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ABSTRACT

The aim of this study was to develop a generic musculoskeletal model of a healthy 10-year-old
child and examine the effects of geometric scaling on the calculated values of lower-limb
muscle forces during gait. Subject-specific musculoskeletal models of five healthy children were
developed from in vivo MRI data, and these models were subsequently used to create a generic
juvenile (GJ) model. Calculations of lower-limb muscle forces for normal walking obtained from
two scaled-generic versions of the juvenile model (SGJ1 and SGJ2) were evaluated against corre-
sponding results derived from an MRI-based model of one subject (SSJ1). The SGJ1 and SGJ2
models were created by scaling the GJ model using gait marker positions and joint centre loca-
tions derived from MRI imaging, respectively. Differences in the calculated values of peak iso-
metric muscle forces and muscle moment arms between the scaled-generic models and MRI-
based model were relatively small. Peak isometric muscle forces calculated for SGJ1 and SGJ2
were respectively 2.2% and 3.5% lower than those obtained for SSJ1. Model-predicted muscle
forces for SGJ2 agreed more closely with calculations obtained from SSJ1 than corresponding
results derived from SGJ1. These results suggest that accurate estimates of muscle forces during
gait may be obtained by scaling generic juvenile models based on joint centre locations. The
generic juvenile model developed in this study may be used as a template for creating subject-
specific musculoskeletal models of normally-developing children in studies aimed at describing
lower-limb muscle function during gait.
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1. Introduction juvenile subjects (Modenese et al. 2018). Pitto et al.
(2019) published a graphical framework for generating
individual MRI-based models. Based on the assump-
tion that a muscle operates near its optimal fiber
length during gait, these workers used a multi-dimen-
sional parameter tuning procedure to determine the
values of muscle-tendon parameters needed to match
variables such as the net joint moments measured

during gait.

Computer models of the human musculoskeletal sys-
tem are used for a wide range of applications in bio-
studies of muscle function in
locomotion (Zajac and Gordon 1989; Pandy and
Andriacchi 2010) to pre-operative planning of ortho-
paedic surgeries (Chao et al. 2007). Many of these
studies are based on a generic model of a healthy

mechanics, from

adult (Delp et al. 1990; Anderson and Pandy 1999;
Garner and Pandy 2001; Klein Horsman et al. 2007;
Arnold et al. 2010), which is scaled with respect to
body mass and segment lengths to obtain a scaled-
generic model of a particular individual (Correa and
Pandy 2011; Dorn et al. 2012; Fok et al. 2013; Lai
et al. 2014; Lin et al. 2015). A recent study compared
methods for determining muscle-tendon parameters
in individual models based on a generic adult model
and in combination with individual MRI data of

Recent studies on lower-limb muscle function dur-
ing gait in children have used scaled-generic models
of healthy adult subjects (Steele et al. 2010; Correa
and Pandy 2012; Hegarty et al. 2016). However, it is
unclear whether this approach is appropriate for
determining musculoskeletal geometry and muscle-
tendon properties in children, as body mass index
(BMI), body-segment anthropometry, bone geometry,
muscle moment arms, and muscle-tendon architecture
are all substantially different in normally-developing
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Table 1. Physical characteristics of the five normally-develop-
ing children recruited to this study. BMI, body mass index.

Subject Height [cm] Mass[kg] Age [y] Gender BMI [1]
1 133.0 314 9.0 male 17.8

2 124.0 24.0 9.0 female 15.6

3 140.0 33.0 11.0 male 16.8

4 129.2 27.8 7.9 male 16.7

5 126.5 28.5 7.0 male 17.8
Average 130.5£6.3 289+35 88zx15 16.9+0.9

children and adults (Lebiedowska and Polisiakiewicz
1997; Beutel et al. 2018). For example, healthy 9-year-
old boys have a BMI of 16.2 at the 50" percentile
compared with an average BMI of 22.4 for healthy
19-year-old adults (Centers for Disease Control and
Prevention, 2000).

