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Achieving kinematic identity across shape diversity
in musculoskeletal modeling

Adam D. Sylvester and Patricia Ann Kramer

ABSTRACT

Musculoskeletal modeling is emerging as a powerful approach to investigate the
locomotor biomechanics of extinct taxa. These models rely on bony morphology to
define joint locations and muscle geometry. Using different motion profiles to drive
models of extinct and extant taxa complicates comparisons because results reflect
both morphological and kinematic differences. Here we report on an approach that per-
mits changes in shape while maintaining model kinematics.

Using a human musculoskeletal model, we carried out walking simulations of ten
humans. Next, we morphed the model pelvis and proximal femur to match a recon-
structed australopithecine pelvis and proximal femur. Using the kinematic results from
the human walking simulations, we created new motion files based on the positions of
joint centers and tracked anatomical locations. These files were used to drive simula-
tions of the same walking trials with the australopithecine model. Joint centers and
axes of the human and australopithecine models were compared for each walking trial
simulation.

We found that joint centers in the australopithecine simulations were typically
within ~1um of their locations in human simulations, and joint axes differed by less than
0.005 degrees. Such small differences have negligible effects on external joint
moments calculated during inverse dynamics analyses. This conservative comparison
will serve as a baseline for more complex simulations. Although this work focuses on
one taxon, the approach outlined is applicable to a wide variety of extinct animals.
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INTRODUCTION

Locomotion is a critical adaptation for verte-
brates because it provides access to key resources
(i.e., food, water, safety, potential mates). Conse-
quently, reconstructing the locomotion of extinct
animals remains an important task for understand-
ing evolutionary transitions (Nyakatura et al.,
2019), reconstructing paleoecology (Thorpe,
2016), recognizing characters for phylogenetic
analysis (Gatesy and Dial, 1996; Armbruster et al.,
2014), and elucidating the details of a particular
taxon’s locomotor behaviors (Hutchinson et al.,
2005; Sellers et al., 2005). Within human evolution,
perhaps no transition is as important as the evolu-
tion of bipedalism (Ward, 2002). Walking on two
feet represents a fundamental shift away from
more general extant primate (or even mammalian)
locomotor behaviors, which employ all four limbs
(e.g., terrestrial quadrupedalism, quadrumanous
clambering, etc.). Despite decades of intense
study, a complete understanding of early hominin
bipedalism remains an elusive goal for science and
thus demands continued effort (Lovejoy and Heiple
1970; Susman et al. 1984; Ruff and Higgins, 2013;
DeSilva et al., 2013).

Several methodologies are used to coax the
locomotor biomechanics of extinct animals from
their fossilized remains, including comparative and
functional morphology, the study of allometric rela-
tionships, and the analysis of fossilized footprints
(see Hutchinson and Gatesy, 2006 for discussion).
More recently, musculoskeletal modeling has
arisen as the preeminent technique for elucidating
the (internal) details of animal locomotion (Pandy,
2001; Hutchinson et al., 2005; O’Neill et al., 2013;
Killen et al., 2020; Bishop et al., 2021a, 2021b,
2021c). The rise in musculoskeletal modeling is
largely motivated by human health applications,
and consequently human models are especially
well-developed (Pedersen et al. 1997; Delp et al.,
2007; Carbone et al., 2015; De Pieri et al., 2018).
Musculoskeletal models are built upon linked rigid
segment models and can be divided into inverse
dynamic and forward dynamic simulations (Dams-
gaard et al., 2006). Forward dynamic simulations
use muscle excitation as inputs to calculate the
motion of the model. Muscle excitations can be
derived from electromyography data (living ani-
mals) or estimated using dynamic optimization the-
ory under a performance criterion (e.g., minimize
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energy consumption) for a particular motor task
(e.g., stable walking) (Neptune 1999; Pandy, 2001;
Anderson and Pandy, 2001; Crompton et al.,,
2012). Several authors have used this approach to
reconstruct bipedal walking in australopiths, con-
cluding that they would have used erect human-
like walking and size-appropriate energy consump-
tion (Nagano et al.,, 2005; Sellers et al., 2005;
Crompton et al., 2012). Performance criteria are
challenging to know and/or model in extant animals
(Pandy, 2001) and, naturally, are more complicated
for extinct ones. A potentially confounding issue in
forward dynamic simulations is that model simula-
tions that result in unique kinematics make it chal-
lenging to disentangle the effects of morphology
and motion when comparing with extant taxa. That
is, model simulations of extinct and extant taxa
may differ both in terms of morphology but also in
terms of motion profiles. As a result, it becomes
complex to separate their respective effects on
simulation results (e.g., muscle forces, energy con-
sumption).

In inverse dynamic simulations, body motion
and external forces (i.e., the ground reaction force)
are model inputs and muscle excitations are out-
puts (Pedersen et al., 1997). Inverse dynamic sim-
ulations solve muscle recruitment by minimizing
muscle activations (often the sum of activations
raised to a power) necessary to generate required
joint moments. Moments generated by muscle
forces are critical because they produce the inter-
nal forces that support and move the body seg-
ments and are reflected in the external forces
(i.e., the ground reaction force). Additionally, the
muscle forces that create these moments require
the expenditure of metabolic energy (Margaria,
1968). Wang and colleagues (2004) carried out
simulations of australopithecine walking using an
inverse dynamics approach, also concluding that
an erect, human-like gait was likely, although one
not yet adapted for long distance travel.

One potential advantage of the inverse
dynamic approach for understanding extinct spe-
cies is that the effect of morphology can be isolated
from other sources of variability if the models are
analyzed using the same kinematic and kinetic
inputs. This allows the effects of morphological dif-
ference on simulation outputs to be separated from
other potential sources of difference, since all sim-
ulations use the same kinematic and kinetic inputs.



Such an approach does not attempt to resurrect
the motion of extinct taxa de novo. Instead, this
approach ultimately treats body motion and exter-
nal forces as a null hypothesis that can be evalu-
ated given known differences in morphology.

