Bergmann et al. 2016)
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during closed-chain squatting. Unfortunately, these
subjects had to be eligible for a hip replacement and
therefore their age is well over 50 years old. As a con-
sequence, squatting depth was limited to approxi-
mately 47° of hip flexion and 75° of knee flexion.
Clearly, flexion angles during deep squatting in young
adults exceed these numbers with hip flexion angles
of 95°-113° and knee flexion up to 153° (Hemmerich
et al. 2006; Bagwell et al. 2016). As an alternative to
the direct measurement of HJRF, which is ethically
unfeasible in healthy subjects, new numerical models
based on inverse dynamics have been developed that
allow in silico calculation of HJRF (Damsgaard et al.
2006; Seth et al. 2011).

So far there have been no comprehensive reports
on hip joint loading during deep squatting in young,
athletic adults. The main goal of this study was there-
fore to report the HJRF during deep squatting in
young, athletic adults using a subject specific model-
ing approach. Secondly, the associated hip range of
motion, anterior pelvic tilt, knee flexion and hip joint
moments were reported.

Methods
Subjects

Healthy subjects, aged 18 to 25years old, were pro-
spectively recruited in the local student community.
Ethical clearance was obtained from the Ghent
University Hospital’s ethical board and all subjects
signed an informed consent prior to data collection.
Inclusion criteria were male gender, practicing more

than 3hours of sports weekly and body mass index
below 25kg/m2. Subjects were excluded in case there
was any history of specific hip symptoms that could
affect squatting kinematics. Furthermore, all subjects
underwent a bilateral clinical hip examination in
order to detect potential intra-articular hip pathology.
Two subjects were not included because they reported
pain during the FADIR test (Martin and Sekiya 2008;
Reiman et al. 2015) or had a difference in knee to
table distance between both hips of more than 5cm
during the FABER test (Philippon et al. 2007). A total
number of 35 asymptomatic subjects was included.
Demographic and anthropometric variables were
documented in Table 1.

Data collection

First, subjects were trained to perform a smooth deep
squat during at least 5 trials. They were instructed to
position the feet shoulder width apart, to maintain
heel contact throughout the squat and to extend their
arms in front of them. A bench at approximately one
third of the tibial crest height was placed behind the
subject to guide them towards the deep squat during
training (Lamontagne et al. 2009; Bagwell et al. 2016).

Three-dimensional kinetics were collected using a
custom 8 camera OptiTrack motion capture system
(Natural Point, Corvallis, Oregon, USA) synchronized
with 2 force platforms (Kistler Instrument AG, type
9260AA, 30cmx50cm, Winterthur, Switzerland). The
OptiTrack system has to deliver

been shown

Table 1. Demographics, anthropometrics and kinetical results during full squat cycle from study

group of 35 young, athletic subjects.

Mean (95 Cl)

Age (years)

Height (cm)

Weight (kg)

BMI (kg/m?)

Sports (hours per week)

Neck-shaft angle (°)

Femoral version (°)

Duration squat (s)

Peak knee flexion (°)

Peak hip flexion (°)

Peak anterior pelvic tilt (°)

Peak hip abduction (°)

Peak hip internal rotation (°)

Peak hip joint reaction force (%BW)
Peak hip extension moment (Nm/kg)
Peak hip adduction moment (Nm/kg)
Peak hip internal rotation moment (Nm/kg)

21.9 (21.2-22.7)
182 (180-184)
70.7 (68.0-73.4)
21.4 (20.8-22.0)
3.8 (3.1-4.5)
129.6 (128.0-131.2)
9.5 (7.0-11.9)
4.2 (4.17-4.24)
112 (108.1-116.5)
107 (104.6-109.4)
27 (24.2-30.2)
17 (15.1-19.6)
11 (9.0-13.6)
274 (251.5-297.9)
0.56 (0.506-0.617)
0.22 (0.184-0.248)
0.12 (0.081-0.151)

95Cl: 95% confidence interval between brackets. The neck shaft angle (Boese et al. 2016) was defined as the angle
between the femoral neck axis (line connecting the centre of best fitting sphere of the femoral head and the centre of
the femoral neck) and the anatomical femoral shaft axis (line connecting the centres of the best fitting circle of the
proximal and distal diaphyseal femur). The femoral version (Victor et al. 2009; Casciaro and Craiem 2014) was defined as
the angle between the femoral neck axis and the femoral transverse axis (line connecting the centres of the best fitting

spheres of the medial and lateral femoral condyles).
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comparable accuracy compared to high-end competi-
tors with absolute errors below 1% (Thewlis
et al. 2013).

