PLOS

Check for
updates

G OPEN ACCESS

Citation: D’Hondt L, De Groote F, Afschrift M
(2024) A dynamic foot model for predictive
simulations of human gait reveals causal relations

between foot structure and whole-body mechanics.

PLoS Comput Biol 20(6): €1012219. https:/doi.
org/10.1371/journal.pchi.1012219

Editor: Adrian M. Haith, Johns Hopkins University,
UNITED STATES

Received: October 10, 2023
Accepted: May 31, 2024
Published: June 20, 2024

Peer Review History: PLOS recognizes the
benefits of transparency in the peer review
process; therefore, we enable the publication of
all of the content of peer review and author
responses alongside final, published articles. The
editorial history of this article is available here:
https://doi.org/10.1371/journal.pcbi.1012219

Copyright: © 2024 D’Hondt et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All models and code
are available at https://github.com/Lars-DHondt-
KUL/3dpredictsim/tree/four-segment_foot_model.

RESEARCH ARTICLE

A dynamic foot model for predictive
simulations of human gait reveals causal
relations between foot structure and whole-
body mechanics

Lars D’Hondt®'*, Friedl De Groote', Maarten Afschrift®?

1 Department of Movement Sciences, Katholieke Universiteit Leuven, Leuven, Belgium, 2 Department of
Human Movement Sciences, Vrije Universiteit, Amsterdam, The Netherlands

* lars.dhondt@kuleuven.be

Abstract

The unique structure of the human foot is seen as a crucial adaptation for bipedalism. The
foot’s arched shape enables stiffening the foot to withstand high loads when pushing off,
without compromising foot flexibility. Experimental studies demonstrated that manipulating
foot stiffness has considerable effects on gait. In clinical practice, altered foot structure is
associated with pathological gait. Yet, experimentally manipulating individual foot properties
(e.g. arch height or tendon and ligament stiffness) is hard and therefore our understanding
of how foot structure influences gait mechanics is still limited. Predictive simulations are a
powerful tool to explore causal relationships between musculoskeletal properties and
whole-body gait. However, musculoskeletal models used in three-dimensional predictive
simulations assume a rigid foot arch, limiting their use for studying how foot structure influ-
ences three-dimensional gait mechanics. Here, we developed a four-segment foot model
with a longitudinal arch for use in predictive simulations. We identified three properties of the
ankle-foot complex that are important to capture ankle and knee kinematics, soleus activa-
tion, and ankle power of healthy adults: (1) compliant Achilles tendon, (2) stiff heel pad, (3)
the ability to stiffen the foot. The latter requires sufficient arch height and contributions of
plantar fascia, and intrinsic and extrinsic foot muscles. A reduced ability to stiffen the foot
results in walking patterns with reduced push-off power. Simulations based on our model
also captured the effects of walking with anaesthetised intrinsic foot muscles or an insole
limiting arch compression. The ability to reproduce these different experiments indicates
that our foot model captures the main mechanical properties of the foot. The presented four-
segment foot model is a potentially powerful tool to study the relationship between foot prop-
erties and gait mechanics and energetics in health and disease.

Author summary

During every step, the foot absorbs the shock as it strikes the ground, supports the body
weight, and transfers calf muscle forces to the ground to push off towards the next step.
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Although experiments have shown that foot structure affects both foot and whole-body
movement, a deep understanding of the role of different muscles, ligaments, and other tis-
sues in the foot is still lacking. Examining the relation between alterations in individual
foot properties, e.g. muscle strength or arch height, and walking is challenging in experi-
ments, but can be done in model-based simulations. Yet, existing models that are suitable
for simulating walking oversimplify the foot. Here, we present a new, more detailed foot
model. Simulations with our model captured many features of human walking not cap-
tured by simulations with simple models. We found that the stiffness of the foot-ankle
complex and especially the ability to stiffen the foot had a large effect on the walking pat-
tern. A reduced ability to stiffen the foot resulted in simulated walking patterns resem-
bling those observed in patients with flexible feet. In the future, we will use our model to
investigate how foot deformities alter walking in patients and to design personalized
treatments.

Introduction

During locomotion, we interact with the environment through our feet; in addition to weight-
bearing, they transfer forces needed to accelerate and decelerate the body during movements.
The foot’s arched shape enables stiffening the foot to withstand high loads, without
compromising the flexibility of the foot [1]. A compliant foot enables the storage and release of
elastic energy in the ligaments crossing foot joints, which might contribute to gait efficiency
[2]. Intrinsic foot muscles can modulate the visco-elastic properties of the foot to absorb a
shock, assist with push-off, or create a stiff lever to transfer force [3,4]. Experimental studies
have shown that altering foot properties through custom insoles [5,6] or local anaesthesia of
intrinsic muscles [7] had significant effects on ankle-foot and whole-body mechanics and
energetics during walking [5-7]. Yet, as it is hard to manipulate individual structures (muscles,
tendons, ligaments, bones) experimentally, probing their contributions to gait mechanics and
energetics has been difficult. Predictive simulations based on a musculoskeletal model provide
an alternative approach to studying how foot structure shapes whole-body gait. Predictive sim-
ulations generate de novo gait patterns based on a musculoskeletal model. Because they do not
rely on experimental gait data, changes in the predicted gait can be directly attributed to
changes in the model. However, using predictive simulations to study the relationship between
foot properties and gait mechanics requires sufficiently detailed foot models. So far, foot mod-
els used in predictive simulations have been very simple, especially in light of the complex foot
anatomy. Three-dimensional simulations with multi-segment foot models have considered up
to three segments (talus, hindfoot-midfoot-forefoot, and toes) [8-13], but have not considered
a deformable foot arch. Here, we present a novel four-segment (talus, calcaneus, midfoot-
metatarsals, toes) musculoskeletal model of the foot that can be used with predictive gait simu-
lations and use this model to study how different foot structures (the longitudinal arch, plantar
fascia, plantar fat pads, and muscles actuating the foot) influence simulated whole-body
movement.

The compliant longitudinal foot arch has been suggested to improve gait efficiency by stor-
ing and releasing elastic energy [2]. The foot absorbs energy while it is flat on the ground and
the body’s centre of mass moves forward over the foot. Releasing the stored energy at push-off
is believed to enable efficient generation of high push-off power [2,6]. Energy is mainly stored
by deformation of the medial longitudinal arch [2,6]. Controlled loading of cadaveric feet
showed that plantar fascia, long and short plantar ligaments, and spring ligaments are all
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important in the energy-storing mechanism [2]. Although elastic energy is stored in the foot
during both walking and running, this energy storage seems to contribute more to running
than to walking efficiency [2,6]. Reducing arch compression with an insole resulted in a
decrease in elastic energy returned from the arch in both walking and running, but changes in
metabolic cost of transport were only observed in running [6]. We modelled a compliant lon-
gitudinal foot arch to gain more insight into its contribution to energy storage and release in
the foot.

During walking, most push-off power comes from the triceps surae and Achilles tendon
[14]. While the body moves over the standing foot, energy is stored in the Achilles tendon
which rapidly releases the stored energy to generate a powerful forefoot push-off [1,14]. This
process is facilitated by the twisted morphology of the Achilles tendon, enabling it to endure
large strains and store a substantial amount of energy compared to other tendons [15]. To use
this energy effectively during push-off, the foot must function as a stiff lever to minimise
energy dissipation [16,17]. Hence, foot stiffness influences the propulsive power generated
around the ankle [5,7]. Therefore, we investigated how Achilles tendon stiffness influenced
simulated gait mechanics using a foot model with a compliant longitudinal arch.

It has been suggested that the windlass mechanism stiffens the foot at push-off. Hicks
described how extending the toes tensions the plantar fascia by winding it around the metatar-
sal heads [17]. This then pulls the base of the medial longitudinal arch together, raising the
arch and stiffening the foot [17]. However, to be effective, the windlass mechanism requires
the plantar fascia to be very stiff, which would hinder its ability to store elastic energy [18].
During vertical loading of a standing foot, stiffness of the foot arch did not increase with the
toes being more extended [18,19]. Hence, it is unclear whether the windlass mechanism con-
tributes to stiffening the foot. We modelled the plantar fascia to study whether the windlass
mechanism contributes to stiffening the foot at push-off.

Intrinsic foot muscles can modulate foot stiffness and might therefore play an important
role in optimising efficiency by enabling the foot to function both as an elastic structure that
stores and releases energy and as a stiff lever. The intrinsic muscles in the superficial layers of
the plantar aspect of the foot have short fibres, a high pennation angle and a long tendon
[20,21], which enables these muscles to produce force to tension their tendon to absorb and
return elastic energy in a controlled way [22]. Multiple plantar intrinsic muscles originate on
the calcaneus and insert into different toe bones [20,21]. Thus contraction of these muscles
will add to the stiffness of the foot in parallel with the stiffness provided by the plantar fascia
[4]. Electromyographic recordings have demonstrated that intrinsic foot muscles are active
during the stance phase of walking [4,23,24]. This activity is highest in the second half of the
stance phase when the triceps surae contract and the ankle plantarflexion moment is high
[4,23]. Preventing intrinsic muscle contraction by injecting a nerve block decreased the push-
off power of the ankle-foot complex, yet arch deformation and cost of transport were unaf-
fected [7]. We modelled intrinsic foot muscles to elicit their contribution to foot stiffness and
walking mechanics.

Foot stiffness also depends on the mechanical properties of the plantar fat pads. Especially
at initial contact when only the heel is in contact with the ground, the heel pad might be the
main contributor to foot stiffness. The visco-elastic fat pad under the heel has been shown to
absorb the shock and decelerate the lower leg at initial contact [1]. Therefore, we also explored
the stiffness of the foot-ground contact.

Predictive simulations based on simpler foot models than the one proposed here have
already shown that foot structure affects whole-body movement. Modelling a compliant foot
arch and toes in 2D gait simulations increased the cost of transport, especially for lower gait
speeds [25]. Increasing the stiffness of the longitudinal foot arch resulted in a lower cost of
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transport, both in simulations and experiments [26]. However, insights based on 2D models
are limited given that gait is a 3D movement and that there is considerable out-of-plane move-
ment at the ankle and foot (e.g. ankle inversion/eversion). In 3D simulations, modelling the
toes as a separate segment mainly improved the accuracy of predicted knee kinematics, kinet-
ics, and vasti activity during stance [8]. While simulations based on detailed 3D musculoskele-
tal models already capture many key features of human walking mechanics and energetics,
predicting realistic ankle mechanics remains challenging. Simulations do not capture ankle
dorsiflexion during stance [8,12,27], or underestimate ankle plantarflexion in terminal stance
[8,10,11,28-30]. They capture the peak in soleus activation during late stance but fail to predict
the early onset and slow increase of soleus activation [8,9,11,13,27-31]. Reducing the Achilles
tendon stiffness (relative to the default Hill-type muscle model [32]) resulted in an earlier
onset of soleus activation and a small increase in stance ankle dorsiflexion, yet ankle kinemat-
ics remained inaccurate [8]. Because foot mechanisms, such as the compliant longitudinal
arch and the windlass mechanism, are thought to support ankle push-off, we expected that
using a more detailed foot model would result in more accurate predictions of ankle
mechanics.