Limited data are available to describe the paths and
architectural properties of the lower-limb muscles of
normally-developing children (Kainz et al. 2018;
Modenese et al. 2018). The importance of this infor-
mation has been emphasized in studies quantifying
the sensitivity of muscle force estimates to perturba-
tions in musculoskeletal geometry and the architec-
tural properties of muscles (Scovil and Ronsky 2006;
Redl et al. 2007; Ackland et al. 2012; Valente et al.
2014; Bosmans et al. 2015; Myers et al. 2015).
Ackland et al. (2012) found that lower-limb muscle
function in walking is most sensitive to changes in
tendon rest lengths and that the sensitivity of muscle
function to changes in muscle moment arms and
architectural properties is highly muscle-specific. Zuk
et al. (2018) investigated the robustness of dynamic
simulation results in the presence of uncertainties
resulting from the application of a scaled-generic
musculoskeletal model rather than a subject-specific
model and found that the estimated muscle forces are
sensitive to changes in the force magnitudes of those
muscles that generate relatively high forces dur-
ing gait.

Correa et al. (2011) reported an inter-subject vari-
ability of up to 25% in muscle moment arms computed
from MRI-based subject-specific musculoskeletal mod-
els of normally-developing children. They evaluated the
accuracy of scaled-generic models in determining the
moment arms and functional roles of the lower-limb
muscles during gait. Substantial differences were found
in the muscle moment arms computed from MRI-
based and scaled-generic models, although predictions
of potential muscle function were found to be consist-
ent between the two modelling techniques. Scheys et al.
(2008a, 2008b) also found that scaled-generic models
did not accurately reproduce measurements of muscle
moment arms obtained directly from MRI.

The overall goal of the present study was to
develop a generic musculoskeletal model of a healthy
10-year-old child that may be used as a template for
calculating lower-limb muscle forces during gait in
children. Our specific aims were to (1) create subject-
specific lower-limb musculoskeletal models of five
normally-developing children from in vivo MRI data;
(2) specify the musculoskeletal geometry and architec-
tural properties of the muscles defining a generic
juvenile model of the lower extremity; and (3) evalu-
ate calculations of lower-limb muscle forces during
gait obtained from the generic juvenile model against
gold-standard results obtained from a corresponding
MRI-based model.

2. Materials and methods

Five normally-developing children (age, 8.8 + 1.5 years;
height, 1.305+0.063m; weight, 28.9+3.5kg BMI
16.9+0.9) were recruited to this study (see Table 1).
Ethics approval was obtained from the Ethics
Committee of Vienna and written, informed consent
was provided by the parents of each child.

2.1. Mr imaging and gait data collection

MRI and gait analysis data were recorded for each
participant. MRI data were recorded at the MR/CT
Institute Schmidt GmbH&Co KEG, Vienna, Austria
using a Siemens Symphony Maestro Class 1.5 Tesla
scanner. Each subject lay supine with the hips and
knees extended and the ankles in the neutral position.
For both limbs, three series of axial images (voxel
size, 0.9mm x 0.9mm x 3.0mm) and one series of
transversal images (voxel size of 1.8 mm x 1.8 mm x
8.0mm) were obtained from the 4™ lower-lumbar
vertebrae down to the calcaneus.

Gait data were recorded at the Gait and Movement
Analysis Laboratory at the Orthopaedic Hospital in
Speising, Vienna, Austria. Joint motion, ground reac-
tion forces and muscle EMG data were recorded sim-
ultaneously as each participant walked at their self-
selected speed. Retro-reflective marker positions were
captured using a 6-camera, opto-electronic, motion
measurement system (Motion Analysis Corporation,
CA) sampling at 60Hz. A modified version of the
Cleveland Clinic marker set was used, as described by
Dorn et al. (2012). Ground-reaction forces and the
corresponding moments were measured using two
six-component, strain-gauged force plates (AMTI
Advanced Mechanical Technology, Inc., MA) sam-
pling at 500Hz. Surface EMG electrodes were
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Table 2. Parameters defining the force-producing properties
of each muscle-tendon unit included in the generic juvenile
(GJ)) model. Symbols given in the table are defined in
the text.

