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Abstract This study investigates the pathological toe and heel gaits seen in human locomotion
using neuromusculoskeletal modelling and simulation. In particular, it aims to investigate potential
cause–effect relationships between biomechanical or neural impairments and pathological gaits. Toe
and heel gaits are commonly present in spinal cord injury, stroke and cerebral palsy. Toe walking
is mainly attributed to spasticity and contracture at plantar flexor muscles, whereas heel walking
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can be attributed to muscle weakness of biomechanical or neural origin. To investigate the effect
of these impairments on gait, this study focuses on the soleus and gastrocnemius muscles as they
contribute to ankle plantarflexion. We built a reflex circuit model based on previous work by Geyer
andHerr with additional pathways affecting the plantar flexormuscles. The SCONE software, which
provides optimisation tools for 2D neuromechanical simulation of human locomotion, is used to
optimise the corresponding reflex parameters and simulate healthy gait. We then modelled various
bilateral plantar flexor biomechanical and neural impairments, and individually introduced them in
the healthymodel.We characterised the resulting simulated gaits as pathological or not by comparing
ankle kinematics and ankle moment with the healthy optimised gait based on metrics used in
clinical studies. Our simulations suggest that toe walking can be generated by hyperreflexia, whereas
muscle and neural weaknesses partially induce heel gait. Thus, this ‘what if’ approach is deemed of
great interest as it allows investigation of the effect of various impairments on gait and suggests an
important contribution of active reflex mechanisms to pathological toe gait.

(Received 19 November 2021; accepted after revision 11 April 2022; first published online 20 April 2022)
Corresponding author Alice Bruel: BioRobotics Laboratory, EPFL, 1015 Lausanne, Switzerland. Email:
alice.bruel@epfl.ch

Abstract figure legend Various biomechanical and neural impairments are individually modelled at the level of the
plantar flexor muscles in a musculoskeletal model and a complex reflex circuit-based gait controller. For instance, as
shown on the left, the plantar flexor spindle reflex gain (KS) is increased to mimic hyperreflexia. The gait controller
is then optimised for each of the impaired conditions and the resulting gaits are characterised as pathological based on
ankle kinematics and anklemomentmetrics used in clinical studies. Thus, this ‘what if’ approach allows the investigation
of the effect of various impairments on gait presented in the table on the right.

Key points
� Pathological toe and heel gaits are commonly present in various conditions such as spinal cord
injury, stroke and cerebral palsy.

� These conditions present various neural and biomechanical impairments, but the cause–effect
relationships between these impairments and pathological gaits are difficult to establish clinically.

� Based on neuromechanical simulation, this study focuses on the plantar flexormuscles and builds
a new reflex circuit controller to model and evaluate the potential effect of both neural and
biomechanical impairments on gait.

� Our results suggest an important contribution of active reflexmechanisms to pathological toe gait.
� This ‘what if’ based on neuromechanical modelling is thus deemed of great interest to target
potential causes of pathological gait.

Introduction

Human locomotion relies on complex interactions
between the musculoskeletal system, spinal circuits,
sensory reflex pathways, descending pathways and
the environment (Rossignol et al., 2006). Neuro-
musculoskeletal modelling is a powerful tool to study
these complex interactions and the contribution of each
of these motor control components, as it allows for the
systematic evaluation of different models and parameters.
Neuromusculoskeletal modelling has thus been used to
study and understand human locomotion. Nevertheless,
abnormal gaits resulting from illness or injury are less
often modelled. Indeed, pathological gaits can have
several causes ranging from biomechanical to neural

impairments. Neuromusculoskeletal modelling can help
target and understand impaired mechanisms leading to
pathological gaits by evaluating a model with altered
parameters (Ong et al., 2019).
This study aims to investigate the effect of both

