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Abstract: Musculoskeletal computational models provide a non-invasive approach to investigate
human movement biomechanics. These models could be particularly useful for pediatric applications
where in vivo and in vitro biomechanical parameters are difficult or impossible to examine using
physical experiments alone. The objective was to develop a novel musculoskeletal subject-specific
infant model to investigate hip joint biomechanics during cyclic leg movements. Experimental
motion-capture marker data of a supine-lying 2-month-old infant were placed on a generic GAIT 2392
OpenSim model. After scaling the model using body segment anthropometric measurements and
joint center locations, inverse kinematics and dynamics were used to estimate hip ranges of motion
and moments. For the left hip, a maximum moment of 0.975 Nm and a minimum joint moment of
0.031 Nm were estimated at 34.6◦ and 65.5◦ of flexion, respectively. For the right hip, a maximum
moment of 0.906 Nm and a minimum joint moment of 0.265 Nm were estimated at 23.4◦ and 66.5◦ of
flexion, respectively. Results showed agreement with reported values from the literature. Further
model refinements and validations are needed to develop and establish a normative infant dataset,
which will be particularly important when investigating the movement of infants with pathologies
such as developmental dysplasia of the hip. This research represents the first step in the longitudinal
development of a model that will critically contribute to our understanding of infant growth and
development during the first year of life.
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1. Introduction
Human movements are complex event sequences that involve high coordination levels
between musculoskeletal and neurological systems. Establishing the normative characteristics of specific human movements is particularly important when investigating individuals
who have pathologies preventing natural movements. In the biomechanics field, aspects
of human movements, such as segmental kinematics, kinetics, and muscle activity, are
experimentally quantified and characterized by using established methodologies, such
as marker-based motion capture (MOCAP), inertial measurement units, force plates, and
electromyography. While these technologies are non-invasive, they require the presence of
human subjects in the laboratory following specific instructions to obtain a useful dataset.
For common human movements such as walking gait, once normative experimental data
ranges are established for specific populations, biomechanists often turn to musculoskeletal
computational models (MCM). MCM are convenient to non-invasively study the simulated dynamics of human movement, bypassing the investigation of in vivo and in vitro
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biomechanical parameters that may be difficult or impossible to examine using physical
experiments alone.
Over the past two decades, the complexity and quality of MCM advanced at a rapid
rate. In the biomechanics literature, MCMs have been used for a wide range of applications,
including sports performance [1,2], clinical outcomes [3–8], occupational ergonomics [9,10],
and accident reconstruction [11]. While there has been a steady advance in adult human
MCM [12–14], neonatal and infant populations have been widely under-investigated
in modeling.
In early infancy, when babies experience rapid development, it is vital to understand
the nature of infant movements in daily body positioning environments and the effect on
healthy musculoskeletal development. Novel MCMs have studied these effects during
fetal movement [15–17] and pathological conditions in infancy, such as developmental
dysplasia of the hip (DDH) [18–20]. DDH is an abnormal condition in infants characterized
by dislocation, misalignment, or instability of the hip [21,22]. Infants are at a greater risk of
DDH if they were in a breech position during delivery, are female, are the first-born, or have
a family history of DDH [23]. Challenges in establishing a normative dataset are due to
difficulties in recruiting infant subjects and the dearth of biomechanical studies examining
movement and coordination in early infancy. Developing realistic infant MCM is crucial,
particularly due to the paucity of experimental infant data in the literature. Additionally,
since infants experience rapid growth in their first year of life, it is equally important
to develop subject-specific infant MCM to obtain a more robust understanding of their