The movements of the test subject during the
experiment were tracked with passive, retroreflective
markers (12 millimetre) applied to the subject’s skin
using double sided adhesive tape. In a standardized
fashion, twenty-eight markers were placed on bony
landmarks at the level of the pelvis, lower limb and
seventh cervical vertebra by the same investigator.
Three consecutive squat trials (standing - deep squat
- standing) were captured with the subject standing
with one foot on each force platform. The synchron-
ized ground reaction force and motion capture data
were fused into one comprehensive C3D file by
means of the Biomechanical Toolkit (Barre and
Armand 2014) in MATLAB (R2013a, MathWorks,
Natick, Massachusetts, USA).

Next, the reflective markers were replaced with
MRI compatible, hyperintense vitamin A beads taped
to the skin at the same position. The subjects under-
went a full lower limb MRI scan in a 3 Tesla
Magnetom Trio-Tim System (Siemens, Erlangen,
Germany). Dedicated T1 weighted sequences
(MPRAGE, slice thickness 0.9 mm, pixel spacing 0.9 x
0.9 mm, repetition time 2200 milliseconds, echo time
2.38 milliseconds) were used. Mimics (Version 17.0,
Materialise NV, Heverlee, Belgium) was used to pro-
cess the individual MRI images and to perform semi-
automatical segmentation of the bony contours of the
pelvis, right thigh (femur) and right shank (tibia and
fibula). Furthermore the position of the vitamin A
beads was extracted from the MRI scan. These repre-
sent the reflective marker position in relation to the
segmented bones.

Musculoskeletal modelling

The motion capture trajectories, force plate data, seg-
mented bones (pelvis, thigh, shank) and position of
the pelvic, thigh and shank markers were imported
into a musculoskeletal multibody simulation environ-
ment. The Anybody Modeling System (version 7.0,
AnyBody Technology, Aalborg, Denmark) with the
AnyBody Managed Model Repository (version 2.0)
and the TLEM 2.0 dataset were chosen (Carbone
et al. 2015; Lund et al. 2017). This version includes a
wrapping definition of the gluteus maximus muscle,
which increases the lever arm of the muscle and
avoids unphysiological bony surface penetration dur-
ing deep hip flexion which is encountered in previous
versions (Carbone et al. 2015; Varady et al. 2015)

a"m@? oy

Figure 1. Musculoskeletal model features: (A) Left hand side
shows the TLEM 1.0 musculoskeletal geometry. TLEM 2.0 on
the right hand side includes improved detail in muscle geom-
etry as well as physiological gluteal wrapping. (B) The generic
TLEM 2.0 skeletal (and muscle) geometry on the left hand side
was nonlinearly scaled to each subject, thereby accounting for
changes in pelvic width, femoral version, etc.