Detailed foot models available in the literature are not directly suitable for use in predictive
simulation. These models have mainly been developed for use in data-driven analyses, i.e.
analyses that used experimental data as input (e.g. marker trajectories, electromyography, or
ground reaction forces measured during gait) to infer information about variables that could
not be measured (e.g. motion of individual bones, or muscle forces). These multi-segment foot
models consider 3-26 foot segments, with up to 35 degrees of freedom [33-37]. Existing mod-
els include up to 30 intrinsic foot muscles and up to 66 ankle-foot ligaments [34,35]. Depend-
ing on their intended use, the models include inertial properties of the segments, and/or soft
tissues (e.g. muscle-tendon units, ligaments). It is not straightforward to use these detailed
models for predictive gait simulations that generate de novo movement patterns because they
have only been validated to estimate the kinematics of individual bones [33-35]. It remains
unclear how accurate the estimated muscle and ligament forces are, and such validation is
challenging given the high level of detail. We chose to gradually increase the complexity of the
foot model starting from the state of the art in predictive simulations and the open questions
in foot function outlined above. This incremental approach makes it more tractable to analyse
how different modelling choices (e.g. adding a degree of freedom or selecting a value for a
muscle parameter) affect the predicted gait. Our developments were in part informed by a foot
model designed for inverse analyses, and we believe that such models will continue to inspire
models for predictive simulations.

Here we present a dynamic four-segment foot model (talus, hindfoot, midfoot-forefoot,
and toes) for 3D predictive simulations of gait. The model describes the passive stiffness of the
midtarsal joint and includes the plantar fascia. The foot is actuated by extrinsic as well as
intrinsic foot muscles. We used our model to simulate different conditions. First, we simulated
how a standing foot deformed under vertical loading (cfr. experiments [2,18,19]) to evaluate
whether our model captured the mechanical properties of the foot. Second, we simulated walk-
ing for a healthy adult based on a whole-body model including our new foot model to evaluate
how our foot model influenced whole-body kinematics, kinetics, energetics, and muscle activa-
tion patterns. We evaluated simulations against experimental data and compared them with
state-of-the-art simulations based on a three-segment foot [8]. Third, we simulated walking
based on a series of foot models with alternative properties to evaluate the effects of modelling
choices and to study the contribution of individual foot structures to whole-body gait. Fourth,
we simulated experiments that manipulated foot properties during gait. We evaluated how
limiting foot arch compression affects the metabolic cost of walking and running (cfr. [6]),
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and how local anaesthesia of intrinsic foot muscles affects walking kinematics and energetics
(cfr. [7]). We identified three properties of the ankle-foot complex that are important to cap-
ture ankle and knee kinematics, soleus activation, and ankle power of healthy adults: 1) com-
pliant Achilles tendon, 2) stiff heel pad, 3) the ability to stiffen the foot. The latter requires
sufficient arch height and contributions of plantar fascia, and intrinsic and extrinsic foot mus-
cles. A reduced ability to stiffen the foot results in walking patterns with reduced push-oft
power.

Material and methods
Musculoskeletal model

We adapted the musculoskeletal model used by Falisse et al. [8]-which is based on OpenSim’s
gait2392 model [38,39] and the model proposed by Hamner et al. [40]-to include a midtarsal
joint, plantar fascia, and a plantar intrinsic foot muscle. The resulting model has 33 skeletal
degrees of freedom (dofs) (pelvis as floating base: 6 dofs, hip: 3 dofs, knee: 1 dof, ankle: 1 dof,
subtalar: 1 dof, midtarsal: 1 dof, metatarsophalangeal (MTP): 1 dof, lumbar: 3 dofs, shoulder: 3
dofs, and elbow: 1 dof). We used Newtonian rigid body dynamics to model skeletal motion
[41,42]. The lower limb and lumbar joints are actuated by 94 Hill-type muscle-tendon units
(92 muscles according to the gait2392 model and the right and left plantar intrinsic foot mus-
cles as described below) [32,43]. Muscle excitation-activation coupling is given by Raasch’s
model [44]. The shoulder and elbow joints are actuated by ideal torque actuators [8]. Each
joint has viscous friction (coefficient 0.1 Nm s rad ') and nonlinear stiffness to represent the
net effects of ligaments [11,45].

A first series of model adaptations aimed at better capturing the properties of muscles span-
ning the ankle (Table A in S1 Text). During maximal isometric contraction of the triceps
surae, Achilles tendon strain is reported to be 5.6-8% [46,47]. We reduced the normalised stift-
ness of the Achilles tendon such that maximal isometric contraction resulted in strains in the
experimental range (6.8%). To better capture experimental peak isometric ankle moments, we
increased the maximal isometric force of the triceps surae by 20% with respect to the force of
the gait2392 model [38,39] (Fig E in S1 Text). We adapted the parameters related to the passive
stiffness of the muscles spanning the ankle joint to better capture the experimental passive
moment-angle relationship of the ankle. Passive stiffness of all muscles crossing the ankle joint
was increased by shifting their passive force-length characteristic [32] by 10% of the optimal
fibre length towards smaller fibre lengths. The resulting passive ankle moments are consistent
with measurements [48] (see section 1 in S1 Text for additional information, validation, and
sensitivity analysis).

We modelled the foot arch as a midtarsal joint with a single rotational degree of freedom,
connecting the calcaneus and midfoot segments. Midfoot and forefoot segments are rigidly
connected. Midtarsal joint centre, segment definitions, and segment mass properties were
taken from Malaquias et al. [35]. The orientation of the midtarsal joint axis was set according
to the mean finite helical axis calculated from the motion capture data during the stance phase
of walking using the algorithm provided by Ancillao [49] (See section 2 in S1 Text for the sen-
sitivity of midtarsal joint axis orientation). We defined the rotational stiffness of the midtarsal
joint by combining the contributions of long and short plantar, and spring ligaments [35],
considering a nonlinear stress-strain characteristic [50] (section 3 in in S1 Text).

We modelled the plantar fascia as a single elastic element with origin on the calcaneus and
insertion on the toes [35], which wraps around a cylinder with radius 9.5 mm at the metatarsal
head [51]. Based on in vivo ultrasound imaging in healthy adults, we set a nominal plantar fas-
cia cross-section of 70 mm? [52]. We assumed a purely elastic plantar fascia with a nonlinear

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1012219  June 20, 2024 5/25


https://doi.org/10.1371/journal.pcbi.1012219

PLOS COMPUTATIONAL BIOLOGY Foot structure affects human walking, a simulation study

stress-strain characteristic presented by Natali et al. [53]. This stress-strain characteristic was
based on uniaxial tension tests of plantar fascia samples [53,54]. We alternatively considered
using the plantar fascia stress-strain characteristic presented by Gefen [50], however this
stress-strain curve was more compliant than experimentally observed (Fig L in S1 Text). To
test the effect of additional plantar fascia stiffnesses, we combined the stress-strain characteris-
tic from Natali et al. with larger cross-sections (210 mm?, 140 mm?), and with a smaller cross-
section (24 mm?, cfr. cadavers [55-57]) (Fig M in S1 Text). Plantar fascia slack length (146
mm) was chosen such that a standing foot, bearing only the weight of the foot and tibia, is in
the anatomical position.

We modelled the plantar intrinsic muscles of a foot as a single Hill-type muscle because
they act as a functional unit [24]. Origin, insertion, and wrapping of the muscle are the same
as the plantar fascia. Parameters describing the muscle were derived from cadaveric measure-
ments of flexor digitorum brevis (FDB), abductor hallucis (ABDH), quadratus plantae (QP),
and abductor digiti minimi (ABDM), which all span the longitudinal foot arch and MTP joint
[20,21]. Based on the mean fibre lengths reported by [21], we set the optimal fibre length to 23
mm. Maximal contraction velocity is 10 optimal fibre lengths per second [11]. The pennation
angle at optimal fibre length is 20°, equal to measurements of FDB and AH [20]. To determine
the physiological cross-sectional area (PCSA) of the lumped muscle, we summed the PCSA of
FDB, ABDH, QP, and ABDM for a total of 1831 mm? [21]. Since the PCSA is obtained from
donors with an average age of 71 years, we compensated for age-related muscle atrophy. Older
adults show a 24-40% reduction in strength in ankle and foot muscles, in comparison to
young adults [58]. Assuming a 24% decrease in PCSA due to ageing, the lumped PCSA is 2400
mm” for a young adult. With a specific tension of 25 N cm™* [59], the maximal isometric force
is 600 N. To model the stiffness provided by the internal tendon in highly pennate muscles, we
shifted the passive force-length characteristic [32] with 10% of the optimal fibre length towards
shorter fibre lengths. We determined tendon slack length based on the assumption that muscle
fibres work close to their optimal length during walking. Since we modelled the muscle-tendon
unit along the same path as the plantar fascia, it has the same length as the plantar fascia. The
plantar fascia is expected to have 0-4% strain while walking [54,60] allowing us to estimate the
expected muscle-tendon length based on the selected plantar fascia slack length. We then cal-
culated normalized fibre lengths for different tendon slack lengths assuming an isometric con-
traction at an activation of 0.5. We selected the tendon slack length (123 mm) that resulted in
fibre lengths around the optimal fibre length. To test the influence of parameter choices, we
repeated the walking simulations with different parameter values: we tested maximal isometric
force values of 120 N, 300 N, 456 N (i.e. not compensating for age-related atrophy), 720 N, 900
N and 1200 N. We tested optimal fibre lengths of 23+4 mm and 23+8 mm (4 mm standard
deviation on reported FDB fibre length [21]). We tested tendon slack lengths of 121 mm, 122
mm, 124 mm and 125 mm (section 5 in S1 Text). We also tested a model without plantar
intrinsic muscles.

The model was scaled to the anthropometry of the subject (see below) with the OpenSim
scale tool [38,39]. Scale factors were calculated based on marker data of the static trial. For the
foot (talus and distal segments), we included manual measurements to determine non-uni-
form scale factors. Anteroposterior scaling was based on the distance between the dorsal calca-
neus marker and the hallux marker. Mediolateral scaling was based on the distance between
the markers on the heads of the first and fifth metatarsal (section 10 in in S1 Text). In the verti-
cal direction, the vertical distance between the centres of the medial malleolus and the first
metatarsal head (based on manual measurements) determined the size of the foot. Because the
scaling of the foot was non-uniform, insertion points of the tibialis anterior and posterior, and
peroneus (brevis, longus, and tertius) were distorted. We substituted these insertion point
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locations from an alternative musculoskeletal model [35], after scaling it to match our subject-
specific model. Foot proportions of this alternative model were close to the subject’s foot pro-
portions; thus, scaling did not cause distortions. The optimal fibre length and tendon slack
length of the adjusted muscles were linearly scaled (cfr. the OpenSim scaling method for these
parameters [38,39]). To test the effects of this scaling method, we also created a model with
uniformly scaled feet. The uniform scale factor is proportional to the distance between the dor-
sal calcaneus marker and the hallux marker. Uniform scaling resulted in a lower foot arch
compared to non-uniform scaling.

We modelled foot-ground contact as deformable spheres (foot) interacting with a rigid
plane (ground). The force acting on each sphere was calculated from Hertzian stiffness and
Hunt-Crossley dissipation [61,62]. Each foot has five contact spheres: heel pad, lateral longitu-
dinal arch, ball of the foot (2 spheres), and toes (Fig 1). The location and radius of each sphere
were chosen to represent areas with high plantar pressure during standing and walking
[63,64], and based on anatomical reference [65]. To tune the vertical position of the contact
spheres, we tracked experimental joint angles from the static trial with skeletal and contact
dynamics. We solved the static force equilibrium and adjusted the vertical contact positions to
reduce offset with respect to experimental pelvis-to-ground coordinates. We set the stiffness
parameter of each contact sphere to 10 MPa, instead of the 1 MPa used previously [8,11]. Pre-
liminary simulations showed that this improved the realism of the contact deformation during
walking. We evaluated how the configuration and stiffness of the contact spheres influenced
the predicted gait (section 6 in S1 Text).