The purpose of this project was to develop
and report a procedure that would allow the effects
of aspects of morphological variation to be isolated
from other biomechanical factors (i.e., kinematics
and kinetics) by creating a common set of kine-
matic and kinetic data that can be used to drive
models with different shapes. We focus these
efforts on the evolution of the hominin hip and its
role in bipedal locomotion, although our procedure
could be applied to other taxa.

The hip joint and associated musculature play
critical roles during human walking (and running)
for propulsion, trunk stabilization, and weight-bear-
ing (Lovejoy and Heiple 1970; Berge, 1994; Ruff,
1998; Ward, 2002; Lovejoy, 2005). While it is uni-
versally agreed that early hominins were bipeds,
some researchers have argued that their pelvic
and proximal femur morphology betray a less
effective form of bipedalism (Stern and Susman,
1983; Susman et al. 1984; DeSilva et al., 2013).
Fossils attributed to Australopithecus afarensis
have figured prominently in these debates because
of their antiquity and relative fossil abundance
(Ward, 2002). Consequently, we have two interre-
lated goals. First, we want to alter (morph) an exist-
ing human musculoskeletal model to reflect
australopithecine hip shape (i.e., pelvis and proxi-
mal femur). The second goal is to develop a proce-
dure that could be used to drive simulations of
models that reflect human and australopithecine
hips, and that would result in identical kinematics
for both models.

Here, we consider identical kinematics to
mean that lower limb joint centers and axes of rota-
tion have negligible numeric differences with
respect to their positions (centers) and orientations
(axes) relative to the ground reaction force (GRF).
This ensures that moments about lower limb joints
generated by the GRF are identical during simula-
tions using human and australopithecine musculo-
skeletal models. Additionally, the morphing
described below does not affect the anatomical
coordinate systems of the joints. This is important
because joint angles are calculated based on the
coordinate systems of the joints. As a result of our
requirement that joint center positions and joint
axis orientations remain the same, joint angles
(e.g., knee angle) for human and australopithecine
musculoskeletal models will also be the same. This
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isolates the effects of shape from those that could
arise by using different motion profiles.

This represents a different approach to the
question of australopithecine pelvic morphology
and locomotion from previous work, but similar in
philosophy to the approach of Gatesy et al. (2009).
Those authors considered a vast array of potential
midstance poses for theropod dinosaurs, removing
those poses that did not meet biomechanical con-
straints (e.g., center of mass must be above foot
contact area). Driving a musculoskeletal model
(MSM), that reflects the shape of the australopithe-
cine hip, using human kinematic and kinetic inputs
has the potential to reveal biomechanical con-
straints which make the australopithecine hip
incompatible with modern human bipedalism. For
future work, this would treat modern human biped-
alism as the null hypothesis (because humans are
the only extant bipedal hominin) and would test
that null hypothesis given known differences in pel-
vic shape. Differences in MSM performance (e.g.,
muscle forces, metabolic energy consumption)
may indicate features (e.g., bone strain from a
finite element analysis, total energy consumption)
that refute the null hypothesis (equal kinetics and
kinematics) and indicate selective pressures that
drove hominin hip evolution during the early evolu-
tion of Homo. Refuting hypothetical kinematics will
reduce the set of potential australopithecine loco-
motor solutions and eventually result in a narrow
range of kinematic profiles for early hominins. This
more ultimate goal requires validating the method
for creating the australopithecine musculoskeletal
model and producing identical simulation kinemat-
ics. This validation is our proximate goal and the
basis for this report.

To evaluate our procedure, we compare
human and australopithecine models during walk-
ing simulations for the three-dimensional location
of lower limb joint centers as well as the orientation
of joint axes. We report average and maximum dis-
tances between homologous joint centers for simu-
lations using human and australopithecine hips as
well as the angle between homologous lower limb
joint rotation axes.

MATERIAL AND METHODS
Walking with a Modern Human Hip

Experimental data. We utilized the existing data
provided by Schreiber and Moissenet (2019),
which includes motion capture (52 optical markers)
and ground reaction forces for 50 participants.
From the larger dataset we selected one individual
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to develop the protocol (detailed below) and then
tested the protocol on an additional nine individu-
als. We used one walking trial for each participant
from the self-selected walking velocity (designated
C4 in Schreiber and Moissenet, 2019).

Model and human walking simulations. We
adapted the ADL_Gait [beta] full body MoCap
human model (Figure 1) that is part of the AnyBody
modeling software for this project (AnyBody ver-
sion 7.3.4). We refer to this model as the “ADL
human model” and segments of the model (e.g.,
pelvis) use this convention (e.g., ADL human pel-
vis). The lower limbs of this model are based on
the TLEM 2.0 validated lower limb model (Carbone
et al., 2015; De Pieri et al., 2018) and altered to
accommodate the data collection protocol of
Schrieber and Moissenet (2019). The model is
composed of upper limb, lower limb and trunk seg-
ments that are linked by frictionless joints and actu-
ated by muscle models. The following segments
comprise the lower limbs: pelvis, thigh, patella,
shank, talus, and foot segments. The trunk and
upper limbs include the following segments: lum-
bar, thorax, neck/head, arm, forearm, and hand.
The joints of the lower limb allow six total degrees
of freedom (three rotations at the hip and one each
at the knee (flexion/extension), ankle (plantarflex-
ion/ dorsiflexion), and subtalar (inversion/eversion)
joints). Joints in the trunk and upper limb allow for
trunk flexion/extension, lateral bending, rotation, as
well as scapular, shoulder, and elbow movement.
Forty-one lower limb muscles are composed of 169
muscle elements in each lower limb. We utilized
the simple model of muscle function, which is valid
for activities that require low muscle contraction
velocities and operate near optimal muscle length
such as walking (Fischer et al., 2018; De Pieri et
al., 2018). We followed standard procedures
detailed elsewhere (De Pieri et al., 2018; Sylvester
et al.,, 2021a, 2021b) to conduct human walking
simulations. This includes optimizing model dimen-
sions and marker driver locations (termed “Param-
eter Identification” in the AnyBody system) and
calculating model kinematics (termed “Marker
Tracking”) (Figure 1). The “Parameter Identifica-
tion” routine was conducted using walking trial
kinematics, and this process determines the best
marker driver positions and segment dimensions
(e.g., length, width) to fit the marker drivers to the
experimental optical markers (Lund et al., 2014).
During “Marker Tracking”, the software determines
the position of the model (e.g., hip angle, knee
angle) that best aligns marker drivers and with the
experimental optical markers.