(Figure 1). Standard topology of the AnyBody human
model was used, which assumes the hip joint to be
modeled as a ball-and-socket joint with 3 degrees of
freedom and the knee as a hinge joint with one
degree of freedom. Soft tissue strength parameters
were adjusted using the standard length, mass, fat
scaling law which takes BMI into account (Rasmussen
et al. 2005). For the lower limb geometrical personal-
ization, a novel automated workflow was combined
with the motion capture processing model
(AnyMoCap template model). First landmark corres-
pondence between individual bone geometry and the
AnyBody template bone was established using a previ-
ously developed nonrigid registration algorithm
(Audenaert 2013). Next, automatic nonlinear scaling
of the musculoskeletal geometry based on the individ-
ual bone geometries of pelvis, right thigh and right
shank was performed. The left thigh and left shank
were assumed to be symmetric and were similarly
morphed using the mirrored right sided bones.
Additionally, the position of the pelvic, thigh and
shank reflective markers relative to the bone was dir-
ectly imported into the model using rigid transform-
ation instead of estimating and optimizing marker
position. Kinematic analysis was performed using an
overdetermined kinematic solver to track the experi-
mental markers in a least-squares sense (Andersen
et al. 2009). Next, the resultant set of joint angle tra-
jectories were used to drive the inverse dynamics and
muscle recruitment optimization algorithms allowing
calculation of the joint moments, muscle forces and
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Figure 2. Overview of data input for the MoCap model. (A) Squat motion is performed standing on 2 forceplates. Motion capture
data synchronized with ground reaction forces are exported as.c3d file. (B) A total of 28 reflective markers are placed on anatom-
ical bony landmarks. An MRI scan of the full lower limb is performed. Segmentation of pelvis, thigh and shank with corresponding

positions of marker landscape. (C) MoCap squat model.

joint reaction forces. Standard static optimization was
used to minimize the third degree polynomial muscle
recruitment criterion (Bean et al. 1988; Damsgaard
et al. 2006). Subsequently the hip joint reaction forces
were calculated from resultant inter-segment loading
and muscle forces acting across the joint. The results
presented are the joint constraint reactions. An over-
view of the musculoskeletal MoCap model is given in
Figure 2.

Data processing

Local coordinate systems according to the ISB recom-
mendations (Wu and Cavanagh 1995; Wu et al. 2002)
were defined for the pelvis, thigh and shank.
Subsequently, joint coordinate systems for the hip
and knee joint were constructed in order to calculate
three dimensional joint angles. The HJRF was pro-
jected in the pelvic local coordinate system. Squat trial
recordings were trimmed from 0 to 100% of squat
activity. The starting frame of the actual squat motion
was manually identified by a continuous increase in
knee and/or hip flexion. The end of the squat was
identified by the return of both knee and hip flexion
angles to the initial values at the time of standing
upright. The deepest point of the squat, defined as

peak knee flexion, was fixed at 50%. Since squatting
speed is positively correlated with the joint reaction
force generated (Hattin et al. 1989; Schoenfeld 2010),
a partial least squares regression correction for the
reaction force was introduced to account for squatting
duration. All forces, moments and joints angles were
measured at the right hip and knee. Internal hip joint
moments were reported in the local femoral ISB
coordinate system and were normalized by dividing
the joint moment by body mass (Moisio et al. 2003).

Validation

The average knee bend trials from 3 subjects of the
Orthoload database (Hip98; subjects HSR, KWR,
PFL) were used for validation. The data available on
these three subjects includes detailed kinematics, mor-
phometrics (body weight and height) as well as
in vivo measured HJRF results during the knee bend
activity. This allowed a direct comparison of the
in vivo measured HJRF of the Orthoload subjects to
the average calculated HJRF of our study group.
Furthermore, the retrieved kinematics and morpho-
metrics of the knee bend trials could be used to run
the presented musculoskeletal model in order to com-
pare the estimated HJRF of each Orthoload knee
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bend trial to the in vivo captured HJRF of the
respective Orthoload knee bend trial. First, Orthoload
joint angles were converted to ISB standards. Second,
the Orthoload dataset was normalized from 0 to
100% of squat progression with 50% being the deepest
point of the squat in order to facilitate comparison
(see 2.4). The initial phase of the deep squat up to
75° of knee flexion and up to 47° hip flexion in our
study group shows a similar HJRF pattern and then
exceeds these values due to the deeper squatting (see
Figure 3A). After all, peak knee and hip flexion is
considerably lower in the older Orthoload subjects,
which impedes a direct comparison of HJRF with the
current deep squatting study population. For the pur-
pose of validation, we therefore converted the motion
capture driven model to a model driven by adjustable
time and kinematical functions (‘Driver model’). In
doing so the Orthoload knee bend trials could be
accurately simulated. A time dependent knee flexion
function was defined in order to drive the squat
motion. Additional drivers to control the body centre
of mass, hip flexion, hip external rotation and hip
abduction were included. The musculoskeletal defini-
tions and muscle recruitment criterion of the Driver