To dissociate the effect of modelling the foot in more detail versus altering parameters, we
created a nominal 3-segment foot model that is equivalent to our nominal 4-segment model
with the midtarsal joint locked in anatomical position. To be consistent with the model from
Falisse et al., the MTP joint of the 3-segment model was not actuated by muscles, but by a
spring (25 Nm/rad) and damper (2 Nm s/rad) [8]. We tested an alternative 3-segment foot
model with muscle-actuated MTP (section 7 in S1 Text).

Simulations of standing foot under vertical loading

We replicated a series of experiments that evaluated the deformation of the foot under external
loading [2,18,19] in simulation and compared simulated and experimental outcomes to validate
our model. To simulate these experiments, we considered only the right tibia and foot of our mus-
culoskeletal model. The angle between toes and ground was fixed (cfr. [18,19]), and muscle activity
was set to zero for cadaver experiments and to a small baseline activation (0.01) for in vivo experi-
ments. We imposed a vertical force on the tibia and solved for static equilibrium. We repeated this
for different force values within the experimental range to obtain force-deformation curves.

First, we simulated an experiment from Ker et al. where they measured longitudinal elonga-
tion of the foot under vertical loading in different conditions by subsequently removing more
soft tissue [2]. To replicate this experiment, we used a model in which individual ligaments
were represented (before lumping them for computational efficiency in gait simulations). Ker
et al. [2] did not specify whether intrinsic muscles were cut. We considered removing intrinsic
muscles as an additional step after removing plantar fascia, and before removing long plantar
ligament. To compare simulation outcomes to experimental data, which was obtained on the
foot of an 85 kg male, we scaled forces by the ratio of body weights (0.76) and elongation by
the square root of this ratio (0.87).

Next, we simulated two experiments that evaluated the effect of flexing or extending the
toes on arch compression. Yawar et al. tested how extending the toes (15°) influenced the verti-
cal compression of a cadaver foot (defined as vertical displacement of the transected tibia),
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— MTP joint axis

contact
sphere

midtarsal joint axis

muscle-tendon unit

wrapping
surface

Fig 1. Musculoskeletal model of the ankle and foot. Plantar intrinsic muscle is not visible, because it shares the same path as the plantar fascia. Visualised via
OpenSim [38,39].

https://doi.org/10.1371/journal.pchi.1012219.g001

compared to having the toes in their neutral position [19]. Welte et al. applied a vertical load
up to body weight on the thigh of a seated person (the force was aligned to be vertical to navic-
ular) and assessed how flexing or extending the toes by 30° influenced arch compression [18].
Arch compression was defined as the change in the vertical position of a marker on the navicu-
lar normalised to the maximal height of that marker for the subject [18].

Simulations of walking

We used our previously developed framework [11,41] to simulate walking. We formulated gait
as an optimal control problem. We solved for muscle excitations that result in a prescribed
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average forward velocity of the musculoskeletal model (1.33 m s™', self-selected speed of the
subject), and minimise an objective function. We imposed symmetry between the left and
right steps, which limits the time horizon to half a gait cycle. The objective function was a
weighted sum of squared metabolic energy rate, squared muscle activations, squared joint
accelerations, and squared joint limit torques, integrated over the time horizon and divided by
the distance travelled. We calculated the metabolic energy of muscles with the model presented
by Bhargava et al. [66], which we made continuously differentiable by approximating condi-
tional statements with a hyperbolic tangent (supplement S8). This framework was imple-
mented in MATLAB (The Mathworks Inc., USA). We used direct collocation with a third-
order Radau polynomial basis. We used algorithmic differentiation (CasADi 3.5.5 [67]) to cal-
culate the derivatives required for gradient-based optimisation. The optimisation problems
were solved with IPOPT [68] and MUMPS [69]. For a detailed description of the simulation
framework, we refer to [11].

Based on convergence analysis (section 9 in in S1 Text) we selected 100 mesh intervals,
cold-start initial guess and convergence tolerance of 1e-04. All results shown were obtained
from simulations with these settings. To evaluate the sensitivity of predicted gait to differences
in the musculoskeletal model, we performed simulations for a range of models and model
parameters. All simulations were run on a laptop (allocating two threads of an intel core i7-
11850 CPU to each simulation).

To evaluate the realism of our simulations, we calculated normalised cross-correlation coef-
ficients between simulated and mean experimental joint angles, moments and powers. We
considered the simulated and experimental curves to be in good agreement if the normalised
cross-correlation coefficient was above 0.90 [31], and in moderate agreement if it was between
0.70 and 0.90 (cfr. threshold used in [29]). When comparing different simulation results, we
used a difference of 0.05 as the threshold. We also calculated weighted root mean square errors
between simulated and experimental joint angles, moments and powers as

RMSE — lZN mean, — simulated, * (1
- N4—imt SD, ’

where mean; and SD; are the mean and standard deviation of the experimental data for one
time point, and simulated, is the simulated value on the corresponding time point (note that
simulations were deterministic and therefore had 0 standard deviation). Mesh points of the
simulation were chosen as discrete time points (i.e. 200 points per gait cycle). We considered
an RMSE below 3 as moderately accurate, and below 2 as accurate [29,31], and set a difference
of 1 as threshold for comparisons. We made separate comparisons for the stance phase and
swing phase.

~—

To further validate our simulation results with the 4-segment foot model, we compared
them to unified deformable segment analysis results published by Takahashi et al. [70]. In this
analysis, deformation power distal to a reference segment is calculated based on the absolute
kinematics of the reference segment and distal ground reaction forces [70]. We selected these
results as reference data because they do not depend on rigid-body assumptions or predefined
joints, thus better capturing the true magnitude of power [70]. To obtain simulated power dis-
tal to a segment, we summed joint powers and contact deformation powers that are distal to
the segment in our model. Distal to hallux only consists of the contact sphere under the toes.
Distal to forefoot includes distal to hallux and also MTP joint and contact spheres under the
forefoot. Distal to hindfoot includes MTP and midtarsal joints and all contact spheres. Distal
to shank is the sum of distal to hindfoot and ankle and subtalar joint powers. Work was calcu-
lated by integrating power over the stance phase.
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To test whether simulations with our model can capture the effects of manipulating foot
properties, we simulated walking and running with an insole that limits arch compression [6]
and walking with local anaesthesia of intrinsic foot muscles [7]. To model the insole, we added
a spring to the midtarsal joint, that only engages when midtarsal joint angles are positive. The
properties of the insole were chosen such that they reduced arch compression by 80% during
level running at 2.7 m/s in agreement with experimental data [6]. We simulated gait at 2.7 m/s
for different insole stiffnesses and selected the stiffness (50 Nm/rad) that reduced arch com-
pression by 80% relative to the same speed without the insole. We then simulated walking at
1.33 m/s with this insole. To mimic the effect of a nerve block inhibiting intrinsic foot muscle
activation, we modelled that the activation should remain equal to its lower bound (0.05 cfr.

(11]).

Experimental data

We compared simulation outcomes to previously published experimental data [8]. As our sim-
ulations do not take into account uncertainty, they yielded one solution per condition (i.e.
combination of model parameters and imposed gait speed) whereas we used experimental
data from 10 gait cycles. The data (marker trajectories, ground reaction forces, surface electro-
myography) was collected from a healthy female adult (mass: 62 kg, height: 1.70 m, age: 35)
during 10 gait cycles of overground walking at self-selected speed (1.33 m/s) [8]. The subject
was instrumented with 59 retro-reflective skin-mounted markers. There were 10 markers
mounted on each foot (supplement S10). Additionally, we measured (with measuring tape)
the normal distance from the medial malleolus centre and the first metatarsal head centre to
the ground while the subject was in a seated position with the foot flat on the ground. We
scaled a musculoskeletal model to the anthropometry of the subject, as described in the section
on the musculoskeletal model. We performed inverse kinematic and inverse dynamic analysis
[38] based on the model with 4-segment feet and selected midtarsal joint orientation (Fig 1),
and calculated joint powers for each individual gait cycle. After time-normalising the pro-
cessed data, we calculated the mean and standard deviation at 100 points equally spread over
the gait cycle duration. For the inverse dynamic analysis, we applied experimental ground
reaction forces on the calcaneus, thus we did not obtain moments nor powers for the midtarsal
and MTP joints. Foot joint moments are sometimes estimated by applying the total ground
reaction forces to a more distal segment once the centre of pressure moves anterior to the joint
[71]. This method assumes that only one foot segment is in contact with the ground at each
instance in time. We did not make this assumption in our model and therefore we did not
compare simulated moments to moments computed based on experimental data.

Results

Simulations of standing foot under vertical loading to validate model
parameters

To evaluate the realism of our foot model, we simulated a series of experimental studies that
applied controlled vertical loads to the foot.

Loading the proposed foot model by a vertical force up to 3 kN resulted in a maximal longi-
tudinal elongation of 3.5 mm (Fig 2A), which is lower than the 6-8 mm observed for an intact
cadaver foot [2]. When using a more compliant plantar fascia stress-strain characteristic
(Gefen et al. [50]), the simulated elongation was 5.8 mm and thus in closer agreement with
experimental data. The shape of the force-elongation curve agreed with experimental data.
Overall, our model captured the contribution of the different ligaments and passive muscle
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Fig 2. Deformation of a standing foot under vertical compression. Full lines indicate experimental data (digitised from (a) Ker et al. [2], (b) Yawar et al. [19],
(c) Welte et al. [18]), and circles represent simulations. (a) Repeated loading of a cadaver foot after sequentially removing different soft tissue. The table gives an
overview of structures that are present in each condition. Elongation was computed as the difference in length between calcaneus origin (defined as the most
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forces to foot stiffness as can be seen by the agreement between simulated and experimental
force-elongation curves after sequentially removing soft tissues (Fig 2A).

The next set of simulations involved imposing different toe positions which have been pre-
viously shown to alter the relationship between the applied vertical load and vertical compres-
sion of the foot [18,19]. In agreement with experimental data obtained from a cadaver foot
[19], extending the toes by 15° shifted the force-compression curve towards lower displace-
ments, without affecting the shape of the curve (i.e. foot stiffness remained constant). We pre-
dicted a 1.0 mm shift in the force compression curve (Fig 2B), compared to 1.3 mm observed
in experiments [19]. Although our simulations captured the observed shift, the magnitude of
displacement is much larger than reported by Yawar et al. (24 mm vs. 12 mm) [19]. Further
analysis of the results revealed that the heel pad of our model reached compressions up to 14
mm, which is greater than the total thickness of a human heel pad [72]. Since our model
yielded realistic heel pad deformations during walking simulations, and increasing contact
stiffness had only minor effects on the predicted walking pattern (see Methods and supplement
S6), we did not further address the discrepancies between the experimental and simulation
results for this specific cadaver experiment. In vivo, dorsiflexing the toes (30°) reduced the
stiffness of the foot arch (i.e. reduced the slope of the force-compression curve) relative to
when the toes are plantarflexed (30°) (Fig 2C) [18]. Our simulations captured the change in
stiffness with toe flexion when we imposed a small baseline activity to the muscles (0.01)—con-
sistent with people never fully relaxing their muscles—but not in the absence of any activity.
Our simulations slightly overestimated compression, especially for smaller loads. Note that

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1012219  June 20, 2024 11/25


https://doi.org/10.1371/journal.pcbi.1012219.g002
https://doi.org/10.1371/journal.pcbi.1012219

PLOS COMPUTATIONAL BIOLOGY Foot structure affects human walking, a simulation study

our model does not capture the observed hysteresis throughout all experiments, because we
assumed static equilibrium at every discrete load.