movements and the subsequent joint and musculoskeletal development. MCM achieve the
closest approximation to physiologically accurate movements when they are developed as
subject-specific models. However, developing subject-specific MCM is a complicated, multilayered process, often involving segmental anthropometric measurements, 3D imaging
such as MRI/CT, 3D kinematics using MOCAP, and electromyography.
Typically, subject-specific MCMs are developed by scaling the generic model using
the subject’s segment anthropometries [24]. The segment lengths can be calculated using
surface anatomical landmarks [24] alone or in combination with joint center locations.
Kainz et al. [25] found that incorporating joint centers in the scaling process significantly
increased the accuracy of the thigh and shank segment estimates when compared to scaling
with surface markers alone. The hip joint center (HJC) locations are difficult to estimate
because HJC locations cannot be directly identified from surface marker locations. HJC
locations can be estimated using functional estimation methods or regression equations.
Knee and ankle joint centers can also be estimated using functional methods. Functional
approaches are implemented during MOCAP for subjects who have a sufficient hip range of
motion and can easily perform the instructed functional movements [24]. However, regression equations are implemented after MOCAP for subjects who have a limited hip range
of motion [24] or cannot perform the required movements. Both approaches are accepted
methods of calculating HJC locations when medical imaging is not available [26], which is
the case for infant populations under the age of one year where MRI/CT is unavailable.
Previous studies have attempted to quantify an infant’s joint kinematics and kinetics
during spontaneous movement, but an infant MCM has yet to be created. The purpose of
this work was to develop a novel lower extremity computational musculoskeletal model
representative of an infant, using body segment anthropometric measurements and experimental MOCAP data of a single infant taken from previously collected infant biomechanics
data [27,28]. This study will provide more insight into biomechanical loadings at the hip
joint during a spontaneous kick and will provide a noninvasive technique for evaluating
the mechanisms contributing to infant hip development.
2. Materials and Methods
2.1. Experimental Methods
De-identified experimental data for one healthy, full-term male infant (2.4 months)
was obtained from a study approved by the Institutional Review Board of the University of
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was obtained from a study approved by the Institutional Review Board of the University
of Arkansas for Medical Sciences [28]. The infant was weighed on an infant scale at 5.35
kg and was measured head to heel (lying supine) at 56 cm. Leg length measurements were
made
withfor
a standard
measuring
the
right
and left
cm and
22
Arkansas
Medical Sciences
[28].tape,
Thewith
infant
was
weighed
onleg
an measuring
infant scale23
at 5.35
kg and
cm,
respectively.
Marker-based
MOCAP
(100
Hz;
Vicon,
Oxford,
UK)
recorded
movement
was measured head to heel (lying supine) at 56 cm. Leg length measurements were made
through
reflective
markers placed
bilaterally
on and
the anterior
and posterior
of and
the head,
with a standard
measuring
tape, with
the right
left leg measuring
23 cm
22 cm,
anterior
superior
iliac spine
(ASIS),(100
posterior
superior
iliacUK)
spine
(PSIS),
greater
respectively.
Marker-based
MOCAP
Hz; Vicon,
Oxford,
recorded
movement
trochanter,
medial markers
and lateral
epicondyles
andand
theposterior
medial and
lateral
through reflective
placed
bilaterallyofonthe
theknee,
anterior
of the
head,
malleolus
of the iliac
ankle.
Additionally,
three-marker
rigidspine
bodies
weregreater
placed
on the
anterior superior
spine
(ASIS), posterior
superior iliac
(PSIS),
trochanter,
anterior
and lateral
posterior
of the pelvis
bilaterally
lateral
aspect
of each
thigh. of
Data
medial and
epicondyles
of and
the knee,
and on
thethe
medial
and
lateral
malleolus
the
were
recorded
over
a
30
s
period
with
the
infant
lying
in
the
supine
position
and
was
ankle. Additionally, three-marker rigid bodies were placed on the anterior and posterior
allowed
to move
freely andon
naturally
without
external
as shownover
in
of the pelvis
and bilaterally
the lateral
aspectany
of each
thigh.stimulations
Data were recorded
Figure
1a.
a 30 s period
with the infant lying in the supine position and was allowed to move freely
and naturally without any external stimulations as shown in Figure 1a.