Walking with an Australopithecine Hip

There were two major tasks to carry out simu-

lations of modern human walking with australopith-
ecine hip shape. The first was to alter the shape of
the ADL human model to reflect the shape of the
australopithecine pelvis and proximal femur. We
refer to this altered model as the “ADL australopith-
ecine model” and use this convention to refer to
model segments (e.g., ADL australopithecine pel-
vis). The second task was to create motion data to
drive simulations with the ADL australopithecine
model so that it would have the same kinematics
as the ADL human model walking simulations. As
our goal was to model only the australopithecine
hip, we maintained the positional integrity of the
sacrolumbar and knee joints. We accomplish this
goal by seating the trunk segments of the ADL
human model on the australopithecine pelvis and
by creating a hybrid femur. Details are provided
below.
Capturing australopithecine hip shape. To iso-
late the effects of australopithecine pelvis and
proximal femur, we morphed the ADL human pelvis
and proximal femur to approximate the shape of
the Lovejoy (1979, 1988) reconstructed A.L. 288-1
(Australopithecus afarensis; 3.2 Ma; Johanson et
al., 1982; Walter, 1994) pelvis and proximal femur.
Morphing the ADL human skeletal elements to the
australopithecine skeletal elements maps the mus-
cle models, including origins, paths, and insertions,
to geometrically homologous positions. This mor-
phing also maps the location of joint centers (e.g.,
hip joint center) but does not affect segment or joint
coordinate systems (e.g., anatomical directions in
the thigh), because the landmarks used to define
the coordinate systems maintain relevant spatial
relationships.

To begin, we surface scanned the reconstruc-
tion of the A.L. 288-1 pelvis and femur produced by
Lovejoy (1979, 1988) and extracted the surface
models of human pelvis and femur from the Any-
Body modeling software. The first task was to
reduce some of the asymmetry present in the A.L.
288-1 reconstructed pelvis (Lovejoy, 1979; Johan-
son et al., 1982). To accomplish this, we followed
the procedure outlined by Gunz et al. (2009). First,
we collected 31 landmarks (Figure 1, Appendix) on
the reconstructed A.L. 288-1 pelvis. Next, we
reflected and relabeled the landmarks, then
aligned the two landmark sets using Procrustes
superimposition, and calculated an average of the
two landmark sets. Finally, we then calculated a
thin plate spline (TPS) interpolation function that
mapped the original landmarks to the average con-
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FIGURE 1. The flowchart shows the major steps required to build the ADL australopithecine model. In the blue boxes,
the ADL human model is driven with the Schreiber and Moissenet (2019) human locomotion data. From these ADL
human simulations, the dimension of the pelvis and femur can be extracted as well as model motion profiles used at
later stages of the process (Figure 5). The gray boxes show the major steps in transforming (TPS-based morphing)
the ADL human pelvis to match the australopithecine morphology (A.L. 288-1 reduced-asymmetry pelvis; Australo-
pithecus afarensis), thus creating the ADL australopithecine pelvis. The green boxes show the steps necessary to cre-
ate the ADL australopithecine (hybrid) femur from the ADL human femur.
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figuration and applied it to all the vertices of the
A.L. 288-1 pelvis surface model. All further morph-
ing processes were accomplished using the A.L.
288-1 pelvis with reduced asymmetry, and we refer
to this as the “australopithecine pelvis”.

The next step was to morph the ADL human
pelvis and proximal femur to reflect the shape of
the australopithecine pelvis and proximal femur.
This resulted in surface models that reflect the
shape of the australopithecine pelvis and proximal
femur, while also being topologically equivalent to
the ADL pelvis and femur surface models. In this
context, equivalent topology means having the
same number of vertices and these vertices share
the same connectivity and anatomical location.
Generating models with equivalent topology facili-
tates morphing the ADL human model (to reflect
the australopithecine shape) in the modeling soft-
ware. We note that our goal was not to replicate
the intricate details of a particular australopithecine
pelvis and proximal femur, but to capture the fea-
tures and gestalt that influence muscle mechanics
in the context of the MSM.

To morph the ADL human pelvis to approxi-
mate the shape of the australopithecine pelvis, we
identified 63 landmarks (Appendix) on the ADL
human pelvis and australopithecine pelvis. Land-
mark positions were collected on both pelves in
Avizo (Avizo Lite 9.0), on the surface models. Both
authors collected the landmarks three times over a
period of three weeks on the ADL human pelvis,
and intra- and interobserver errors were calculated
following Corner et al. (1992) and von Cramon-
Taubadel et al. (2007) and are reported in the
Appendix. We then calculated the TPS interpola-
tion function that mapped the ADL human pelvis
landmarks to the australopithecine pelvis land-
marks, and then applied the TPS function to the
ADL human pelvis surface model vertices (i.e.,
morphed the ADL human pelvis; Figure 1). We
refer to this morphed pelvis as the “ADL australo-
pithecine pelvis”. The average surface distance
between the final version of the ADL australopithe-
cine pelvis and the australopithecine pelvis is ~2
mm (Figure 2). The maximum distance between
surfaces is 12 mm, but these are areas located on
coccyx and superior facets of the sacrum which are
not critical sites of muscle origins. All morphing
described above (and below for the femur) was
carried out in Matlab R2021a.