Accuracy of predictive gait simulation with a 4-segment foot model

We compared simulated gait patterns using the nominal 4-segment foot model, and the previ-
ous 3-segment model (Falisse et al. [8]) to experimental data to evaluate the realism of our sim-
ulations. (Fig 3, black and orange traces). Normalised cross-correlation coefficients (NCC)
and weighted root mean square errors (RMSE) between simulated and experimental gait vari-
ables (joint angles, moments, and powers) are reported in S1 Text.

Joint kinematics. Using the nominal 4-segment foot model improved the overall agree-
ment between simulated and experimental ankle and foot kinematics compared to Falisse’s
model. RMSE values decreased and cross-correlation coefficients increased, except for the sub-
talar kinematics during swing (section 11 in S1 Text). Ankle kinematics showed the largest
improvement. Simulations with the nominal 4-segment foot model captured the ankle plantar-
flexion at initial contact, followed by dorsiflexion (Fig 3A). We predicted plantarflexion at the
end of push-off but underestimated its magnitude. We captured subtalar kinematics during
stance, except for the inversion at initial contact. We predicted subtalar eversion during swing,
but not within the experimentally observed range. We predicted that MTP was extended at ini-
tial contact, followed by little motion during mid-stance, and a steep increase in extension dur-
ing late stance. Simulations with Falisse’s model did not capture these features of MTP
kinematics. Simulations with the nominal 4-segment foot model predicted midtarsal kinemat-
ics that were accurate throughout the stance phase (RMSE 1.2, NCC 0.97) but deviated from
experimental data for the swing phase. Possible causes for this difference are 1) the midtarsal
joint axis orientation is based on the functional axis during stance, and 2) the model does not
include dorsal ligaments originating proximal to the calcaneus (e.g. dorsal talonavicular liga-
ment). Using the nominal 4-segment foot model also led to more accurate stance knee kine-
matics than using Falisse’s model. The accuracy of the predicted hip flexion increased, while
swing hip adduction accuracy decreased.

Joint moments. Simulations based on the nominal 4-segment foot model resulted in simi-
lar ankle, knee and hip moments and ground reaction forces as simulations based on Falisse’s
model. The main difference was a decrease in knee moment accuracy (stance RMSE 7.52 vs.
5.13, swing RMSE 19.78 vs. 12.13, NCC changes < 0.05), but a better estimation of the peak
knee flexion moment during push-off (Fig 3B). We also found an overestimation of the ankle
plantarflexion moment during mid-stance when using the nominal 4-segment foot model (Fig
3B). We could not evaluate the realism of the predicted midtarsal and MTP moments as we
did not measure ground reaction forces acting on each foot segment. Simulated ground reac-
tion forces were similar for both foot models (Fig AE in S1 Text). Simulations based on both
models predicted the M-shape pattern of the vertical ground reaction forces but displayed a
steeper increase after initial contact compared to the measured ground reaction forces.

Joint powers. Using the nominal 4-segment foot model instead of Falisse’s model
improved the prediction of the ankle joint power (Fig 3C). The peak ankle power simulated
based on the four-segment foot model (~ 2 W/kg) better predicted the experimental peak
ankle power (~ 2.3 W/kg) than Falisse’s model (~ 1 W/kg). Both models resulted in compara-
ble hip and knee powers (Fig AF in S1 Text). They captured the pattern of measured power
but underestimated the amplitude of the peaks.

Muscle activation. Using the nominal 4-segment foot model instead of Falisse’s model
also improved agreement between simulated and experimentally observed activity of muscles
actuating the ankle and foot joints (Figs 3D and AE in S1 Text). Simulation with the 4-segment
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foot model captured the early onset and slow build-up of soleus activity as well as peroneus
longus activity. However, simulated peroneus brevis activity was inaccurate in both models.
Consistent with published measurements of flexor digitorum brevis and abductor hallucis, the
plantar intrinsic muscle was most active during the second half of stance [4,24] with a peak
shortly before toe-off and a small peak after initial contact [23]. For both models, the simulated
activity of tibialis posterior (see Fig AE in S1 Text for activation patterns of ankle-foot muscles)
missed the peak during early stance that is observed in healthy adults but captures the slow
build-up during mid and late stance [74]. Simulated activations of flexor digitorum and hallu-
cis longus were in agreement with experimental data [23]. Simulated extensor hallucis longus
activation captured the observed peaks in early stance and early swing, but also showed a peak
during midstance that is not seen in experiments [23].

Unified deformable segment analysis. Foot and ankle energetics, simulated based on the
4-segment foot model, are mostly in agreement with experimental results obtained from the uni-
fied deformable segment analysis reported in the literature. Simulated power curves for different
parts of the foot (i.e. distal to hallux, forefoot, hindfoot, and shank) captured the results obtained
by Takahashi et al. [70], except for two features (Fig 4A). First, our simulations largely overesti-
mated the negative power distal to shank and hindfoot after initial contact. This peak is attributed
to the absorption of impact energy after heel strike [75] and coincides with the overestimation of
the rise in ground reaction forces after initial contact (Fig AD in S1 Text). Second, we underesti-
mated the negative power distal to the hindfoot, and overestimated the negative power distal to the
forefoot during terminal stance (Fig 4A). Our simulation had less negative and net work distal to
the hindfoot compared to experiments, but captured the observation that the net work distal to the
shank is low (Fig 4B), i.e. the ankle-foot complex is close to energy-neutral during walking [70].

Effects of modelling choices on the predicted gait pattern

We evaluated the effect of modelling choices on the predicted walking motion to explore how
different foot structures shape walking mechanics and energetics. We compared the effect of
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each specific modelling choice versus the proposed model (“nominal 4-segment foot model”).
We discuss only those gait features sensitive to the change. The results of additional parameter
sweeps are available in S1 Text. In all figures, black lines represent results based on the nominal
model and coloured lines represent results based on a model with alternative parameter
values.

Number of foot segments. To dissociate the effect of modelling an additional foot seg-
ment versus altering parameters, we created a new 3-segment model (“nominal 3-segment
foot model”). This model has the same complexity as Falisse’s model, with parameters based
on the nominal 4-segment model. Simulations based on the nominal 3-segment model cap-
tured the experimentally observed ankle dorsiflexion and soleus activation pattern better than
simulations with Falisse’s model (Fig 3 dotted lines, section 11 in S1 Text). Simulations based
on the nominal 3-segment model overestimated the subtalar range of motion and underesti-
mated MTP flexion at push-off. They also failed to capture peroneus longus activation (Fig AE
in S1 Text). The predicted peak ankle power (~2.5 W/kg) is similar to the experimental peak
(~2.3 W/kg), but the stance ankle power is less accurate than the power predicted based on the
4-segment foot (RMSE 14.27 vs. 8.53, NCC 0.74 vs. 0.83). Thus, the nominal 3 and 4-segment
foot models resulted in similar accuracy for joints proximal to the ankle, but the 4-segment
model better captured kinematics distal to the ankle. Given that the nominal 3-segment foot
model captures ankle kinematics well, it could be considered a simpler alternative for the
4-segment model if a study does not require foot and subtalar kinematics. We did not observe
a strong effect of the number of foot segments on simulation time. The gait simulation con-
verged in 3 hours and 50 minutes when using the nominal 3-segment foot model and in 4
hours and 12 minutes when using the nominal 4-segment model. Simulations with alternative
model parameters converged within 2-6 hours.

Foot-ground contact stiffness. Foot-ground contact stiffness had a large influence on
knee flexion and the knee extension moment during early stance when using the 4-segment
foot model but not when using the nominal 3-segment model. More compliant foot-ground
contact (stiffness 1 MPa instead of 10 MPa) resulted in increased stance knee extension and
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reduced stance knee extension moment in the 4-segment model (Fig Q in S1 Text). A model
with stiff contact resulted in a simulated peak heel pad compression of 7.7 mm, which is still

higher than the 3.8-4.8 mm reported by Gefen et al. [72]. Further increasing contact stiffness
reduced compression, but did not otherwise affect the predicted gait (Fig Q in S1 Text). The

contact sphere representing the heel pad dissipates 41% of its absorbed energy, which falls in
the reported range of 17-44% [72,76].

Achilles tendon stiffness. Achilles tendon stiffness had a large influence on ankle dorsi-
flexion during mid-stance. In both the nominal 4-segment and 3-segment foot models, high
Achilles tendon stiffness (i.e. normalised tendon stiffness of the generic Hill-type model [32])
resulted in little or no ankle dorsiflexion during midstance in contrast to experimental obser-
vations (Fig 5). The energy storage in the Achilles tendon and ankle push-off power is lower in
the simulations with a stiff Achilles tendon than in the simulations with the lower tendon stiff-
ness that we propose here (i.e. half of the normalised tendon stiffness for the generic Hill-type
model [32]). Using a higher versus lower Achilles tendon stiffness also led to a worse agree-
ment between simulated and experimental soleus activity (Fig 5). Simulations with different
Achilles tendon stiffness values showed that ankle dorsiflexion, ankle power and soleus activa-
tion peaks all increased with decreasing stiffness, while mid-stance knee extension decreased
(Fig A in S1 Text).

Plantar fascia stiffness. Plantar fascia stiffness had a strong influence on ankle push-off.
Reducing plantar fascia stiffness (i.e. using stress-strain curves from Gefen [50] instead of
Natali et al. [53]) resulted in increased ankle plantarflexion and increased midtarsal extension
during stance (Fig 6A). These kinematics show similarities with pathological gait observed in
patients with a midfoot break foot deformity [77]. Interestingly, reducing plantar fascia stift-
ness resulted in lower activation of the intrinsic foot muscle, instead of higher activation to
compensate for the reduced stiffness. The muscle fibres underwent an elongation of up to 35%
of optimal fibre length, which is much larger than in the nominal simulation (Fig 6D). Sweep-
ing plantar fascia stiffness showed that midtarsal extension decreased with increasing stiffness
(Fig M in S1 Text). Ankle plantarflexion and ankle power increased with plantar fascia
stiffness.

Plantar intrinsic foot muscle. Removing intrinsic foot muscles mainly affected the stance
knee kinematics and ankle push-off power, possibly because extrinsic foot muscles that also
span the ankle partially compensated for the absence of the intrinsic foot muscles to keep foot
stiffness high. Removing the plantar intrinsic muscle resulted in increased stance knee flexion
and earlier ankle dorsiflexion (Fig 6A). Midtarsal and MTP kinematics remained largely simi-
lar. Ankle, midtarsal, and MTP moments were higher in mid-stance, and had a lower peak in
terminal stance (Fig 7A). The subtle changes in midtarsal and MTP kinematics resulted in an
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increased plantar fascia strain and hence a slightly higher plantar fascia moment around both
joints (Fig 7B). During mid and late stance, the midtarsal flexion moment (i.e. resisting arch
compression) by extrinsic foot muscles increased. The increased contribution of the extrinsic
foot muscles was also reflected in the increased ankle plantarflexion moment in mid-stance
(Fig 7B). However, extrinsic muscles and plantar fascia did not fully compensate for the contri-
butions of the intrinsic muscle to the peak midtarsal and MTP moments in the nominal simu-
lation, and hence the net effect of removing the intrinsic foot muscles was a reduced stiffness
of the foot at push off. Removing the plantar intrinsic muscle resulted in lower peak triceps
surae activation (Fig AJ in S1 Text) and a lower peak ankle moment at push-off (Fig 6B). The
reduction in triceps surae knee moment, combined with increased quadriceps and decreased
hamstrings knee moments, resulted in a lower knee flexion moment in mid-stance, which was
not in agreement with experimental results (Fig 7B). Remarkably, the simulated gait was not
sensitive to parameters of the plantar intrinsic muscle. The maximal isometric force needed to
be changed to at least double or half its nominal value for changes in gait kinematics to occur
(Fig N in S1 Text). The optimal fibre length and tendon slack length of the plantar intrinsic
muscle only influenced its normalised fibre length (Figs O and P in S1 Text).