A = Orthoload ;
== Anybody g

== QOrthoload ;
== Anybody ’

20 40 60 80 100
Knee flexion (°)

20 40 60 80 100
Hip flexion (°)

== Orthoload
=+« Anybody

PFL

0 20 40 60 80 100
Squat progression (%)

model were identical to the MoCap model (see 2.3).
For each subject, the template model was scaled using
external measurements (height, weight, thigh length
and pelvis width) and driven to perform a similar
squat motion. The calculated HJRF of the respective
hip joint was then compared to the in vivo measured
results. The goodness of fit of the HJRF curves was
assessed using the root mean squared error (RMSE).

Results
Validation

The estimated HJRF during squat progression was
slightly different compared to the in vivo values with
an average RMSE of 16%BW. The estimated peak
HJRF was on average 14%BW lower than in vivo
measured (Figure 3 B-C-D).

Deep squat

Subjects were on average 21.9years old, weighing
70.7kg and measuring 182 cm. The femoral anatomy
was within normal Caucasian ranges (Van Houcke
et al. 2015), described by an average neck-shaft angle

C 200 HSR = Orthoload
== Anybody
= 1504
=
m
2
~ 1004
(IS
x s
4
b =y 504
0 T T T T 1
0 20 40 60 80 100

Squat progression (%)

D 20 KWR = Orthoload
=+« Anybody

=150
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2

x

< 100

L

4

o}

T

o
(=]

o

0 20 40 60 80 100
Squat progression (%)

Figure 3. (A) Comparison of HJRF in function of knee and hip flexion respectively during the descending phase of the squat. The
average HJRF of the current study group of 35 young, athletic subjects (performing a deep squat) is compared to the in vivo
HJRF measurement of each of the three Orthoload subjects (PFL, HSR, KWR; performing shallow squats). (B,C,D) Musculuskeletal
simulation of each squat experiment (respectively subject PFL, HSR and KWR) using the hip/knee kinematics and morphometrics
to run the AnyBody Driver model. Comparison of the HJRF estimated with AnyBody Driver model versus the HJRF measured
in vivo for each Orthoload subject separately. The solid grey line represents the in vivo measured HJRF (Orthoload), whereas the

dotted black line represents the estimated HJRF (Anybody).
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Figure 4. Overview of the calculated hip kinetics and knee flexion. The hip internal moments are at the deepest point of the
squat a net extension, adduction and internal rotation moment. The solid line represents the group mean throughout squat cycle
(0%: standing, 50%: deepest point of the squat, 0%: standing). The dashed line represents +1 standard deviation.

of 129.6° and femoral anteversion of 9.5 degrees. The
mean squat cycle duration was 4.2seconds. Subjects
squatted to a mean maximal value of 112° (108.1 -
116.5; 95% confidence interval) of knee flexion and
107° (104.6 - 109.4; 95% CI) of hip flexion. The
resulting peak HJRF at the deepest point of the squat
cycle was on average 274%BW (251.5 - 297.9; 95%
CI). The HJRF on the pelvis was directed superior,
medial and posterior throughout the activity. On
average, subjects started the squat at 8° of hip abduc-
tion and reached a maximum of 17° (15.1 - 19.6;
95% CI) of abduction at the time of maximal squat-
ting depth. The average external rotation of the femur
was 14° at the start and amounted to 11° (9.0 - 13.6;
95% CI) of internal rotation at the time of maximal
squatting depth. The anterior tilt of the pelvis
increased from 11° to 27° during the first half of the
descending phase of the squat. At the time of max-
imal squatting depth the anterior tilt decreased to 21°.
The extension moment was the largest of the internal
moments across the hip joint, peaking at 0.56 Nm/kg
(0.506 - 0.617; 95% CI), with the adduction and
internal rotation moment peaking at 0.22 Nm/kg
(0.184 - 0.248, 95; CI) and 0.12Nm/kg (0.081 -

0.151) respectively at the deepest point of the squat
(Figure 4).