We followed a similar TPS-based morphing to
reflect the shape of the australopithecine proximal
femur (Figure 1). To isolate the effect of the aus-
tralopithecine hip from other potential effects at the

knee, we created a hybrid femur that included an
australopithecine proximal end combined with the
original ADL human femur distal end. Our hybrid
femur ensures the knees of the australopithecine
and human models are identical, neither affecting
the knee axis of rotation nor muscle moment arms
about the knee, while allowing us to incorporate
shape differences in the proximal femur which may
affect hip muscle moment arms. The rest of the
hybrid femur was reconstructed as a smooth TPS-
based interpolation between the two ends. We
began by scaling the australopithecine femur
(reconstructed A.L. 288-1 femur) to have the same
maximum length as the ADL human femur, and
then we rigidly aligned the two femora based on
the proximal 20% using an iterative closest point
algorithm (Besl and McKay, 1992). Next, we evenly
distributed 237 vertices (XYZ coordinates) on the
proximal 20% of the ADL human femur (Moerman,
2018) and identified geometrically homologous
locations on the scaled and aligned australopithe-
cine femur using the coherent point drift algorithm
(Myronenko and Song, 2010). We also identified
the 2500 vertices that represent the distal end of
the ADL human femur. From these three sets of
vertices, we created two landmark sets. The first
landmark set represented the original ADL human
femur: ADL human femur proximal vertices com-
bined with ADL human femur distal vertices. The
second landmark set represented the hybrid femur:
australopithecine proximal femur vertices com-
bined with the ADL human femur distal vertices.
We then calculated the TPS interpolation function
that mapped the ADL human femur landmarks to
those of the hybrid femur. The TPS function was
then applied to the ADL human femur surface
model which resulted in a femur surface model that
has a proximal end shaped by australopithecine
shape, a distal end which reflects the original ADL
human femur, and a shaft that is a smooth, TPS-
based interpolation between the two ends. For sim-
plicity, we refer to this femur as the ADL australo-
pithecine femur.

Morphing the ADL human model in AnyBody.
The AnyBody modeling software can morph skele-
tal elements with several different functions, and
we used the TPS-based morphing function which
utilizes landmarks to control the morphing (as with
the other TPS morphing described above). This is
similar to the non-linear morphing used to trans-
form generic musculoskeletal models to patient-
specific musculoskeletal models (Marra et al.,
2015; Halonen et al., 2017). Because the ADL aus-
tralopithecine pelvis and femur surface models
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FIGURE 2. The top images show an overlay of the reduced-asymmetry australopithecine pelvis (beige) with the ADL
australopithecine pelvis (dark green). The bottom color-coded distance map pelvis show the distance between the
reduced-asymmetry australopithecine pelvis with the ADL australopithecine pelvis.
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FIGURE 3. Control landmarks for the AnyBody TPS-morphing on the ADL human femur and pelvis.

were topologically equivalent to the ADL human
pelvis and femur, this only required identifying
enough surface model vertices. The pelvis and
femur surface models both have more than 30,000
vertices, all of which could be used to control the
morphing, but at considerable computational time.
Consequently, we identified 145 landmarks for the
pelvis and 604 for the femur (Figure 3) for the TPS-
based morphing in AnyBody. For the pelvis, this
includes not only vertices from the surface model
of the pelvis, but also left and right hip centers as
well as the midpoint of the two anterior superior
iliac spines. For the femur, 101 landmarks repre-
sent the axis of knee flexion-extension (linear inter-
polation between defined joint axis points), one
landmark represents the center of the hip in the
femoral head, while the remaining landmarks were
vertices from the surface model of the bone.
Appropriate AnyBody script files were written to
carry out the morphing during the loading of the
model in the AnyBody software. The morphed ADL
model representing the australopithecine hip is
shown in Figure 4.

To maintain the kinematics between the ADL
human and ADL australopithecine models

(described below), we chose to maintain joint cen-
ter positions during walking simulations. For the
pelvis, this means that the ADL human pelvis and
ADL australopithecine pelvis needed to have the
same distance between hip centers, and the same
distance between hip and knee centers (femur/
thigh segment). In short, the ADL australopithecine
pelvis and femur used for morphing in the AnyBody
software had to be sized appropriately for a partic-
ular participant from whom the kinematic data were
obtained to drive the simulation. We extracted the
scale factors for a participant calculated during
Parameter Identification of the human simulation
modeling process. We scaled the ADL australo-
pithecine femur model using all three anatomical
scaling factors (superoinferior, mediolateral,
anteroposterior). We elected to scale the ADL aus-
tralopithecine pelvis isometrically using the medio-
lateral scale factor. This created an ADL
australopithecine pelvis with the desired distance
between hip centers, without altering pelvic shape.
Creating kinematic drivers for the ADL aus-
tralopithecine model (C3D file). Our musculo-
skeletal models are driven by external forces (i.e.,
GRFs obtained from force plates) and marker driv-



FIGURE 4. AnyBody australopithecine musculoskeletal
model without (left) and with (right) muscle model visual-
ization.

ers. Marker drivers are coordinate locations that
are rigidly attached to a model body segment (e.g.,
thigh, shank) and which are aligned (as closely as
possible) during Marker Tracking to paired experi-
mental optical marker positions (which are
obtained through motion capture experiments).
That is, for each experimental optical marker used
during a walking simulation, the model must have a
marker driver. The position of the marker drivers
relative to experimental markers is optimized
across all markers and segments to produce model
kinematic patterns. The positions of the marker
drivers are recorded during a walking simulation
and can be extracted from simulation results.

In the initial human walking simulations using
the ADL human model, the marker drivers were
aligned to the Schreiber and Moissenet (2019)
experimental optical markers during Marker Track-
ing. For the australopithecine simulations, we cre-
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ated a new set of “experimental optical markers”
based on results from the human walking simula-
tions (Figure 5). We extracted 45 positions (XYZ
coordinate locations) named in the model from the
human walking simulation results. For the pelvic
girdle and lower limb this included the positions of
the following points: sacral promontory and left and
right hip centers, knee centers, ankle centers,
medial and lateral femoral epicondyles, tibial tuber-
osities, medial malleoli, heels, and first and fifth
metatarsal heads. Each segment minimally had
three marker positions, which is sufficient to solve
segment translation and rotation uniquely. We also
used the original marker driver positions for the
trunk, head, and upper limbs. We combined these
positions with the original ground reaction force
data and exported all data to a C3D file (Michaud
and Begon, 2021). For the australopithecine simu-
lations we created marker driver definitions that
included the trunk and arms original marker drivers
with new marker drivers for the lower limb and pel-
vic girdle. In other words, we drove the simulation
with the original torso and upper body marker driv-
ers, while the pelvis and lower limb were driven by
joint centers and other critical anatomical locations.
This approach ensures that the joint centers and
axes are the same in each pair of simulations. We
then carried out walking simulations using these
data and the ADL australopithecine model and
refer to these as the australopithecine walking sim-
ulations (Figure 5).