Figure 1. Methodology pipeline: (a) infant MOCAP data collection, (b) musculoskeletal scaling, and
Figure 1. Methodology pipeline: (a) infant MOCAP data collection, (b) musculoskeletal scaling, and
(c) musculoskeletal model to predict hip joint ROMs and external hip joint moments.
(c) musculoskeletal model to predict hip joint ROMs and external hip joint moments.
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of the optimization problem was to place the model markers in the position that closely
matched the subject’s position while minimizing marker errors.
"
#

2
exp
exp
2
min
wj qj − qj
(1)
∑ wi kxi − xi (q)k +
∑
q

i ∈ markers

i ∈ unprescribed coords

exp

qj = qj

for all prescribed coordinates j

Functional joint centers for the hips, knees, and ankles were estimated and used
during the scaling process. The ankle and knee joint centers were calculated using the
midpoint between the medial and lateral marker positions. The hip joint centers (HJC)
were estimated using regression equations based on the subject’s leg length (LL) [31], as
shown in Equations (2)–(4).
HJCx = 11 − 0.063 × LL
(2)
HJCy = 8 + 0.086 × LL

(3)

HJCz = −9 − 0.078 × LL

(4)

The mean absolute errors for the posterior-anterior (HJCx ), medial-lateral (HJCy ), and
inferior-superior (HJCz ) position equations are 5.2 mm, 4.4 mm, and 3.8 mm, respectively.
The femur and tibia were both scaled non-uniformly by using a scale factor for the mediallateral direction and the superior-inferior direction. Since the infant was placed in the
supine position, the posterior pelvic markers were not captured during MOCAP. Thus, the
pelvis was scaled uniformly with respect to the medial-lateral direction.
The average upper-segment lower-segment (USLS) infant ratio [32], which compares
the upper segment (torso) and lower segment (legs), was also used to validate scaling.
A 5% difference was found between the reported USLS infant ratio (1.70) and the scaled
musculoskeletal model USLS infant ratio (1.61). In addition, a user-defined constant
ground reaction force (GRF) was defined to represent the infant's weight normal to the
ground and was applied at the infant’s coccyx. The GRFs in the shear directions were
neglected since the infant was lying supine and the motion was only observed in the lower
extremity. Typically, generic models use a synchronous GRF during scaling obtained from
a calibration sequence completed by the participant (either a static pose or a series of
predefined functional movements). For infant MOCAP studies, infants are generally placed
in a supine position, and there is not much variation in GRFs. Therefore, we assumed a
constant GRF concentrated at the coccyx. Inverse kinematics and inverse dynamics were
then used to estimate hip joint range of motion (ROM) and external moments. Figure 1
shows the methodology pipeline used in this study. Figure 2 shows the subject-specific
musculoskeletal infant model.
2.3. Outcome Measures
A movement of the hip joint beginning from an extended position moving through a
single flexion phase and then returning to the extended position is defined as a single kick.
A single, discrete kick, defined by a kick where no other kicking motion is observed within
1 s before and after the kick, was identified and isolated over a 3 s period for each hip to
visualize the extended–flexed–extended pattern [33]. To compare the kick on the left and
right leg, the kick-start time was adjusted to plot the kicks generated by both the right and
left hips.
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Figure 3. Hip joint ROM for left and right hips over a 3 s period.
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using experimental motion-capture data along with external forces, a novel musculoskeletal
model was created using inverse kinematics and dynamics. Our preliminary results
suggest that the musculoskeletal model is able to portray the biomechanics of infants when
estimating hip joint ROM and moments to investigate healthy infant movement.
Our results for the hip flexion angle and hip moment were normalized by the time
scale to better compare the kicks with varying kick duration to the kicks reported in the literature [33]. Figure 6 shows a trend agreement between the reported values and our results.
However, reported flexion values were higher when compared to our model. There was a
maximum hip joint angle difference of 30.5◦ (right hip) and 30.8◦ (left hip) when compared
to the literature. This maximum difference was observed at the corresponding time of
maximum hip flexion angle. This difference is attributed to dissimilarities in data collection
methodologies and subject heterogeneity. In the methods used by Schneider et al. [33], the
infant subject’s chest and abdomen were immobilized while the lower extremity could
move freely and naturally. On the other hand, our study permitted no movement restrictions, allowing the upper extremity as well as the lower extremity to move freely and
naturally in coordination with the upper body. With these different approaches, we see that
Math. Comput. Appl. 2022, 27, x FOR PEER
REVIEW
12
the kick
cycle ends at a greater hip joint angle for both hips compared to the starting8 of
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joint angle at the beginning of the kick cycle. This may be caused by the additional muscle
control needed when motion is reversed from flexion to extension to stabilize the hip joint.
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Hip joint moment data obtained through the musculoskeletal model were also normalized and compared to values reported in the literature [33]. In both results, a decrease in
Hip joint moment data obtained through the musculoskeletal model were also
moment was observed during hip flexion, and an increase in moment was observed during
normalized and compared to values reported in the literature [33]. In both results, a
the extension of the hip, as shown in Figure 7.
decrease in moment was observed during hip flexion, and an increase in moment was
observed during the extension of the hip, as shown in Figure 7.
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Figure 7 shows hip joint moment for both the right and left hip decreases as the hip joint
[33].
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the
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regression equations when compared to previously published equations [35–37] when
using the leg length as the predictor. Furthermore, the Hara method had the largest sample
size of all regression methods for estimating hip joint centers. Exploring the best methods
of defining the HJC for an infant population should be a focus of future research.
The paucity of infant biomechanical data in the literature is a major limitation in
infant musculoskeletal modeling. Additionally, infants’ inability to follow instructions in
an experimental laboratory makes infant biomechanics research a unique challenge. Our
model, while not yet generalizable to the infant population, represents a crucial advance in
developing subject-specific infant lower-extremity MCM from experimental data.
This study represents a novel musculoskeletal model that can enable innovative
research on the understudied infant population and eventually extend to pathologies such
as DDH. Eventually, researchers with limited or no access to infant participants will be
able to use the infant MCM model to study biomechanical loads that occur at the hip joint
during dynamic movements and use the results to identify and evaluate the mechanisms
that contribute to infant hip development. Future work should include how joint moments
might change with age during the first year of life before infants start walking. During this
period, the anatomy and neuromuscular system of infants undergo rapid changes, making
the development of valid subject-specific MCM of infants a crucial step to gain a more
granular and holistic understanding of infant growth and development.
5. Conclusions
A preliminary musculoskeletal computational model representative of an infant to
study the biomechanics of the lower extremity was created. This novel musculoskeletal
model was created using experimental MOCAP and GRF data, as well as OpenSim’s
inverse kinematics and inverse dynamics post-processing tools. The infant MCM can
enable innovative research on the understudied infant population by providing more
insight into biomechanical loadings at the hip joint during a spontaneous kick and can
eventually be extended to evaluating the mechanisms contributing to pathologies such
as DDH.
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