Discussion

This study estimated deep squat hip kinetics in
young, athletic adults using a personalized numerical
model solution based on inverse dynamics. The aver-
age peak HJRF was 274%BW at the time of maximal
squatting depth. Average peak hip flexion, abduction
and internal rotation were 107°, 17° and 11°
respectively.

Direct comparison of HJRF calculation of our deep
squat study group (MoCap model) with the in vivo
Orthoload measurements in function of knee and hip
flexion showed a similar pattern but reveals a poten-
tially slightly different muscle coordination strategy
during squatting. Indeed, our young subjects were
trained to perform a deep squat with their arms
extended in front of them. The Orthoload subjects
performed a shallow squat with their arms crossed in
front of the thorax. The simulation of each Orthoload
subject’s kinematics with the Driver model demon-
strated a good agreement of HJRF results (model
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calculation of peak HJRF during maximal squatting
depth of 133%BW versus in vivo 147%BW). The first
in vivo series of the Bergmann research group (2001)
was used for the validation experiment since it con-
tains the most detailed description of hip and knee
kinematics to run the musculoskeletal model. Average
peak hip and knee flexion in those cases was 47° and
75° respectively. Bergmann et al. (2016) published a
second series of exclusively in vivo measured hip joint
loading data. They reported an average HJRF of
230%BW in 10 patients which is 60% higher than the
first series in 2001. They attributed the difference to
an increased hip flexion and faster execution of the
squat exercises. In our study, the average subject
squatted to 112° of knee and 107° of hip flexion,
thereby loading the hip joint at its peak with
274%BW. These values seem to match the expected
increase in hip joint loading due to deeper squatting.

Previous studies based on musculoskeletal model-
ling have only reported HJRF values during shallow
squatting. Weber et al. (2014) studied the influence of
different surgical hip approaches when performing
total hip arthroplasty on the resulting HJRF. They
chose the squat motion to evaluate this effect and
modelled a generic musculoskeletal model in
AnyBody (using TLEM 1.0 muscle geometry) to per-
form a squat of 80° of knee and hip flexion over a
timespan of 20seconds. The loading of the reference
hip joint, without any detached muscles, amounted to
a peak value of 196% BW. In an exploratory study by
Shelburne et al. (2010) on hip joint loading during
squatting, a mean peak HJRF of 225%BW in a group
of 10 subjects was found. Modelling was performed in
OpenSim, but once again the sagittal motion of both
hip and knee was limited to only 60°. It is likely that
these computational studies have avoided pushing the
musculoskeletal models to deep flexion, which results
in hip joint loads of over 900%BW (Haberly and
Pavol 2013; Varady et al. 2015). Figure 5 illustrates
the drastically increased HJRF (mean peak of
419%BW) during deep squatting with implementation
of the TLEM 1.0 muscle geometry. The TLEM 2.0
implementation with cylindrical wrapping of the glu-
teus maximus used in the current study provides a
sufficient moment arm on the hip joint and unloads
the hamstrings acting in their role of hip extensors.
The gluteal muscles contribute to hip extension dur-
ing the deeper stages of hip flexion and allow deep
flexion with HJRF in a physiological range (Carbone
et al. 2015; Varady et al. 2015).

Hip joint kinematics and internal moments corre-
sponded well with the results of a recent study by

450
400 } 70,

0 50 100

Squat progression (%)
Figure 5. Comparison of the average HJRF in function of
squat progression for the current study group of 35 subjects

using TLEM 1.0 (solid black line; peak 419%BW) versus TLEM
2.0 (dotted black line; peak 274%BW).