One important difference between the ADL
human and ADL australopithecine pelvis, which
needed to be accommodated in a new C3D file, is
the position of the sacrum (Figure 1). The australo-
pithecine pelvis is anteroposteriorly narrow relative
to its mediolateral width as compared to the human
condition (Tague and Lovejoy, 1986). Thus, the
sacrum is in a different position relative to the hip
joints in the ADL australopithecine pelvis as com-
pared to the ADL human pelvis. This is important
because the sacrum connects the trunk, head, and
arms to the pelvis and lower limbs (L5-S1 joint),
and sacral promontory is used to define a marker
driver (i.e., defines pelvic motion). To compensate
for this change, we calculated a translational offset
(for each participant) between the L5-S1 joint posi-
tion on the ADL human pelvis and the ADL aus-
tralopithecine pelvis. These translations were
between 2.8 cm and 4.4 cm in magnitude (Table 1).
We then applied this offset to the markers of the
arms and trunk as well as sacral points (i.e., sacral
promontory) for each frame of the new C3D data,
accounting for changes in pelvic position across
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Simulation of Walking with an Australopithecine Hip
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combining lower limb joint centers
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Joint center positions
Anatomical location positions
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(2019) original GRF data
with new marker positions
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FIGURE 5. This flowchart shows the major steps required to generate the C3D motion file to drive the walking simu-
lations with an australopithecine hip. Blue, light blue, and blue/grey and blue/green dashed boxes are the same
boxes from Figure 1. The original ADL human model (blue box) is morphed based on the australopithecine pelvis
(blue/grey dashed box) and femur (blue/green dashed box) to create the ADL australopithecine model (orange box).
The results from the human walking simulation (blue box) are combined with the L5-sacral offset translation (light
blue box) to generate new “experimental marker data” that are combined with the original ground reaction force data
from Schreiber and Moissenet (2019) (purple box). The ADL australopithecine model and new motion data are then
used to drive the simulations of walking with an australopithecine hip.

the trial. The final C3D file, then, includes the origi-
nal GRFs as well as the new “experimental optimal
marker” positions (i.e., pelvic girdle/lower limb joint
centers and anatomical positions combined with
the sacrum-offset trunk and arm marker driver
positions).

We note that creating a new set of “experi-
mental optical marker” positions is only one possi-
ble solution to the problem described. It would also
be possible to alter the joint angle files that result
from the Marker Tracking protocol of the human
walking simulation to accommodate the australo-
pithecine musculoskeletal model. Initial efforts on
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both fronts suggested that creating the new “exper-
imental optical marker” positions would provide a
more general solution and potentially accommo-
date additional alternations in morphology for
future investigations.

Analysis

We applied the procedure described above to
one trial from each of ten participants that are part
of the larger Schreiber and Moissenet (2019)
experimental data. For each participant trial we
conducted walking simulations using the appropri-
ately scaled ADL australopithecine model and



TABLE 1. Trunk translational offset. *Participant identifi-
cation number,

ID* Offset (cm)
3.2
4.2
4.0
2.9
4.0
4.3
3.3
34
4.2
3.9
Mean 3.7
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matching newly created C3D files. We compared
lower limb joints (i.e., hip, knee, ankle, subtalar) of
the ADL australopithecine walking simulation to
their respective joints in the original ADL human
simulation. We expect that joint centers and axes
should exhibit negligible numerical differences
between human and australopithecine walking
simulation pairs. We consider this sufficient to
establish kinematic identity.

Each joint (e.g., hip) is rigidly attached to, and
numerically defined in terms of (i.e., joint center
location and axes orientation), a parent (e.g., pel-
vis) and a child (e.g., thigh) body segment. Below,
we refer to these as the “pelvis-hip” and the “thigh-
hip” and other joints are similarly denoted (e.g.,
“thigh-knee” and “shank-knee”). Simulations
express these joint positions (three Cartesian coor-
dinate positions) and orientations (nine values
describing orthonormal unit coordinate axes for the
joint) in the global coordinate system of the simula-
tion environment.

To compare joint positions across pair simula-
tions, we calculated the Euclidean distance
between homologous joint centers (e.g., right
knee) for each frame within a pair of walking simu-
lations (i.e., human to australopithecine). We report
the mean and maximum distances for each pair of
simulations as well as the means of those metrics
across all simulations. In addition, we calculated
the angle between joint axes for the hip, knee,
ankle, and subtalar joints. For uniaxial axial joints
(i.e., knee, ankle, subtalar), the functional axis is
described by one of the three joint coordinate axes,
which is the same for parent and child segments
when expressed in the coordinate system of the
simulation environment. The angular difference
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reported for this type of joint is the angle between
the vectors representing homologous joint axes
(e.g., angle between right knee flexion-extension
axes in human and australopithecine simulations).
It is important to note that the joint coordinate sys-
tems are unaffected by the morphing processes
described above. Special care was taken during
the morphing to include coordinate positions on the
femur as landmarks that are used to define the
thigh-knee coordinate axes in the model. Because
the relative positions of these landmarks are not
different in the human and australopithecine femur,
the thigh-knee coordinate axes also do not change.
Uniaxial joint angles (e.g., knee flexion-extension
angle) are calculated as the angle between the
thigh-knee and shank-knee coordinate systems.
Following the example of the knee: the unchanged
knee coordinate systems, in conjunction with the
requirements that the hip, knee, and ankle centers
are in identical positions and the knee functional
axes are aligned when comparing human and aus-
tralopithecine simulations, ensures that resulting
knee joint angles will be the same in simulation
pairs. The same rationale can be applied to all
other uniaxial joints in the lower limb.