Foot arch height. Simulations based on the 4-segment foot model were sensitive to foot
arch height (Fig 6). Simulations with a lower arch height, which is not representative of a
healthy person, resulted in a gait pattern with increased stance knee flexion and midtarsal
extension. The ankle power at push-off was reduced in the simulations with a smaller arch
height. The cost of transport was 6.8% higher than for the nominal model. Simulations based
on the 3-segment foot model were not sensitive to the foot arch height (Fig AL in S1 Text).

Simulating experimental manipulations to foot properties

To test whether simulations with our model can capture the effects of manipulating foot prop-
erties, we simulated walking and running with an insole that limits arch compression [6] and
walking with local anaesthesia of intrinsic foot muscles [7].

Walking and running with restricted arch compression. Our simulations captured the
effect of preventing foot arch compression on the cost of transport for walking and running.
Stearne et al. created custom insoles that prevented the foot arch of their participants to com-
press [6]. They found that wearing these insoles did not affect the cost of transport during
walking. When running at 2.7 m/s, the cost of transport increased by an average of 6% as a
result of the insoles [6]. We modelled these insoles as a stiff spring on the midtarsal joint that
only engages for positive flexion angles (i.e. arch compression). In the simulation, the midtar-
sal joint showed reduced flexion with insoles. The cost of transport barely changed for walking
(+0.5%) but increased by 4.4% for running at 2.7 m/s, relative to simulating the same velocity
without insole.

Walking with local anaesthesia of intrinsic foot muscles. Our simulations captured the
effect of inhibiting intrinsic foot muscle activation on whole-body gait mechanics and energet-
ics. Farris et al. applied a nerve block to the intrinsic foot muscles [7]. We mimicked this exper-
iment in simulation by imposing a low constant activation to the plantar intrinsic muscles (for
detailed results, see section 14 in S1 Text). Consistent with experiments [7], limiting intrinsic
muscle activity in simulation hardly affected arch deformation (i.e. midtarsal joint angle) dur-
ing initial loading (Fig AM in S1 Text) and cost of transport (+0.3%). Examining the contribu-
tion of each muscle to the simulated cost of transport showed that the nerve block greatly
reduced the metabolic energy expenditure by plantar intrinsic muscles, but nearly every other
muscle consumed more energy (Fig AN in S1 Text). Our simulations captured the experimen-
tally observed increase in positive hip work (+6%) (Fig AO in S1 Text) and stride frequency
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(+1%) and decrease in MTP quasi-stiffness (i.e. slope of line fitted between angle-moment
graph) during late stance (- 6%), but underestimated the magnitude of the changes [7]. During
late stance, our simulations showed an increase in midtarsal extension due to the nerve block
(Fig AM in S1 Text). The corresponding increase in plantar fascia strain resulted in an 18%
increase in force, which compensated for the reduction in force produced by the intrinsic mus-
cle. In both cases, the summed force of plantar fascia and intrinsic muscle had a peak value of
two times body weight. Where Farris et al. found a significant decrease in positive work done
by the foot and no change in negative work [7], we predicted no change in positive work and a
decrease in negative work (Fig AN in S1 Text). Notwithstanding quantitative differences,
experiments and simulations both showed that inhibiting activation of intrinsic foot muscles
resulted in a higher fraction of the energy absorbed by the foot being dissipated.

Discussion

We proposed a novel 4-segment foot model for use in predictive simulations of human locomo-
tion. Simulations based on our model generate physiologically plausible gait mechanics and ener-
getics and elicit the effect of foot structure on whole-body gait mechanics and energetics. 1) The
foot-ground contact needs to be sufficiently stiff to obtain mid-stance knee flexion. When the
foot-ground contact is compliant, negative peak knee joint power is smaller, meaning that soft
tissues around the knee absorb less of the impact energy from initial contact. 2) The Achilles ten-
don needs to be sufficiently compliant to obtain ankle dorsiflexion during stance. If the Achilles
tendon is stiffer, using it to store and release energy is not the optimal strategy. 3) A stiff plantar
fascia, sufficient foot arch height, and intrinsic foot muscles were important to stiffen the foot
and generate high ankle push-off powers. With a reduced ability to stiffen the foot, the optimal
gait strategy displayed the main kinematic features of midfoot break or crouch gait. 4) During
terminal stance plantar fascia and intrinsic foot muscle transfer energy from the MTP to the mid-
tarsal joint to further increase push-off power generated by arch recoil. Our nominal 3-segment
model with well-tuned foot-ground contact and Achilles tendon stiffness also captured knee and
ankle kinematics, features that had been difficult to predict with previous models, suggesting that
a foot with a rigid arch and passive MTP joint is a reasonable approximation for a healthy foot
during walking. However, the 3-segment model gives little insight into how different structures
contribute to foot stiffness. Furthermore, a more detailed foot model is crucial to investigate how
foot pathologies influence whole-body mechanics and energetics.

While simulations with the nominal 4-segment foot model resulted in physiologically plau-
sible gait, there were still discrepancies between predicted and experimental gait. Overall, the
simulated gait variables showed moderate to good shape-agreement with mean experimental
data (cross-correlation coefficients > 0.70). Kinematics and kinetics of most stance leg joints
showed good agreement. Most weighted RMSE values were higher than the threshold we set
for good agreement (RMSE < 2). Previous simulation studies reported RMSE values below 2,
but these were calculated based on data from multiple subjects [29,31]. We compared simula-
tion results to data from a single subject and therefore the calculated RMSE values are not
directly comparable to those from other studies. Intra-subject variability is smaller than inter-
subject variability and therefore our standard deviations were lower, resulting in higher RMSE
weights and values. Simulations with our model did capture many features of ankle-foot kine-
matics, energetics, and muscle activations (e.g. peak value and timing, onset of increase or
decrease) that we observed in our reference data and are reported in the literature. We scaled
the model to the anthropometry of the reference subject, but joint definitions, inertial parame-
ters, and mechanical parameters of muscles, tendons, and other soft tissues are still based on
an average healthy adult. Personalising the model, such as estimating subject-specific muscle-
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tendon parameters [78] might improve the agreement between simulated and experimental
gait for this subject (i.e. reduce RMSE) but would require more experimental data. This may
not be required to study gait in healthy adults but is important when studying gait pathology
for a specific patient.

Our simulations did not capture midtarsal and subtalar kinematics during swing and
underestimated ankle plantarflexion angle during late stance and swing, indicating that kine-
matic errors are largest when forces and powers in the ankle-foot complex are low. Therefore,
these errors might have little influence when using our model to study the relation between
foot structure, and its contributions to load bearing and propulsion.

Our simulations showed that a stiff foot is required to efficiently generate high ankle pow-
ers. It has been suggested that the ability to stiffen the foot is important to generate a powerful
push-off [17]. In simulations, we could manipulate the ability to stiffen the foot by altering
arch height, plantar fascia stiffness, or the properties of intrinsic foot muscles. When we
reduced the ability to stiffen the foot, simulated peak push-off ankle power decreased (Fig 5B).
The magnitude and timing of negative ankle power (i.e. absorbing energy) were different for
each alteration. All three changes caused the energy stored in the Achilles tendon to be approx-
imately 18% lower than in simulations with the nominal 4-segment foot model. Our simula-
tions suggest that if the foot cannot act as a sufficiently stiff lever, an optimal strategy is to walk
with a flexed knee. This is in agreement with the hypothesised contribution of increased foot
compliance to crouch gait in children with cerebral palsy [79]. An alternative strategy is to
walk with excessive midtarsal extension, and to rely on elastic energy storage in plantar fascia
and plantar ligaments (Fig Al in SI Text). It is important to note that this midtarsal extension
is far outside the range of motion of the data from which the functional axis was determined,
thus the axis orientation might be different in a person with midfoot break. Nevertheless, these
results highlight the potential of the presented model to study the relation between foot pathol-
ogy and common pathological gait patterns (i.e. midfoot break [77] and crouch gait [80]).

The plantar fascia and intrinsic muscle provide push-off power around the midtarsal joint
by releasing strain energy and transferring energy absorbed around the MTP joint. Recent
experiments indicate that the windlass mechanism contributes to running efficiency by trans-
ferring energy from the MTP joint to the arch [81], and by modulating elastic energy storage
in the arch [82]. Measuring individual contributions to energy storage and transfer by plantar
fascia, intrinsic muscles, and extrinsic muscles has not been done experimentally. However, in
simulations, we can calculate the exact contribution of each individual element to (the energet-
ics of) the predicted gait pattern. In the 4-segment foot model, the plantar fascia and intrinsic
muscle absorb most braking energy at the MTP joint and transfer this to the midtarsal joint
(Fig 8). Strain energy released from the plantar fascia and the tendon of the intrinsic muscle,
and active contraction of the intrinsic muscle provide additional power to the midtarsal joint.
The 3-segment foot model also absorbs energy around the MTP but the energy is dissipated
(Figs 8A and AG in S1 Text); thus, a rigid foot arch does not yield the most efficient push-off.
Interestingly, the energy-efficient mechanisms that we find in walking simulations with a
4-segment foot model, are the same mechanisms as experimentally observed in running
[81,82]. These model predictions should be evaluated experimentally. This example shows
how the simulations can be used to generate hypotheses and inspire future experiments.

In conclusion, predictive simulations with our new 4-segment foot model capture the
major mechanic and energetic features of healthy walking. Our model also reproduces the
effects of experimental foot manipulations on foot and whole-body movement. Our simula-
tions provide a complementary approach to experimental studies to gain insight into the rela-
tionship between foot structure and whole-body locomotion. Adapting the model parameters
to represent a specific patient or patient group could advance our understanding of how foot
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pathology contributes to pathological gait patterns, and these insights could eventually lead to
better treatment selections and new treatments. All models and code are available at https://
github.com/Lars-DHondt-KUL/3dpredictsim/tree/four-segment_foot_model.

Supporting information

S1 Text. Additional information about the musculoskeletal model, extended results, and

sensitivity analysis. Contains Figs A to AO and Tables A to O with their individual captions.
(PDF)

Acknowledgments
We thank Madhu Venkadesan for the useful discussions about foot mechanics and energetics

and Bryce A. Killen and Hannah D. Carey for proofreading the manuscript.

Author Contributions
Conceptualization: Lars D’Hondt, Friedl De Groote, Maarten Afschrift.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1012219  June 20, 2024 20/25


https://github.com/Lars-DHondt-KUL/3dpredictsim
https://github.com/Lars-DHondt-KUL/3dpredictsim
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1012219.s001
https://doi.org/10.1371/journal.pcbi.1012219.g008
https://doi.org/10.1371/journal.pcbi.1012219

PLOS COMPUTATIONAL BIOLOGY Foot structure affects human walking, a simulation study

Data curation: Lars D’Hondt.