Muscle-tendon unit FMINl Meml [T lem]  oM[deg]
Adductor longus 198 8.17 8.64 6.6
Adductor magnus 637 11.15 11.08 15.6
Hamstrings 637 10.92 2242 8.0
Biceps femoris short head 143 8.66 8.49 12.3
lliopsoas 377 8.75 6.99 12.5
Gluteus maximus 764 13.86 9.35 219
Gluteus medius 579 6.39 3.42 205
Gluteus minimus 142 5.05 1.83 10.0
Gracilis 74 17.65 11.60 8.2
Pectinius 175 9.86 3.97 0.0
Piriformis 251 1.95 7.55 10.0
Sartorius 61 32.05 7.74 0.0
Tensor fasciae latae 98 7.68 30.42 3.0
Rectus femoris 585 6.13 27.34 13.9
Vastus 2461 7.89 22.59 17.5
Peroneus 372 3.86 3245 13.0
Gastrocnemius 1048 4.26 32.27 109
Soleus 1547 334 23.99 283
Tibialis anterior 292 5.19 25.76 9.6
Tibialis posterior 527 2.81 27.63 13.7
Extensor digitorum 227 5.47 31.92 7.0
Flexor digitorum longus 143 339 35.28 13.6
Flexor hallucis longus 239 4.02 35.70 16.9

attached to the right leg to record activity from the
biceps femoris long head (lateral hamstrings), gastro-
cnemius and rectus femoris muscles. EMG data were
band-pass filtered between 50 and 200 Hz using an
order 100 Finite Impulse Response (FIR) filter, and
then rectified. The gait data were processed using a
Gait Extraction Toolbox developed by Dorn (2008).
All recorded data are
Hainisch (2015).

presented in detail by

2.2. Template generic adult (GA) model

A model of a healthy adult (age, 26years; height,
1.80m; mass, 75.0kg), which was created from the
generic ‘Gait2392° model available in OpenSim
(Anderson and Pandy 1999; Delp et al. 2007), was
used as a template generic adult (GA) model in this
study. The body was represented as a 14-segment, 23-
degree-of-freedom skeleton actuated by 92 muscles.
The number of muscles was reduced to 23 per leg by
combining the sub-regions of vasti, hamstrings and
gastrocnemius into single muscle groups and neglect-
ing those muscles of relatively small volume. Five
muscle-specific parameters described the force-pro-
ducing properties of each muscle-tendon unit: optimal
muscle-fiber length, M; tendon slack length, IT; peak
isometric muscle force, Féw, and the corresponding
pennation angle,ocM; and the intrinsic maximum
shortening velocity of muscle, v (=10 lﬂ/I/sec) (Zajac
1989). Values of FM, I and oM were based on

cadaver measurements obtained from adult donors
(Ward et al. 2009; Arnold et al. 2010). Muscle-tendon
attachment sites and tendon slack lengths for the
combined actuators (vasti, hamstrings, and gastrocne-
mius) were adjusted until the joint moment-angle
curves computed for maximum isometric muscle con-
tractions matched corresponding results derived from
the model by Arnold et al. (2010).

2.3. Subject-specific juvenile (SSJ) models

MRI-based subject-specific juvenile (SS]) models of the
five participants (SSJ1 to SSJ5) were created based on the
geometry of the generic adult model (GA) and are identi-
cal in structure to the models presented by Hainisch
et al. (2012). The lengths, locations of centers-of-mass,
and inertial properties of the body segments were scaled
to each participant’s height and mass. Bone geometry of
each individual child was derived from the MR images.
Joint center locations and functional joint axes were esti-
mated using the segmented bone geometry and “virtual
markers” in the MRI dataset. Muscle volumes, muscle-
tendon attachment sites, and muscle-tendon lines-of-
action were calculated directly from the MR images.
Muscle-fiber lengths were adjusted to ensure that each
muscle developed active force over a similar range of
motion in both the GA model and the SSJ models
(Hainisch 2015).

To determine the peak isometric force of each
muscle, FY, the muscle’s physiological cross-sectional
area (PCSA) was found by dividing the muscle’s vol-
ume calculated from the MR images, V", by the
muscle’s optimal fiber length, /M. PCSA was then
multiplied by maximum muscle stress, ¢ =33 N/cm?
(Weijs and Hillen 1985) to obtain FY. We assumed
that in normally-developing children the joint angle
at which a muscle develops its peak isometric force is
the same as that in healthy adults, and the value of
tendon slack length, I, was adjusted for each individ-
ual muscle accordingly. Values of pennation angle,
oM, and the intrinsic maximum shortening velocity of
muscle, vimax, Were identical with those defined in the
GA model.