Because the hip has three degrees of free-
dom, the axes of the pelvis-hip and thigh-hip are
not necessarily aligned (i.e., reflecting hip motion).
We compared the hip joint axes using the pelvis-
hip axes by calculating the single angle of rotation
that would bring human and australopithecine hip
axes into alignment. Again, we report mean and
maximum angles for human-australopithecine sim-
ulation pairs, as well as the means of those metrics
across simulations. Because joint angles are calcu-
lated between parent and child joint coordinate
systems, if the homologous coordinate axes are in
the same orientation between human and australo-
pithecine simulation pairs, the derived joint angles
will also be the same. As established above, the
points used to establish thigh joint coordinates
axes (including the thigh-hip) are unaffected by the
morphing process. This is also true for the pelvis-
hip, despite the significant change in pelvic shape.
The pelvis-hip coordinate axes are based on the
coordinate axes of the pelvis segment, which are
established by a plane defined by the anterior
superior iliac spines (ASIS) and the pubic tubercles
(PT). The morphing described above does not
affect this plane, only the relative positions of the
points (ASIS, PT) within the plane. Thus, our
requirement that joint positions and orientations
being the same ensures that more traditional kine-
matic measures (i.e., joint angles) are also the

1



SYLVESTER & KRAMER: MODELING EXTINCT LOCOMOTION

same. Nevertheless, for one individual we plot
lower limb joint angles (e.g., knee flexion-extension
angle) for a pair of human and australopithecine
simulations, to demonstrate that the comparisons
of joint positions and orientations also ensure more
traditional comparisons of joint angles. We did not
compare upper limb or trunk joint positions
because the changes in pelvic shape (i.e., sacral
translational offset) ensured that they would be dif-
ferent.

RESULTS

Distances between human and australopithe-
cine lower limb joint centers across all participants
are provided in Tables 2 and 3. The largest single
distance between homologous joint centers in the
human and australopithecine simulations is 3.89
pum (right knee for Participant 9). On average, this

distance between homologous joint positions
across trials was less than 1um for both left and
right lower limbs. Angles used to quantify differ-
ences in joint orientation are provided in Tables 4
and 5. The largest angular difference across all
simulations is 0.0049 degrees (hip joints for Partici-
pant 6) although most angular differences were
much smaller. Of particular note is that the angular
differences between human and australopithecine
hip axes are identical for both the left and right
sides. This is not a reflection of the reported num-
ber of digits (i.e., rounding error), but they are in
fact numerically identical to the reported decimal
precision (seven decimal places). Additionally, dif-
ferences in the orientation of the hip axes are an
order of magnitude greater than the other lower
limb joints. Traditional joint angles for one pair of

TABLE 2. Distance between human and Australopithecine right joint centers during simulations (um).

Hip Knee Ankle Subtalar
ID Mean Max. Mean Max. Mean Max. Mean Max.
1 0.75 0.94 0.62 0.91 0.46 0.85 0.46 0.85
2 0.67 0.78 0.22 0.47 0.17 0.40 0.16 0.39
3 0.65 0.75 0.26 0.56 0.23 0.51 0.23 0.51
4 0.57 0.77 0.35 0.59 0.29 0.57 0.29 0.57
5 0.54 0.73 0.26 0.58 0.22 0.58 0.22 0.58
6 1.19 1.28 0.43 0.88 0.32 0.80 0.31 0.79
7 0.72 0.89 0.41 0.60 0.37 0.59 0.37 0.59
8 0.91 1.1 0.48 0.69 0.42 0.66 0.42 0.65
9 0.50 0.68 3.28 3.89 2.88 3.55 2.90 3.64
10 1.08 1.19 0.54 0.91 0.44 0.88 0.43 0.87
Mean 0.76 0.91 0.68 1.01 0.58 0.94 0.58 0.94
TABLE 3. Distance between human and Australopithecine left joint centers during simulations (um).
Hip Knee Ankle Subtalar
ID Mean Max. Mean Max. Mean Max. Mean Max.
1 0.74 0.90 0.59 0.86 0.49 0.83 0.49 0.83
2 0.64 0.72 0.40 0.66 0.35 0.61 0.35 0.61
3 0.65 0.81 0.30 0.49 0.29 0.49 0.29 0.49
4 0.56 0.77 0.40 0.79 0.38 0.78 0.38 0.77
5 0.61 0.79 0.35 0.63 0.32 0.63 0.32 0.63
6 1.18 1.30 0.45 0.81 0.38 0.79 0.38 0.79
7 0.71 0.83 0.37 0.66 0.30 0.66 0.30 0.65
8 0.90 1.12 0.48 0.76 0.39 0.72 0.39 0.72
9 0.55 0.81 3.22 3.84 2.49 3.31 2.50 3.35
10 1.14 1.29 0.68 1.02 0.60 0.98 0.60 0.97
Mean 0.77 0.93 0.72 1.05 0.60 0.98 0.60 0.98
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TABLE 4. Angle between joint axes of human and Australopithecine MSM right lower limb (degrees).

Hip Knee Ankle Subtalar

ID Mean Max. Mean Max. Mean Max. Mean Max.

1 2.8E-03 3.3E-03 2.2E-05 6.5E-05 3.6E-05 8.4E-05 1.6E-04 3.1E-04
2 2.5E-03 2.8E-03 5.0E-05 7.7E-05 4.4E-05 7.2E-05 7.1E-05 1.5E-04
3 2.6E-03 2.9E-03 2.4E-05 6.5E-05 2.8E-05 6.7E-05 7.9E-05 1.7E-04
4 2.3E-03 2.9E-03 1.3E-05 4.8E-05 1.3E-05 4.0E-05 1.1E-04 2.2E-04
5 2.2E-03 2.8E-03 3.1E-05 6.1E-05 3.3E-05 7.0E-05 7.9E-05 2.0E-04
6 4.6E-03 4.9E-03 5.4E-05 1.1E-04 4.2E-05 1.0E-04 1.2E-04 2.9E-04
7 2.9E-03 3.4E-03 9.4E-05 1.6E-04 1.0E-04 1.6E-04 1.6E-04 2.4E-04
8 3.6E-03 4.2E-03 1.0E-04 1.7E-04 1.1E-04 1.8E-04 1.7E-04 2.6E-04
9 1.8E-03 2.2E-03 1.3E-04 3.6E-04 1.8E-04 4.3E-04 9.0E-04 1.1E-03
10 4.0E-03 4.2E-03 4.4E-05 7.4E-05 3.5E-05 6.6E-05 1.4E-04 2.9E-04
m 2.9E-03 3.4E-03 5.6E-05 1.2E-04 6.2E-05 1.3E-04 2.0E-04 3.2E-04

TABLE 5. Angle between joint axes of human and Australopithecine MSM left lower limb (degrees).