biomechanical and neural impairments on gait using
neuromusculoskeletal simulation. Two pathological gaits
common in several conditions such as spinal cord injury
(SCI), stroke and cerebral palsy (CP) are studied, namely
toe and heel gaits. Toe walking, also called equinus gait,
is a gait in which there is continuous ankle plantarflexion
throughout the stance phase (Nieuwenhuys et al., 2015).
This gait deviation is mainly attributed to spasticity and
contracture at plantar flexor muscles that are present in
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SCI, stroke and CP conditions (Armand et al., 2016;
Attias et al., 2017; Crenna, 1998; Lamontagne et al., 2002;
Matjacic et al., 2006; Van Der Salm et al., 2005). The most
common definition of spasticity is from Lance et al. (1980)
stating that spasticity is ‘a motor disorder, characterised
by a velocity-dependent increase in tonic stretch reflexes,
resulting from hyperexcitability of the stretch reflex’.
Spastic hyperreflexia is mainly due to increased alpha
motor neuron excitability (Leech et al., 2018; Marque
et al., 2001), reduction of presynaptic inhibition (Calancie
et al., 1993; Faist et al., 1994) and reduction of reciprocal
inhibition (Knikou & Mummidisetty, 2011) to reciprocal
facilitation (Crone et al., 2003; Xia & Rymer, 2005).
Biomechanical changes within both muscle–tendon unit
cells and extracellular matrix collagen fibres can also
contribute to spastic conditions by inducing a stiffer
muscle–tendon unit (Diong et al., 2012; Lieber et al.,
2004). In the long term, spasticity can also lead to the
shortening of the muscle–tendon complex resulting in
muscle contracture. For its part, heel walking, also called
calcaneus gait, is a gait in which there is an excessive
ankle dorsiflexion during the stance phase (Nieuwenhuys
et al., 2015). This gait deviation is mainly attributed to
muscle weakness that is also present in SCI, stroke and CP
conditions (Armand et al., 2016; Bohannon, 2007; Elder
et al., 2003; Thomas et al., 1997).Muscle weakness is a lack
ofmuscle strength that can be induced bymuscle diseases,
but also by deficits in the neural drive leading to muscle
atrophy (Thomas et al., 1997). Thus, both toe and heel
gaits present impaired mechanisms that can have neural
or biomechanical origins.

Several neuromechanical models of human locomotion
have been developed over the years. The existence
and contribution of central pattern generators (CPGs)
producing rhythmic patterns in spinal circuits appear to
be fundamental for lower vertebrate locomotion (Kiehn,
2016). However, they are still discussed for human
locomotion that would rely on more important sensory
reflex pathways and descending pathways (Minassian
et al., 2017; Sinkjær et al., 2000). Several neuromechanical
models include both CPGs and sensory feedbacks to
simulate human locomotion (Aoi et al., 2019; Kuo &
Ryu, 2021; Taga, 1995). On another note, Geyer and Herr
(2010) developed a purely reflex-based model encoding
the principles of legged mechanics and reproducing
human walking kinematics, dynamics and muscle
activation. Song and Geyer (2015) extended this model
with additional muscle velocity feedbacks in particular,
and were able to generate various behaviours of human
locomotion from walking on a slope to running. Ong
et al. (2019) also simulated human walking through a
model based on muscle length, velocity and force reflexes.
The modulation of walking speed, step length and step
duration by these reflexes was further studied by Di Russo
et al. (2021). Thesemodels includingmore reflex pathways

are more in line with physiological mechanisms. The pre-
sent study similarly builds on Geyer and Herr’s model by
introducing additional reflex pathways affecting the soleus
(SOL) and gastrocnemius (GAS), and their antagonist
muscle tibialis anterior (TA) to more closely reproduce
physiological mechanisms and simulate impairments.
This study focuses in particular on the SOL and GAS
muscles as they contribute to ankle plantarflexion,
and are thus usually involved in both toe and heel
gaits.
Previous studies also modelled spasticity or muscle

weakness through neural or biomechanical impairments.
Van der Krogt et al. (2016) modelled spasticity in CP
children with velocity-dependent stretch reflex. That
model replicated hamstring (HAMS) EMG global shape
during passive stretching, but did not reproduce EMG
fast variations. Falisse et al. (2018) also studied spasticity
in CP children and compared three models based on
velocity, acceleration and force feedback. The force-related
model predicted HAMS and GAS activity that better
correlated with measured activity during gait compared
with the two other models. Jansen et al. (2014) simulated
increased length and velocity feedbacks and altered
reflex modulation patterns of lower limb muscles. They
reproduced hemiparetic gait deviations, but they could
not distinguish the contributions of the two pathways.
Song and Geyer (2018) simulated the major contribution
of loss of muscle strength and contraction speed in
walking speed and efficiency decline with ageing based
on Song and Geyer (2015). Waterval et al. (2021) also
reproduced most gait changes due to bilateral plantar
flexor weakness based on Geyer and Herr’s model.
Similarly, Ong et al. (2019) modelled SOL and GAS
weakness and contracture with respectively reduced
maximal isometric force and reducedmuscle fibre optimal
length. Severe plantar flexor weakness resulted in heel
walking, whereas severe contracture resulted in toe
walking simulation.
By investigating the effect of both biomechanical

and neural impairments on gait, the present study
addresses the following question: can we identify
specific biomechanical and neural causes inducing the
pathological toe and heel gaits?
For answer this, we developed a reflex circuit model

by extending Geyer and Herr’s reflex circuits with
additional pathways affecting the SOL and GAS muscles,
and their antagonist muscle TA. The model introduces
additional force, spindle and length direct pathways for
these three muscles and reciprocal spindle pathways
between plantar flexors and TA. The SCONE software
(Geijtenbeek, 2019), which provides optimisation tools
for 2D neuromechanical simulation of human locomotion
based on Geyer and Herr’s work, is used to optimise the
parameters of this reflex circuit model and simulate a
healthy gait. We then modelled various bilateral plantar