Details describing the development and anatomical
structure of the MRI-based subject-specific models
developed in this study are provided as supplementary
material.

2.4. Generic juvenile (GJ) model

Musculoskeletal geometry and muscle-tendon proper-
ties (see Table 2) for the MRI-based SS] models were
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averaged across the five subjects to create a generic
juvenile model (GJ) representing children 8-11 years
of age. First, the template GA model was scaled to
the average limb segment dimensions of the SSJ
models using a scaling function available in
OpenSim. Limb segment dimensions for each SSJ
model were obtained using the joint centre locations
identified with “virtual markers” in the MRI dataset.
Optimal muscle-fiber lengths for the GJ model, <,
were identical with those assumed in the scaled
GA model.

Muscle-tendon attachment sites and via points,
P, in the GJ model were determined by first nor-
malizing corresponding data in the MRI-based SSJ
models using the body-height ratio of SSJ-model to
GJ-model as a scale factor. The subject-specific
muscle-tendon attachment sites and via points, pSi
were then averaged across all five normalized SSJ-
models as follows:

SSJi
xyz Za,*P”Z (1)

where g; is the scale factor based on the ratio of body
height for the SS] model to the GJ model and x,y,z
represent the three coordinates of the location of a
muscle-tendon attachment site or via point.

Body composition was similar in all participants
(i.e, BMI = 16.9+0.9). To determine the average
muscle volumes for each subject-specific model
(V¥ ), the volume of each muscle (V5 ) was multi-
plied by the ratio of the average body mass to each
subject’s body mass (mbadyG]/mbody) to compensate for
differences in body mass between subjects. The vol-
ume of each muscle was averaged across all five SSJ
models as follows:

m%

5
1 i Mpoa
o _ 1 SSJi g, __body
Vm - 5 Z Vm SSJi (2)
i=1 mbody

Tendon slack length, 19, for each muscle was
determined using the method described by Hainisch
et al. (2012). To obtain the peak isometric force of
each muscle, F¥, 0> the average volume of each muscle,
v ,,, was divided by the corresponding optimal
muscle-fiber length, 19y, yielding an average value of
muscle PCSA®. Finally, peak isometric muscle force
was found by multiplying PCSA®’ by the value of
maximum muscle stress (¢ =33N/cm?) (Weijs and
Hillen 1985).

GJ

e
Fy' = PCSAY x o= -2 x o 3)
lOm

2.5. Scaled-generic juvenile (SGJ) model

We examined the appropriateness of scaling the GJ
model for the purpose of calculating muscle forces
during gait in children 8-11years of age. For subject
1, we created two scaled musculoskeletal models,
SGJ1 and SGJ2, based on the structure of the GJ
model. The SGJ1 model was created by scaling the GJ
model to subject 1 using the gait marker positions to
define the body-segment lengths. In contrast, the
SGJ2 model was created by scaling the GJ model to
subject 1 using the joint center positions measured
from the MR images obtained for this subject. The
peak isometric force of each muscle was found using
the mass-length scaling law described by Correa and
Pandy (2011):

(mM)scaled lM

led
(Fé\/[)sme = F(I)fo mM X (ZM)scaled
0

led
y (mB)scae loM

(4)

mB X (ZM)scaled
0

The superscript ‘scaled’ in equation (4) denotes the
parameters of the scaled model, m™ is muscle mass
and m? is total body mass. Total body mass was used
instead of the individual muscle masses as body mass
distribution was assumed to be the same in the GJ
model and subject 1.

Details of the modelling pipeline utilized in the
current study are presented as supplementary mater-
ial. The generic juvenile model together with all MRI-
based subject-specific models may be downloaded in
Opensim-xml file format using the following link:
https://simtk.org/projects/children.