Hip Knee Ankle Subtalar

ID Mean Max. Mean Max. Mean Max. Mean Max.

1 2.8E-03 3.3E-03 2.2E-05 6.5E-05 3.1E-05 8.1E-05 1.6E-04 3.1E-04
2 2.5E-03 2.8E-03 2.7E-05 6.6E-05 3.4E-05 7.4E-05 7.1E-05 1.5E-04
3 2.6E-03 2.9E-03 1.4E-05 4.7E-05 1.5E-05 5.6E-05 7.9E-05 1.7E-04
4 2.3E-03 2.9E-03 2.1E-05 6.8E-05 2.1E-05 8.1E-05 1.1E-04 2.2E-04
5 2.2E-03 2.8E-03 3.8E-05 6.7E-05 4.4E-05 7.4E-05 7.9E-05 2.0E-04
6 4.6E-03 4.9E-03 4.4E-05 7.2E-05 3.5E-05 6.7E-05 1.2E-04 2.9E-04
7 2.9E-03 3.4E-03 8.8E-05 1.4E-04 9.7E-05 1.6E-04 1.6E-04 2.4E-04
8 3.6E-03 4.2E-03 8.4E-05 1.5E-04 9.6E-05 1.7E-04 1.7E-04 2.6E-04
9 1.8E-03 2.2E-03 1.9E-04 4.2E-04 2.7E-04 4.8E-04 9.0E-04 1.1E-03
10 4.0E-03 4.2E-03 2.4E-05 4.5E-05 1.6E-05 3.8E-05 1.4E-04 2.9E-04
m 2.9E-03 3.4E-03 5.5E-05 1.1E-04 6.6E-05 1.3E-04 2.0E-04 3.2E-04

human and australopithecine simulations are pro-
vided in Figure 6.

DISCUSSION

The goal was to create a procedure to accom-
modate large shape changes in an MSM while
maintaining joint center positions and joint axis ori-
entations during simulations of locomotion. This
ensures that moments about the joints generated
by the GRF (which must be counteracted by mus-
cular effort) are the same across human and aus-
tralopithecine simulations of the same walking trial.
The described procedure indeed creates pairs of
simulations (one human, one australopithecine)
that have numeric differences that are negligible
with respect to joint position and orientation, while
having vastly different pelvic and proximal femoral

shapes. This will let us simulate human walking
with both human and australopithecine shaped
hips. Such simulations hold promise for detecting
biomechanical parameters which may have
selected against australopithecine hip morphology
(i.e., the ancestral condition) in favor of subsequent
derived morphologies (i.e., Homo).

In general, the differences between human
and australopithecine simulations in joint center
position and joint axes orientations are not the
same in the left and right lower limbs. For the hip
joints, however, the difference between the human
and australopithecine hip axes were identical for
left and right hips. These differences were also
larger than the angular difference between other
joint axes. The differences in left and right hips are
identical because we calculated differences using
the pelvis-hips, both left and right. This coordinate
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system is rigidly attached to the pelvis segment,
and so any differences in the position of the pelvis
segment will be reflected in both hip joints equally.
This angular difference in hips is also larger than in
the other lower limb joints. This reflects the chal-
lenges in estimating the “correct” positions for the
L5-S1 joint (used to attach the trunk) and sacral
promontory (used as a pelvic marker driver in the
Marker Tracking analysis). We calculated a sacral
offset to estimate these points in australopithecine
walking simulations, but these are estimated points
nonetheless. Small changes (<1um) in the position
of the sacral promontory marker driver are suffi-
cient to generate small (<0.005 degree) angular
differences in pelvic orientation, which is reflected
in the orientation of the hip axes. We note, how-
ever, that these angular differences (<0.005
degrees) are still negligible.

We note that as with all modeling exercises,
we made specific modeling decisions that undoubt-
edly will affect future results (see Sylvester et al.,
2021a,b; Kramer et al., 2022 for discussions of
modeling choices). Perhaps the most important
was the approach to the scaling of the pelvis for the
ADL australopithecine model. We isometrically
scaled the ADL australopithecine pelvis to maintain
the distance between the hip joint centers relative
to each human participant model. This choice had
the advantage of maintaining the distances
between the hip joint centers (as well as other
lower limb joints) and the position of these joints
relative to the ground reaction force. Any compari-
son of simulated human and australopithecine
walking will be complex, but this modeling decision
means that differences in muscle activations and
forces can be attributed to differences in the shape
of the pelvis and proximal femur. We view ours as
the simplest choice which requires the fewest
manipulations of the motion data. This will provide
for the least complicated comparison of human and
australopithecine model walking simulations, and it
provides a foundation for more anatomically com-
plex models that can include variation in kinematic
patterns. Other choices would have come with dif-
ferent necessary adjustments to marker drivers
and likely would produce different results. Addition-
ally, we suggest that the distance between hip joint
centers in humans was very likely a target of tre-
mendous selective pressures (Washburn, 1960;
Rosenberg, 1992). Thus, our scaling maintains that
critical distance and scales the pelvis accordingly.
Furthermore, we acknowledge that evaluating mor-
phological variation across taxa requires including
both shape (investigated methodologically here



and in future extensions of this method) and size;
however, we maintain that working from “simple”
(shape) to “complex” (shape and size) will help
separate their individual effects. Other models and
simulation could address size in isolation of shape.