Formal analysis: Lars D’Hondt, Friedl De Groote, Maarten Afschrift.
Funding acquisition: Friedl De Groote.

Investigation: Lars D’Hondt, Friedl De Groote, Maarten Afschrift.
Methodology: Lars D’Hondt, Friedl De Groote, Maarten Afschrift.

Project administration: Friedl De Groote, Maarten Afschrift.

Resources: Friedl De Groote.

Software: Lars D’Hondt, Friedl De Groote, Maarten Afschrift.

Supervision: Friedl De Groote, Maarten Afschrift.

Validation: Lars D’Hondst, Friedl De Groote, Maarten Afschrift.
Visualization: Lars D’Hondt.

Writing - original draft: Lars D’Hondt, Friedl De Groote, Maarten Afschrift.
Writing - review & editing: Lars D’Hondt, Fried]l De Groote, Maarten Afschrift.

References

1. Holowka NB, Lieberman DE. Rethinking the evolution of the human foot: insights from experimental
research. J Exp Biol. 2018 Sep 6; 221(17):jeb174425. https://doi.org/10.1242/jeb.174425 PMID:
30190415

2. KerRF, Alexander RM, Kester RC, Bibby SR, Bennett MB. The spring in the arch of the human foot.
Nat Lond. 1987; 325(6100):147-9. https://doi.org/10.1038/325147a0 PMID: 3808070

3. Riddick R, Farris DJ, Kelly LA. The foot is more than a spring: human foot muscles perform work to
adapt to the energetic requirements of locomotion. J R Soc Interface. 2019 Jan 23; 16(150):20180680.
https://doi.org/10.1098/rsif.2018.0680 PMID: 30958152

4. Farris D, Birch J, Kelly L. Foot stiffening during the push-off phase of human walking is linked to active
muscle contraction, and not the windlass mechanism. J R Soc Interface. 2020 Jul; 17:20200208.
https://doi.org/10.1098/rsif.2020.0208 PMID: 32674708

5. Takahashi KZ, Gross MT, Van Werkhoven H, Piazza SJ, Sawicki GS. Adding Stiffness to the Foot Mod-
ulates Soleus Force-Velocity Behaviour during Human Walking. Sci Rep. 2016; 6(1):29870-29870.

6. Stearne S, McDonald K, Alderson J, North |, Oxnard C, Rubenson J. The Foot’s Arch and the Energet-
ics of Human Locomotion. Sci Rep. 2016 Feb; 6. https://doi.org/10.1038/srep19403 PMID: 26783259

7. Farris DJ, Kelly LA, Cresswell AG, Lichtwark GA. The functional importance of human foot muscles for
bipedal locomotion. Proc Natl Acad Sci. 2019 Jan 29; 116(5):1645-50. https://doi.org/10.1073/pnas.
1812820116 PMID: 30655349

8. Falisse A, Afschrift M, Groote FD. Modeling toes contributes to realistic stance knee mechanics in
three-dimensional predictive simulations of walking. PLOS ONE. 2022 Jan 25; 17(1):0256311. https://
doi.org/10.1371/journal.pone.0256311 PMID: 35077455

9. Anderson FC, Pandy MG. Dynamic Optimization of Human Walking. J Biomech Eng. 2001 May 16; 123
(5):381-90. https://doi.org/10.1115/1.1392310 PMID: 11601721

10. Miller RH. A comparison of muscle energy models for simulating human walking in three dimensions. J
Biomech. 2014; 47(6):1373-81. https://doi.org/10.1016/j.jbiomech.2014.01.049 PMID: 24581797

11. Falisse A, Serrancoli G, Dembia CL, Gillis J, Jonkers |, De Groote F. Rapid predictive simulations with
complex musculoskeletal models suggest that diverse healthy and pathological human gaits can
emerge from similar control strategies. J R Soc Interface. 2019; 16(157):20190402. https://doi.org/10.
1098/rsif.2019.0402 PMID: 31431186

12. SongS, Geyer H. A neural circuitry that emphasizes spinal feedback generates diverse behaviours of
human locomotion. J Physiol. 2015; 593(16):3493-511. https://doi.org/10.1113/JP270228 PMID:
25920414

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1012219  June 20, 2024 21/25


https://doi.org/10.1242/jeb.174425
http://www.ncbi.nlm.nih.gov/pubmed/30190415
https://doi.org/10.1038/325147a0
http://www.ncbi.nlm.nih.gov/pubmed/3808070
https://doi.org/10.1098/rsif.2018.0680
http://www.ncbi.nlm.nih.gov/pubmed/30958152
https://doi.org/10.1098/rsif.2020.0208
http://www.ncbi.nlm.nih.gov/pubmed/32674708
https://doi.org/10.1038/srep19403
http://www.ncbi.nlm.nih.gov/pubmed/26783259
https://doi.org/10.1073/pnas.1812820116
https://doi.org/10.1073/pnas.1812820116
http://www.ncbi.nlm.nih.gov/pubmed/30655349
https://doi.org/10.1371/journal.pone.0256311
https://doi.org/10.1371/journal.pone.0256311
http://www.ncbi.nlm.nih.gov/pubmed/35077455
https://doi.org/10.1115/1.1392310
http://www.ncbi.nlm.nih.gov/pubmed/11601721
https://doi.org/10.1016/j.jbiomech.2014.01.049
http://www.ncbi.nlm.nih.gov/pubmed/24581797
https://doi.org/10.1098/rsif.2019.0402
https://doi.org/10.1098/rsif.2019.0402
http://www.ncbi.nlm.nih.gov/pubmed/31431186
https://doi.org/10.1113/JP270228
http://www.ncbi.nlm.nih.gov/pubmed/25920414
https://doi.org/10.1371/journal.pcbi.1012219

PLOS COMPUTATIONAL BIOLOGY Foot structure affects human walking, a simulation study

13. Lin YC, Walter JP, Pandy MG. Predictive Simulations of Neuromuscular Coordination and Joint-Contact
Loading in Human Gait. Ann Biomed Eng. 2018; 46(8):1216-27. https://doi.org/10.1007/s10439-018-
2026-6 PMID: 29671152

14. Sawicki GS, Lewis CL, Ferris DP. It pays to have a spring in your step. Exerc Sport Sci Rev. 2009; 37
(3):130-8. https://doi.org/10.1097/JES.0b013e31819c2df6 PMID: 19550204

15. Lichtwark GA, Wilson AM. In vivo mechanical properties of the human Achilles tendon during one-leg-
ged hopping. J Exp Biol. 2005 Dec 15; 208(24):4715-25. https://doi.org/10.1242/jeb.01950 PMID:
16326953

16. Donatelli R. Normal biomechanics of the foot and ankle. J Orthop Sports Phys Ther. 1985; 7(3):91-5.
https://doi.org/10.2519/jospt.1985.7.3.91 PMID: 18802279

17. HICKS JH. The mechanics of the foot. Il. The plantar aponeurosis and the arch. J Anat. 1954; 88(1):25—
30. PMID: 13129168

18. Welte L, Kelly LA, Lichtwark GA, Rainbow MJ. Influence of the windlass mechanism on arch-spring
mechanics during dynamic foot arch deformation. J R Soc Interface. 2018; 15(145):20180270. https://
doi.org/10.1098/rsif.2018.0270 PMID: 30111662

19. Yawar A, Eng MC, Tommasini S, Venkadesan M. Stiffness and work contributions of the windlass in
human feet. 2021 Jun;51.

20. Tosovic D, Ghebremedhin E, Glen C, Gorelick M, Mark Brown J. The architecture and contraction time
of intrinsic foot muscles. J Electromyogr Kinesiol. 2012 Dec 1; 22(6):930-8. https://doi.org/10.1016/j.
jelekin.2012.05.002 PMID: 22742974

21. KuraH, Luo ZP, Kitaoka HB, An KN. Quantitative analysis of the intrinsic muscles of the foot. Anat Rec.
1997; 249(1):143-51. https://doi.org/10.1002/(SIC1)1097-0185(199709)249:1<143::AID-AR17>3.0.
CO;2-P PMID: 9294659

22. Biewener AA. Muscle Function in vivo: A Comparison of Muscles Used for Elastic Energy Savings ver-
sus Muscles Used to Generate Mechanical Power. Am Zool. 1998; 38(4):703-17.

23. Zelik KE, La Scaleia V, lvanenko YP, Lacquaniti F. Coordination of intrinsic and extrinsic foot muscles
during walking. Eur J Appl Physiol. 2015 Apr 1; 115(4):691-701. https://doi.org/10.1007/s00421-014-
3056-x PMID: 25420444

24. Mann R, Inman VT. Phasic Activity of Intrinsic Muscles of the Foot. JBJS. 1964 Apr; 46(3):469-81.
PMID: 14131426

25. Song S, Geyer H. The energetic cost of adaptive feet in walking. In: 2011 IEEE International Conference
on Robotics and Biomimetics. IEEE; 2011. p. 1597-602.

26. SongS, LaMontagna C, Collins SH, Geyer H. The effect of foot compliance encoded in the windlass
mechanism on the energetics of human walking. In: 2013 35th Annual International Conference of the
IEEE Engineering in Medicine and Biology Society (EMBC). 2013. p. 3179-82.

27. Koelewijn AD, Dorschky E, van den Bogert AJ. A metabolic energy expenditure model with a continuous
first derivative and its application to predictive simulations of gait. Comput Methods Biomech Biomed
Engin. 2018 Jun 11; 21(8):521-31. https://doi.org/10.1080/10255842.2018.1490954 PMID: 30027769

28. Ackermann M, van den Bogert AJ. Optimality principles for model-based prediction of human gait. J Bio-
mech. 2010 Apr 19; 43(6):1055—-60. https://doi.org/10.1016/j.jbiomech.2009.12.012 PMID: 20074736

29. Waterval N. F. J., Veerkamp K., Geijtenbeek T., Harlaar J., Nollet F., Brehm M. A_, et al. Validation of
forward simulations to predict the effects of bilateral plantarflexor weakness on gait. Gait Posture. 2021
Jun 1; 87:33-42. https://doi.org/10.1016/j.gaitpost.2021.04.020 PMID: 33882437

30. Nguyen VQ, Johnson RT, Sup FC, Umberger BR. Bilevel Optimization for Cost Function Determination
in Dynamic Simulation of Human Gait. IEEE Trans Neural Syst Rehabil Eng. 2019 Jul; 27(7):1426-35.
https://doi.org/10.1109/TNSRE.2019.2922942 PMID: 31199264

31. OngCF, Geijtenbeek T, Hicks JL, Delp SL. Predicting gait adaptations due to ankle plantarflexor muscle
weakness and contracture using physics-based musculoskeletal simulations. PLoS Comput Biol. 2019;
15(10):e1006993-e1006993. https://doi.org/10.1371/journal.pcbi.1006993 PMID: 31589597

32. De Groote F, Kinney AL, Rao AV, Fregly BJ. Evaluation of Direct Collocation Optimal Control Problem
Formulations for Solving the Muscle Redundancy Problem. Ann Biomed Eng. 2016; 44(10):2922—-36.
https://doi.org/10.1007/s10439-016-1591-9 PMID: 27001399

33. MabharajJN, Rainbow MJ, Cresswell AG, Kessler S, Konow N, Gehring D, et al. Modelling the complex-
ity of the foot and ankle during human locomotion: the development and validation of a multi-segment
foot model using biplanar videoradiography. Comput Methods Biomech Biomed Engin. 2022 Apr 4; 25
(5):554-65. https://doi.org/10.1080/10255842.2021.1968844 PMID: 34698598