Bagwell et al. (2016). They looked at deep squatting
in a matched case-control study of 15 cam femoroace-
tabular impingement subjects versus 15 control sub-
jects (average age 32years old). In their control
group, a peak hip flexion of 113° and peak anterior
pelvic tilt at descending phase of 32° was reported.
Our subjects had a mean hip flexion and anterior pel-
vic tilt that was slightly lower (respectively 107° and
27°). The reported hip joint moments matched our
results with a mean extensor moment of 0.56 Nm/kg
(vs 0.56 Nm/kg in our group), adductor moment of
0.09Nm/kg (vs 0.22Nm/kg) and internal rotation
moment of 0.05Nm/kg (vs 0.12Nm/kg). The lower
hip flexion and anterior pelvic tilt in the current
study might be explained by the fact that our study
group consisted of exclusively males whereas
Bagwell’s control group was mixed. It has been shown
that hip and pelvic flexibility is significantly higher in
young female adults (Mier and Shapiro 2013). A
second explanation might be the high proportion of
soccer players involved in our study group (13/35).
Soccer players are known to exhibit lower ranges of
hip joint motion (Manning and Hudson 2009).

The current model has been shown to adequately
estimate the hip kinetics in young adults, however
some limitations have to be considered. First, the val-
idation is based on 3 elderly subjects that underwent
total hip replacement, who likely have different squat
techniques and muscle coordination strategies than
the healthy individuals in this study. Additionally, the
subject of the validation dataset did not go to deep
squat which is the main investigation of this study.
Nevertheless for the squatting range of motion docu-
mented in the Orthoload database a good agreement
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was found between our simulated HJRF results and
the original HJRF measurements. Second, skeletal
motion was not measured directly and thus subject to
both soft tissue artefacts as well as palpation errors
(Della Croce et al. 2005; Fiorentino et al. 2017). In
order to decrease the observer-dependent error caused
by inevitable variation in palpating and determining
the location of subcutaneous anatomical landmarks,
the individual position of the reflective markers rela-
tive to the bone segment was directly determined
from the MRI scan for the right thigh, right shank
and the pelvis. For the left thigh and shank, marker
positions relative to the bone were assumed to be
equal to the right side. In order to minimize the
impact of positional errors, care was taken to position
the markers symmetrically during palpation.
Furthermore, subjects were excluded if their BMI was
higher than 25kg/m2, thereby reducing the potential
skin shift error caused by large soft tissue envelopes
(Cappozzo et al. 1996). Moreover, our modelling
pipeline included subject-specific pelvic, thigh and
shank morphology, which eliminates the need for
estimating the hip joint centre location based on skin
marker motion alone. Inclusion of subject specific
femoral geometry and hip joint centre location to the
musculoskeletal model has been previously shown to
drastically affect hip loading calculations (Scheys et al.
2008; Lenaerts et al. 2009). Third, both the Driver as
well as the MoCap model only featured 1 degree of
freedom (flexion-extension) at the knee joint. This
simplification does not accurately reflect the human
anatomy. Still, the 1 degree of freedom knee joint is
widely used as standard configuration for simulation.
The HJRF can be slightly overestimated as a conse-
quence (Sandholm et al. 2011). However validation
results showed a slight underestimation of the HJRF
which might compensate for the overestimation effect
of the uniplanar knee. Fourth, because of to the prob-
lem of muscle redundancy, there is always uncertainty
about which muscles and how much they are involved
during the motion. Selecting a suitable muscle recruit-
ment criterion and including electromyographic data
during motion capture could further reduce the
potential error when calculating the resulting hip joint
reaction force (Demers et al. 2014; Smith et al. 2019).
Lastly the current study include only males, which
limits the extrapolation of the results to females.

Conclusion

This study is the first to estimate deep squat hip kin-
etics in young, athletic adults using a personalized

numerical model solution based on inverse dynamics.
The average peak HJRF at the point of maximal depth
squatting was found to be 274 percent bodyweight in
young adults and as such substantially higher than
the previously measured in vivo HJRF during shallow
squatting of a limited number of total hip arthroplasty
subjects. In the future these findings can allow com-
parison to hip loading of pathological hip morpholo-
gies. More importantly it can be used as input for
deep squatting contact analysis studies of the hip in
young adults.
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