Finally, we also made choices with regards to
the structure and function of soft tissue compo-
nents. Many of these are inherent in the ADL
human model (Sylvester et al., 2021b), and this
includes choices regarding muscle geometry. Hip
muscles in the ADL australopithecine model were
generated by applying the pelvic and femoral mor-
phing functions to the muscle geometry path
points. This mapped the ADL human model muscle
architecture to the ADL australopithecine pelvis
and femur. This mapping is determined by the spe-
cific morphing function selected (i.e., thin plate
spine) and the landmarks (e.g., anterior superior
iliac spine; Appendix) used to parameterize the
morphing function. Thus, the ADL australopithe-
cine and ADL human muscle models share the
same spatial relationship with the pelvic and femo-
ral landmarks. Other choices (e.g., reconstructing
australopithecine muscles de novo or basing it on
chimpanzee muscle architecture; see Berge, 1994;
Karakostis et al., 2021) might lead to different
model results. As with all models, it may be critical
to understand the sensitivity of results to these
specific modeling choices. Models that are highly
sensitive to input parameters will require greater
caution when interpreting results than less sensi-
tive models. Ultimately, model sensitivity must be
understood in the context of the question of inter-
est (Kramer et al., 2022).

Although this work focuses on the hominin
hip, the approach and techniques outlined are
applicable to a variety of extinct taxa. Application to
other extinct animals would require first identifying
the appropriate living model organism(s), a task
that can be facilitated by leveraging phylogenetic
relationships. For instance, living birds are fre-
quently used as a model system for non-avian
theropod dinosaur biology, including locomotion
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(Gatesy, 1990, 1991; Grossi et al., 2014; Bishop et
al., 2021b, 2021c). In addition, locomotor simula-
tion such as those demonstrated here require
developing the appropriate musculoskeletal model
(e.g., O'Neill et al., 2013; Bishop et al., 2021a; van
Beesel et al., 2022; Cuff et al., 2022) and collecting
locomotor data on living animals (e.g., Hutchinson
et al.,, 2006). Experimental manipulation may be
required to achieve the desired motion profiles
(Grossi et al., 2014). While these tasks should not
be considered trivial, they are achievable and
could provide fruitful avenues to test hypotheses
about ancient forms of locomotion.

CONCLUSIONS

Musculoskeletal modeling is increasingly
being used to investigate questions of locomotor
biomechanics in paleontology (Hutchinson et al.,
2005; O’Neill et al., 2013; Bishop et al., 2021b).
Fossilized material can be used to build the skele-
tal framework of a model, and muscle geometries
can be reconstructed from apparent muscle ori-
gins/insertions or referencing closely related living
taxa (i.e., phylogenetic bracketing; (Witmer, 1995).
A significant hurdle in simulating the movement of
extinct animals is selecting inputs to drive locomo-
tor simulations. Forward dynamic models may
result in unique motion profiles, making compari-
sons with extant taxa complex. The process
demonstrated here results in two distinct models
that simulate walking using identical kinematics.
Given the identification of an appropriate living
model organism, this technique can be leveraged
to test hypotheses about the locomotor biome-
chanics of a wide variety of extinct taxa.
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APPENDIX

Asymmetry reduction landmarks

L/R anterior superior iliac spine, L/R anterior inferior iliac spine, L/R posterior superior iliac spine, L/R poste-
rior inferior iliac spine, L/R pubic tubercle, L/R intersection arcuate line with lateral sacrum, L/R posterior
horn of acetabulum, L/R most lateral point on arcuate line, L/R anterior inferior point on pubic symphysis, L/
R midpoint of inferior pubic ramus (anteromedial), L/R ischial tuberosity, L/R ischial spine, L/R midpoint of
iliopubic ramus (anterior), sacral promontory, anterior S1/S2 transverse line, anterior S2/S3 transverse line,
anterior S3/S4 transverse line, anterior S4/S5 transverse line.

ADL human pelvis morphing landmarks

20

L/R anterior superior iliac spine [0.8/1.1], L/R anterior inferior iliac spine [0.5/0.6], L/R posterior superior
iliac spine [0.6/2.3], L/R posterior inferior iliac spine [0.5 /0.9], L/R anterior inferior point on pubic symphysis
[0.4/1.3], L/R intersection arcuate line with lateral sacrum [1.3/1.7], L/R posterior horn of acetabulum [0.7/
0.9], L/R most lateral point on arcuate line [0.6/1.2], L/R anterior inferior point on pubic symphysis [0.7/1.1],
L/R midpoint of inferior pubic ramus (anteromedial) [0.5/0.9], L/R ischial tuberosity [1.4/1.5], L/R ischial
spine [0.5/1.0], L/R midpoint of superior pubic ramus (anterior) [0.6/1.1], L/R deepest point of greater sciatic
notch [0.6/1.0], L/R deepest point between posterior superior and inferior iliac spines [0.5/0.5], L/R iliac
tubercle [1.1/1.3], L/R deepest point in acetabular notch [0.6/0.8], L/R midpoint of acetabular notch on ace-
tabular rim [0.7/0.8], L/R acetabular rim at midpoint of superior pubic ramus [0.7/1.2], L/R most lateral point
on S5 [0.4/0.5], L/R superior edge of adductor crest anteromedial board of inferior pubic ramus [0.6 /0.9], L/
R acetabular rim closest to iliopubic eminence [0.7/0.9], L/R iliopubic eminence [1.2/1.3], L/R iliac crest
superior to auricular surface [0.8 /1.0], L/R point on iliac crest one-third the way between anterior superior
iliac spine and posterior superior iliac spine [1.0/1.2], L/R superior surface of superior pubic ramus at lateral
extent of obturator foramen [0.8/0.8], L/R acetabular rim inferior [1.0/1.1], L/R acetabular rim posterior [0.9/
0.9], L/R acetabular rim superior [0.5/0.8], sacral promontory [0.2/0.5], posterior point of S1 superior body
[0.2/0.4], anterior S1/S2 transverse line [0.3/0.4], anterior S2/S3 transverse line [0.8 /0.9], posterior midline
of S4[0.5/0.8].
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