2.6. Muscle force calculations

The SGJ1 and SGJ2 models were used in conjunction
with gait data recorded for subject 1 to calculate
lower-limb muscle forces developed during normal
walking, and the results then compared to those
obtained for the gold-standard MRI-based SSJ1 model
for subject 1. The net joint moments generated at the
ankle, knee, and hip were computed using the joint
motion and ground reaction force data recorded for
each subject. All moments were calculated using the
inverse dynamics function available in OpenSim
(Delp et al. 2007). Muscle moment arms were com-
puted as the shortest distance between the muscle-
tendon line-of-action and the associated joint center
of rotation (Pandy 1999). Individual muscle force tra-
jectories were calculated using the static optimization
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Figure 1. Peak isometric muscle forces normalized to body weight for the generic juvenile model (GJ), the MRI-based model of
subject 1 (SSJ1), the generic child model scaled to the dimensions of subject 1 using gait marker positions (SGJ1), and the generic
child model scaled to the dimensions of subject 1 using measured joint center positions (SGJ2). Peak isometric muscle forces
were computed for the SGJ1 and SGJ2 models using the mass-length scaling procedure described by Correa and Pandy.’.

function in OpenSim, which minimized the sum of
the squares of all muscle activations in the model
(Brand et al. 1986). Model-predicted muscle forces
during the stance phase of gait were compared against
muscle EMG data recorded for subject 1 as well as
EMG data reported in the literature (Lieber 1986).

3. Results

Differences in the calculated values of muscle moment
arms and peak isometric muscle forces between the
scaled-generic models and the gold-standard MRI-
based model were relatively small. Peak isometric
muscle forces calculated for the SGJ1 and SGJ2 mod-
els were respectively 2.2% and 3.5% lower than those
obtained from the MRI-based juvenile model, SSJ1
(Figure 1). In particular, peak isometric forces of
gastrocnemius and soleus were significantly lower
(16% and 19% lower, respectively) for the scaled
models compared to the MRI-based model. The
moment arms of the major force-producing muscles
calculated for the SGJ1 and SGJ2 models were on
average 5% smaller than those obtained from the
MR-based SSJ1 model (Figure 2).

Model-predicted muscle forces for the SGJ2 model
agreed more closely with calculations obtained from
the MRI-based SSJ1 model than corresponding results
derived from the SGJ1 model (Figure 3). The SGJ1
model predicted higher forces for the uniarticular
ankle and knee muscles, soleus and vasti, compared

to the results obtained for the gold-standard SSJ1
model. However, a lower force was obtained for the
uniarticular hip flexor, iliopsoas, in the SGJ1 model
than that calculated for the MRI-based SSJ1 model.
The calculated values of muscle force obtained from
the SGJ1 and SGJ2 models were similar for the
remaining muscles.

4, Discussion

The aim of this study was to develop a generic mus-
culoskeletal model of a healthy 10-year-old child and
examine the effects of geometric scaling on the calcu-
lated values of lower-limb muscle forces during gait.
Subject-specific musculoskeletal models of five nor-
mally developing children were developed from
in vivo MRI data, and these models were subse-
quently used to create a generic juvenile model.
Calculations of individual muscle forces for normal
walking obtained from a scaled-generic version of the
juvenile model were evaluated against corresponding
results obtained from an MRI-based model of one
subject. The generic juvenile model presented here
may be used as a template to generate subject-specific
musculoskeletal models of normally-developing chil-
dren in studies aimed at describing lower-limb muscle
function during daily activities such as walking.
Differences in muscle moment arms and peak iso-
metric muscle strengths calculated for the five sub-
jects were relatively small (Figures 1 and 2, standard
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Figure 2. Calculated moment arms of selected muscles for the MRI-based model of subject 1 (S5J1), the generic juvenile model
(GJ), the generic juvenile model scaled to the dimensions of subject 1 using gait marker positions (SGJ1), and the generic juvenile
model scaled to the dimensions of subject 1 using measured joint center positions (SGJ2). Muscle moment arms were normalized
by body height and then averaged over the joint range of motion measured for normal walking. For the bi-articular muscles
(HAMS and GAS) it is indicated which joint the moment arm refers to.

deviations for GJ model are relatively small across all
muscles), suggesting that the generic juvenile model
adequately represents the musculoskeletal structure of
children 8 to 11years of age. However, if some chil-
dren possess muscles that are significantly larger in
volume than that assumed in the generic model, then
these differences are less likely to be accounted for
when a simple scaling procedure such as the mass-
length scaling law is applied. In the present study,
this effect was observed for the gastrocnemius and
soleus muscles, whose volumes were significantly
larger for subject 1.