34. Sikidar A, Kalyanasundaram D. An open-source OpenSim ankle-foot musculoskeletal model for
assessment of strains and forces in dense connective tissues. Comput Methods Programs Biomed.
2022 Jul 3;106994.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1012219  June 20, 2024 22/25


https://doi.org/10.1007/s10439-018-2026-6
https://doi.org/10.1007/s10439-018-2026-6
http://www.ncbi.nlm.nih.gov/pubmed/29671152
https://doi.org/10.1097/JES.0b013e31819c2df6
http://www.ncbi.nlm.nih.gov/pubmed/19550204
https://doi.org/10.1242/jeb.01950
http://www.ncbi.nlm.nih.gov/pubmed/16326953
https://doi.org/10.2519/jospt.1985.7.3.91
http://www.ncbi.nlm.nih.gov/pubmed/18802279
http://www.ncbi.nlm.nih.gov/pubmed/13129168
https://doi.org/10.1098/rsif.2018.0270
https://doi.org/10.1098/rsif.2018.0270
http://www.ncbi.nlm.nih.gov/pubmed/30111662
https://doi.org/10.1016/j.jelekin.2012.05.002
https://doi.org/10.1016/j.jelekin.2012.05.002
http://www.ncbi.nlm.nih.gov/pubmed/22742974
https://doi.org/10.1002/%28SICI%291097-0185%28199709%29249%3A1%26lt%3B143%3A%3AAID-AR17%26gt%3B3.0.CO%3B2-P
https://doi.org/10.1002/%28SICI%291097-0185%28199709%29249%3A1%26lt%3B143%3A%3AAID-AR17%26gt%3B3.0.CO%3B2-P
http://www.ncbi.nlm.nih.gov/pubmed/9294659
https://doi.org/10.1007/s00421-014-3056-x
https://doi.org/10.1007/s00421-014-3056-x
http://www.ncbi.nlm.nih.gov/pubmed/25420444
http://www.ncbi.nlm.nih.gov/pubmed/14131426
https://doi.org/10.1080/10255842.2018.1490954
http://www.ncbi.nlm.nih.gov/pubmed/30027769
https://doi.org/10.1016/j.jbiomech.2009.12.012
http://www.ncbi.nlm.nih.gov/pubmed/20074736
https://doi.org/10.1016/j.gaitpost.2021.04.020
http://www.ncbi.nlm.nih.gov/pubmed/33882437
https://doi.org/10.1109/TNSRE.2019.2922942
http://www.ncbi.nlm.nih.gov/pubmed/31199264
https://doi.org/10.1371/journal.pcbi.1006993
http://www.ncbi.nlm.nih.gov/pubmed/31589597
https://doi.org/10.1007/s10439-016-1591-9
http://www.ncbi.nlm.nih.gov/pubmed/27001399
https://doi.org/10.1080/10255842.2021.1968844
http://www.ncbi.nlm.nih.gov/pubmed/34698598
https://doi.org/10.1371/journal.pcbi.1012219

PLOS COMPUTATIONAL BIOLOGY Foot structure affects human walking, a simulation study

35. Malaquias TM, Silveira C, Aerts W, De Groote F, Dereymaeker G, Vander Sloten J, et al. Extended
foot-ankle musculoskeletal models for application in movement analysis. Comput Methods Biomech
Biomed Engin. 2017; 20(2):153-9. https://doi.org/10.1080/10255842.2016.1206533 PMID: 27381808

36. Leardini A, Caravaggi P. Kinematic Foot Models for Instrumented Gait Analysis. In: Muller B, Wolf SI,
Brueggemann GP, Deng Z, Mcintosh A, Miller F, et al., editors. Handbook of Human Motion [Internet].
Cham: Springer International Publishing; 2017 [cited 2024 Mar 14]. p. 1-24. Available from: https://doi.
org/10.1007/978-3-319-30808-1_28-1

37. Schallig W, van den Noort JC, Piening M, Streekstra GJ, Maas M, van der Krogt MM, et al. The Amster-
dam Foot Model: a clinically informed multi-segment foot model developed to minimize measurement
errors in foot kinematics. J Foot Ankle Res. 2022 Jun 7; 15(1):46. hitps://doi.org/10.1186/s13047-022-
00543-6 PMID: 35668453

38. Delp SL, Anderson FC, Arnold AS, Loan P, Habib A, John CT, et al. OpenSim: Open-Source Software
to Create and Analyze Dynamic Simulations of Movement. IEEE Trans Biomed Eng. 2007; 54
(11):1940-50. https://doi.org/10.1109/TBME.2007.901024 PMID: 18018689

39. Seth A, Hicks JL, Uchida TK, Habib A, Dembia CL, Dunne JJ, et al. OpenSim: Simulating musculoskele-
tal dynamics and neuromuscular control to study human and animal movement. PLOS Comput Biol.
2018 Jul 26; 14(7):e1006223. https://doi.org/10.1371/journal.pcbi.1006223 PMID: 30048444

40. Hamner SR, Seth A, Delp SL. Muscle contributions to propulsion and support during running. J Bio-
mech. 2010 Oct 19; 43(14):2709-16. https://doi.org/10.1016/j.jbiomech.2010.06.025 PMID: 20691972

41. Falisse A, Serrancoli G, Dembia CL, Gillis J, Groote FD. Algorithmic differentiation improves the compu-
tational efficiency of OpenSim-based trajectory optimization of human movement. PLOS ONE. 2019
okt; 14(10):e0217730. https://doi.org/10.1371/journal.pone.0217730 PMID: 31622352

42, Sherman MA, Seth A, Delp SL. Simbody: multibody dynamics for biomedical research. Procedia
IUTAM. 2011 Jan 1; 2:241-61. https://doi.org/10.1016/j.piutam.2011.04.023 PMID: 25866705

43. Zajac FE. Muscle and tendon: properties, models, scaling, and application to biomechanics and motor
control. Crit Rev Biomed Eng. 1989; 17(4):359—411. PMID: 2676342

44. Raasch CC, Zajac FE, Ma B, Levine WS. Muscle coordination of maximum-speed pedaling. J Biomech.
1997 Jun 1; 30(6):595-602. https://doi.org/10.1016/s0021-9290(96)00188-1 PMID: 9165393

45. ANDERSON FC PANDY MG. A Dynamic Optimization Solution for Vertical Jumping in Three Dimen-
sions. Comput Methods Biomech Biomed Engin. 1999 Jan 1; 2(3):201-31.

46. Magnusson SP, Aagaard P, Rosager S, Dyhre-Poulsen P, Kjaer M. Load—displacement properties of
the human triceps surae aponeurosis in vivo. J Physiol. 2001 Feb 15; 531(Pt 1):277-88. https://doi.org/
10.1111/j.1469-7793.2001.0277j.x PMID: 11179410

47. Magnusson SP, Hansen P, Aagaard P, Brgnd J, Dyhre-Poulsen P, Bojsen-Moller J, et al. Differential
strain patterns of the human gastrocnemius aponeurosis and free tendon, in vivo. Acta Physiol Scand.
2003; 177(2):185-95. https://doi.org/10.1046/].1365-201X.2003.01048.x PMID: 12558555

48. Nordez A, Gross R, Andrade R, Le Sant G, Freitas S, Ellis R, et al. Non-Muscular Structures Can Limit
the Maximal Joint Range of Motion during Stretching. Sports Med. 2017 Oct 1; 47(10):1925-9. https://
doi.org/10.1007/s40279-017-0703-5 PMID: 28255938

49. Ancillao A. The helical axis of anatomical joints: calculation methods, literature review, and software
implementation. Med Biol Eng Comput. 2022 Jul 1; 60(7):1815-25. https://doi.org/10.1007/s11517-
022-02576-2 PMID: 35553355

50. Gefen A. Stress analysis of the standing foot following surgical plantar fascia release. J Biomech. 2002;
35(5):629-37. https://doi.org/10.1016/s0021-9290(01)00242-1 PMID: 11955502

51. Caravaggi P, Pataky T, Goulermas JY, Savage R, Crompton R. A dynamic model of the windlass mech-
anism of the foot: Evidence for early stance phase preloading of the plantar aponeurosis. J Exp Biol.
2009; 212(15):2491-9. https://doi.org/10.1242/jeb.025767 PMID: 19617443

52, Bisi-Balogun A, Rector M. Clinical Utility of Ultrasound Measurements of Plantar Fascia Width and
Cross-Sectional Area: A Novel Technique. J Am Podiatr Med Assoc. 2017 Sep 1; 107(5):375-81.
https://doi.org/10.7547/16-042 PMID: 29077502

53. Natali AN, Pavan PG, Stecco C. A constitutive model for the mechanical characterization of the plantar
fascia. Connect Tissue Res. 2010; 51(5):337—46. https://doi.org/10.3109/03008200903389127 PMID:
20175692

54. Wright DG, Rennels DC. A Study of the Elastic Properties of Plantar Fascia: J Bone Jt Surg. 1964 Apr;
46(3):482-92.

55. Kitaoka HB, Luo ZP, Growney ES, Berglund LJ, An KN. Material Properties of the Plantar Aponeurosis.
Foot Ankle Int. 1994 Oct 1; 15(10):557—60. hitps://doi.org/10.1177/107110079401501007 PMID:
7834064

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1012219  June 20, 2024 23/25


https://doi.org/10.1080/10255842.2016.1206533
http://www.ncbi.nlm.nih.gov/pubmed/27381808
https://doi.org/10.1007/978-3-319-30808-1_281
https://doi.org/10.1007/978-3-319-30808-1_281
https://doi.org/10.1186/s13047-022-00543-6
https://doi.org/10.1186/s13047-022-00543-6
http://www.ncbi.nlm.nih.gov/pubmed/35668453
https://doi.org/10.1109/TBME.2007.901024
http://www.ncbi.nlm.nih.gov/pubmed/18018689
https://doi.org/10.1371/journal.pcbi.1006223
http://www.ncbi.nlm.nih.gov/pubmed/30048444
https://doi.org/10.1016/j.jbiomech.2010.06.025
http://www.ncbi.nlm.nih.gov/pubmed/20691972
https://doi.org/10.1371/journal.pone.0217730
http://www.ncbi.nlm.nih.gov/pubmed/31622352
https://doi.org/10.1016/j.piutam.2011.04.023
http://www.ncbi.nlm.nih.gov/pubmed/25866705
http://www.ncbi.nlm.nih.gov/pubmed/2676342
https://doi.org/10.1016/s0021-9290%2896%2900188-1
http://www.ncbi.nlm.nih.gov/pubmed/9165393
https://doi.org/10.1111/j.1469-7793.2001.0277j.x
https://doi.org/10.1111/j.1469-7793.2001.0277j.x
http://www.ncbi.nlm.nih.gov/pubmed/11179410
https://doi.org/10.1046/j.1365-201X.2003.01048.x
http://www.ncbi.nlm.nih.gov/pubmed/12558555
https://doi.org/10.1007/s40279-017-0703-5
https://doi.org/10.1007/s40279-017-0703-5
http://www.ncbi.nlm.nih.gov/pubmed/28255938
https://doi.org/10.1007/s11517-022-02576-2
https://doi.org/10.1007/s11517-022-02576-2
http://www.ncbi.nlm.nih.gov/pubmed/35553355
https://doi.org/10.1016/s0021-9290%2801%2900242-1
http://www.ncbi.nlm.nih.gov/pubmed/11955502
https://doi.org/10.1242/jeb.025767
http://www.ncbi.nlm.nih.gov/pubmed/19617443
https://doi.org/10.7547/16-042
http://www.ncbi.nlm.nih.gov/pubmed/29077502
https://doi.org/10.3109/03008200903389127
http://www.ncbi.nlm.nih.gov/pubmed/20175692
https://doi.org/10.1177/107110079401501007
http://www.ncbi.nlm.nih.gov/pubmed/7834064
https://doi.org/10.1371/journal.pcbi.1012219