The difference in body height between the generic
juvenile model and subject 1 was only 1.8%, which is
likely the reason why scaling of the generic juvenile
model led to comparable changes (on the order of a
few percent) in the characteristic measures of the
SGJ1 model. However, significant modelling errors
resulted when the gait marker data were applied to
the mass-length scaling law, particularly in relation to
the hip joint centre location, which produced subse-
quent errors in the thigh and shank lengths. The
mean difference in scaled thigh length between the
generic juvenile model and the MR-based individual
models was only 1 mm, while the mean difference in
the scaled shank length between these two models
was 24 mm (Hainisch R, 2015). By comparison, Kainz
et al. (2017) found mean differences of approximately

10mm for the thigh length and 15mm for the shank
length for normally-developing children when model
scaling was based on joint centers. These errors in
turn affected the joint angles calculated from inverse
kinematics, which propagated to errors in model-pre-
dicted moment arms and muscle forces. The results
of Figure 3 show that scaling the generic juvenile
model on the basis of joint centre locations resulted
in more accurate estimates of lower-limb muscle
forces during gait (cf. black solid lines and green dot-
ted lines in Figure 3).

One limitation of the present study was the rela-
tively small sample size. Only five subject-specific mod-
els were developed due to the time-consuming
procedures associated with processing the MRI data
and reconstructing the muscles and bones for each
subject. Future work should focus on creating a more
comprehensive database of lower-limb musculoskeletal
anatomy by combining in vivo MRI and ultrasound
measurements obtained from larger cohorts of children
stratified into different age groups (Passmore et al.
2017). A second limitation was that in vivo measure-
ments of muscle fascicle lengths and pennation angles
were not incorporated in the MRI-based models.
Instead, estimates of these muscle architectural proper-
ties were obtained by scaling corresponding dimen-
sions assumed in a generic model of a healthy adult
male (Arnold et al. 2010). Nevertheless, our estimates
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Figure 3. Muscle force trajectories calculated for the MRI-based model of subject 1 (SSJ1), the generic juvenile model (GJ), the
the generic juvenile model scaled to the dimensions of subject 1 using gait marker positions (SGJ1), and the generic juvenile
model scaled to the dimensions of subject 1 using measured joint center positions (SGJ2). Results are presented for the stance
phase of gait. The filled horizontal bars below each graph represent muscle EMG activity measured for subject 1 while the empty
horizontal bars are experimental EMG data reported by (Lieber 1986).

of muscle volumes and optimal muscle-fiber lengths
for the vasti and rectus femoris are consistent with
data reported by O’Brien et al. (2010) who measured
quadriceps volumes from MRI and optimum fiber
lengths from ultrasound in healthy children 8 to
1lyears of age. For example, O’Brien et al. (2010)
reported average fascicle lengths for the vastus medialis
and vastus lateralis muscles ranging from 48 mm to
68 mm for boys and girls 8-9years of age. The opti-
mum muscle-fiber length assumed for the vasti
muscles in the GJ model was 78 mm (Table 2). For the
vasti muscles in the GA model defined in OpenSim,
the average ratio of optimum muscle-fiber length to
fascicle length was calculated to be approximately 0.7.
Assuming the ratio of optimum muscle-fiber length to
muscle fascicle length is the same in the GA and GJ
models, we estimated the muscle fascicle length to be
0.7*78 =55mm, which compares favourably with the
data reported by O’Brien et al. (2010).

In summary, we developed a generic musculo-
skeletal model of a healthy 10-year-old child and
examined the effects of geometric scaling on the
calculated values of lower-limb muscle forces dur-
ing gait. We found that differences in the calculated
values of peak isometric muscle forces and muscle
moment arms between the scaled-generic models
and the gold-standard MRI-based model were
small. Peak isometric muscle forces calculated for
the SGJ1 and SGJ2 models were respectively 2.2%
and 3.5% lower than those obtained for SSJ1.
Model-predicted muscle forces for the SGJ2 model
agreed more closely with calculations obtained from
the MRI-based SSJ1 model than corresponding
results derived from the SGJ1 model. These results
suggest that accurate estimates of muscle forces
during gait may be obtained by scaling generic
juvenile models on the basis of joint
centre locations.
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