PLOS COMPUTATIONAL BIOLOGY Foot structure affects human walking, a simulation study

56. Fessel G, Jacob HAC, Wyss Ch, Mittimeier Th, Muller-Gerbl M, Bittner A. Changes in length of the
plantar aponeurosis during the stance phase of gait—An in vivo dynamic fluoroscopic study. Ann Anat—
Anat Anz. 2014 Dec 1; 196(6):471-8. https://doi.org/10.1016/j.aanat.2014.07.003 PMID: 25113063

57. ChenDW, LiB, Aubeeluck A, Yang YF, Huang YG, Zhou JQ, et al. Anatomy and biomechanical proper-
ties of the plantar aponeurosis: A cadaveric study. PloS One. 2014; 9(1):e84347—e84347. https://doi.
org/10.1371/journal.pone.0084347 PMID: 24392127

58. Menz HB. Biomechanics of the Ageing Foot and Ankle: A Mini-Review. Gerontology. 2015; 61(4):381—
8. https://doi.org/10.1159/000368357 PMID: 25402236

59. Fukunaga T, Roy RR, Shellock FG, Hodgson JA, Edgerton VR. Specific tension of human plantar flex-
ors and dorsiflexors. J Appl Physiol. 1996 Jan; 80(1):158—65. https://doi.org/10.1152/jappl.1996.80.1.
158 PMID: 8847297

60. CheungJTM, Zhang M, An KN. Effect of Achilles tendon loading on plantar fascia tension in the stand-
ing foot. Clin Biomech Bristol. 2006; 21(2):194—2083. https://doi.org/10.1016/j.clinbiomech.2005.09.016
PMID: 16288943

61. Serrancoli G, Falisse A, Dembia C, Vantilt J, Tanghe K, Lefeber D, et al. Subject-Exoskeleton Contact
Model Calibration Leads to Accurate Interaction Force Predictions. IEEE Trans Neural Syst Rehabil
Eng. 2019; 27(8):1597-605. https://doi.org/10.1109/TNSRE.2019.2924536 PMID: 31247556

62. HuntK, Crossley E. Coefficient of restitution interpreted as damping in vibroimpact. J Appl Mech. 1975;

63. Gefen A, Megido-Ravid M, ltzchak Y, Arcan M. Biomechanical Analysis of the Three-Dimensional Foot
Structure During Gait: A Basic Tool for Clinical Applications. J Biomech Eng. 2000; 122(6):630-9.
https://doi.org/10.1115/1.1318904 PMID: 11192385

64. Brown P, McPhee J. A 3D ellipsoidal volumetric foot—ground contact model for forward dynamics. Multi-
body Syst Dyn. 2018 Apr 1; 42(4):447-67.

65. Stecco C, Corradin M, Macchi V, Morra A, Porzionato A, Biz C, et al. Plantar fascia anatomy and its rela-
tionship with Achilles tendon and paratenon. J Anat. 2013; 223(6):665—76. https://doi.org/10.1111/joa.
12111 PMID: 24028383

66. Bhargava LJ, Pandy MG, Anderson FC. A phenomenological model for estimating metabolic energy
consumption in muscle contraction. J Biomech. 2004; 37(1):81-8. https://doi.org/10.1016/s0021-9290
(03)00239-2 PMID: 14672571

67. Andersson JAE, Gillis J, Horn G, Rawlings JB, Diehl M. CasADi: a software framework for nonlinear
optimization and optimal control. Math Program Comput. 2019 Mar 1; 11(1):1-36.

68. Wachter A, Biegler LT. On the implementation of an interior-point filter line-search algorithm for large-
scale nonlinear programming. Math Program. 2006 Mar 1; 106(1):25-57.

69. Amestoy PR, Duff IS, L’'Excellent JY, Koster J. MUMPS: A General Purpose Distributed Memory
Sparse Solver. In: Sgrevik T, Manne F, Gebremedhin AH, Moe R, editors. Applied Parallel Computing
New Paradigms for HPC in Industry and Academia. Berlin, Heidelberg: Springer; 2001. p. 121-30.
(Lecture Notes in Computer Science).

70. Takahashi KZ, Worster K, Bruening DA. Energy neutral: The human foot and ankle subsections com-
bine to produce near zero net mechanical work during walking. Sci Rep. 2017; 7(1):15404-9.

71. Bruening DA, Takahashi KZ. Partitioning ground reaction forces for multi-segment foot joint kinetics.
Gait Posture. 2018 May 1; 62:111-6. https://doi.org/10.1016/j.gaitpost.2018.03.001 PMID: 29544155

72. Gefen A, Megido-Ravid M, ltzchak Y. In vivo biomechanical behavior of the human heel pad during the
stance phase of gait. J Biomech. 2001 Dec 1; 34(12):1661-5. https://doi.org/10.1016/s0021-9290(01)
00143-9 PMID: 11716870

73. Delp SL, Loan JP, Hoy MG, Zajac FE, Topp EL, Rosen JM. An interactive graphics-based model of the
lower extremity to study orthopaedic surgical procedures. IEEE Trans Biomed Eng. 1990 Aug; 37
(8):757—67. https://doi.org/10.1109/10.102791 PMID: 2210784

74. Semple R, Murley GS, Woodburn J, Turner DE. Tibialis posterior in health and disease: a review of
structure and function with specific reference to electromyographic studies. J Foot Ankle Res. 2009 Aug
19; 2(1):24.

75. Zelik KE, Takahashi KZ, Sawicki GS. Six degree-of-freedom analysis of hip, knee, ankle and foot pro-
vides updated understanding of biomechanical work during human walking. J Exp Biol. 2015 Mar 15;
218(6):876-86. https://doi.org/10.1242/jeb.115451 PMID: 25788726

76. Aerts P, De Clercq D. Deformation characteristics of the heel region of the shod foot during a simulated
heel strike: the effect of varying midsole hardness. J Sports Sci. 1993 Oct; 11(5):449-61. https://doi.
org/10.1080/02640419308730011 PMID: 8301705

77. Maurer JD, Ward V, Mayson TA, Davies KR, Alvarez CM, Beauchamp RD, et al. Classification of mid-
foot break using multi-segment foot kinematics and pedobarography. Gait Posture. 2014 Jan 1; 39
(1):1-6. https://doi.org/10.1016/j.gaitpost.2013.08.015 PMID: 24001869

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1012219  June 20, 2024 24/25


https://doi.org/10.1016/j.aanat.2014.07.003
http://www.ncbi.nlm.nih.gov/pubmed/25113063
https://doi.org/10.1371/journal.pone.0084347
https://doi.org/10.1371/journal.pone.0084347
http://www.ncbi.nlm.nih.gov/pubmed/24392127
https://doi.org/10.1159/000368357
http://www.ncbi.nlm.nih.gov/pubmed/25402236
https://doi.org/10.1152/jappl.1996.80.1.158
https://doi.org/10.1152/jappl.1996.80.1.158
http://www.ncbi.nlm.nih.gov/pubmed/8847297
https://doi.org/10.1016/j.clinbiomech.2005.09.016
http://www.ncbi.nlm.nih.gov/pubmed/16288943
https://doi.org/10.1109/TNSRE.2019.2924536
http://www.ncbi.nlm.nih.gov/pubmed/31247556
https://doi.org/10.1115/1.1318904
http://www.ncbi.nlm.nih.gov/pubmed/11192385
https://doi.org/10.1111/joa.12111
https://doi.org/10.1111/joa.12111
http://www.ncbi.nlm.nih.gov/pubmed/24028383
https://doi.org/10.1016/s0021-9290%2803%2900239-2
https://doi.org/10.1016/s0021-9290%2803%2900239-2
http://www.ncbi.nlm.nih.gov/pubmed/14672571
https://doi.org/10.1016/j.gaitpost.2018.03.001
http://www.ncbi.nlm.nih.gov/pubmed/29544155
https://doi.org/10.1016/s0021-9290%2801%2900143-9
https://doi.org/10.1016/s0021-9290%2801%2900143-9
http://www.ncbi.nlm.nih.gov/pubmed/11716870
https://doi.org/10.1109/10.102791
http://www.ncbi.nlm.nih.gov/pubmed/2210784
https://doi.org/10.1242/jeb.115451
http://www.ncbi.nlm.nih.gov/pubmed/25788726
https://doi.org/10.1080/02640419308730011
https://doi.org/10.1080/02640419308730011
http://www.ncbi.nlm.nih.gov/pubmed/8301705
https://doi.org/10.1016/j.gaitpost.2013.08.015
http://www.ncbi.nlm.nih.gov/pubmed/24001869
https://doi.org/10.1371/journal.pcbi.1012219

PLOS COMPUTATIONAL BIOLOGY Foot structure affects human walking, a simulation study

78. Falisse A, Van Rossom S, Jonkers |, De Groote F. EMG-Driven Optimal Estimation of Subject-SPE-
CIFIC Hill Model Muscle—Tendon Parameters of the Knee Joint Actuators. IEEE Trans Biomed Eng.
2017 Sep; 64(9):2253-62. https://doi.org/10.1109/TBME.2016.2630009 PMID: 27875132

79. Miller F. Foot Deformities in Children with Cerebral Palsy: An Overview. In: Miller F, Bachrach S, Len-
non N, O’Neil ME, editors. Cerebral Palsy [Internet]. Cham: Springer International Publishing; 2020
[cited 2023 Mar 20]. p. 2211-21. Available from: https://doi.org/10.1007/978-3-319-74558-9_141

80. O’Sullivan R, Marron A, Brady K. Crouch gait or flexed-knee gait in cerebral palsy: Is there a difference?
A systematic review. Gait Posture. 2020 Oct 1; 82:153—-60. https://doi.org/10.1016/j.gaitpost.2020.09.
001 PMID: 32927222

81. McDonald KA, Stearne SM, Alderson JA, North |, Pires NJ, Rubenson J. The role of arch compression
and metatarsophalangeal joint dynamics in modulating plantar fascia strain in running. PloS One. 2016;
11(4):e0152602—e0152602. https://doi.org/10.1371/journal.pone.0152602 PMID: 27054319

82. WelteL, Kelly LA, Kessler SE, Lieberman DE, D’Andrea SE, Lichtwark GA, et al. The extensibility of the

plantar fascia influences the windlass mechanism during human running. Proc R Soc B Biol Sci. 2021
Jan 27; 288(1943):20202095. https://doi.org/10.1098/rspb.2020.2095 PMID: 33468002

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1012219  June 20, 2024 25/25


https://doi.org/10.1109/TBME.2016.2630009
http://www.ncbi.nlm.nih.gov/pubmed/27875132
https://doi.org/10.1007/978-3-319-74558-9_141
https://doi.org/10.1016/j.gaitpost.2020.09.001
https://doi.org/10.1016/j.gaitpost.2020.09.001
http://www.ncbi.nlm.nih.gov/pubmed/32927222
https://doi.org/10.1371/journal.pone.0152602
http://www.ncbi.nlm.nih.gov/pubmed/27054319
https://doi.org/10.1098/rspb.2020.2095
http://www.ncbi.nlm.nih.gov/pubmed/33468002
https://doi.org/10.1371/journal.pcbi.1012219