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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flexor biomechanical and neural impairments through
decreased or increased parameter values. Biomechanical
parameters are altered to model muscle weakness and
reduced muscle fibre length. Regarding reflex parameters,
they are modified to model hyperreflexia, reduction of
presynaptic inhibition, reduction of reciprocal inhibition
and neural weakness. We individually introduced each
of these modelled impairments in the healthy model
and simulated the gait resulting from new optimisation.
All these simulated gaits then need to be characterised
as pathological or not. To do so, we compared ankle
kinematics and anklemoment of each impaired evaluation
with the healthy optimisation based on metrics used in
clinical studies.

Methods

This section presents the methods, including the SCONE
software simulation framework, the developed reflex
circuit model, the modelled biomechanical and neural
impairments and the pathological gait characterisation.
All the necessary files to reproduce this study are
provided in a GitHub repository shared in the Additional
information section.

SCONE simulation

Gait simulations were performed with the SCONE
software (Geijtenbeek, 2019) that is based on the following
four blocks:

� An OpenSim musculoskeletal model: here we use
a model based on Delp et al. (1990). This model
represents an adult of about 1.8 m and 75 kg. It is
constrained in the sagittal plane with three degrees

of freedom (DOF) per leg, namely at the hip, knee
and ankle joints, and a 3 DOF planar joint between
the pelvis and the ground. This model is composed
of seven Hill-based muscles with tendon compliance
(Millard et al., 2013) per leg shown in Fig. 1: gluteus
maximus (GMAX), HAMS, iliopsoas (ILSPO), vasti
(VAS), GAS, SOL and TA. Muscle–tendon parameters
are taken from Delp et al. (1990), which is based on
experimental data. To estimate the ground reaction
forces, a compliant contact model is used with one
viscoelastic Hunt–Crossley sphere representing the
heel and another one representing the toes (Hunt &
Crossley, 1975).

� A controller: here we use a reflex circuit controller
adapted from Geyer & Herr’s (2010) model. This
controller is composed of several state-dependent
control law primitives, including feedforward, muscle
reflex and pelvis tilt proportional-derivative primitives.
These different components are detailed belowwith the
extended reflex circuit model that is developed for this
study.

� Measures that are minimised through the optimisation
as components of the cost function: here we considered
the following human walking goals as measures:

– A gait measure penalising falling and walking speed
lower than a minimum speed:

This gait measure takes values between 1, when the model
falls at the first step, and 0, when the model does not
fall and the velocity condition is met. The model is
considered to fall when the ratio between its centre of
mass height (hCOM) to the initial state (hCOM,i) is smaller
than a termination height threshold set to 0.8 ( hCOM

hCOM,i
<

0.8). For each step (s), the step end time (ts,end) and
the step speed (vs) are then respectively compared to

ILPSO

VAS

TA

GMAX

A B

GMAX

HAMS HAMS

GAS GAS

SOL SOL

Figure 1. OpenSim musculoskeletal
model composed of three degrees of
freedom per leg, at the hip, knee and
ankle joints, and seven Hill-based
muscles per leg
A, front view with iliopsoas (ILPSO), vasti
(VAS) and tibialis anterior (TA). B, back view
with gluteus maximus (GMAX), hamstrings
(HAMS), gastrocnemius (GAS) and soleus
(SOL). [Colour figure can be viewed at
wileyonlinelibrary.com]
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potential falling time (t f all) and a minimum speed (vmin)
set to 1.0 m/s. The resulting gait measure is:

Jgt = 1 − 1
NSteps

∑
s∈Steps

p
(
ts,end, vs

)
(1)

where

⎧⎨
⎩
p(ts,end, vs) = 0, if ts,end = tfall
p(ts,end, vs) = vs

vmin
, if vs < vmin

p(ts,end, vs) = 1, if vs ≥ vmin

.

– An effort measure fromWang et al. (2012) minimising
muscle metabolic energy:

Jeff = 1
m ∗ L

(
Ḃ +

∑
m∈Muscles

Ėm

)
(2)

where m is the body mass, L is the travelled distance, Ḃ
is the basal metabolic energy rate set to 1.51 times the
body mass and Ėm is the mean rate of metabolic energy
expenditure for a givenmuscle throughout the simulation.

– A joint measure penalising non-physiological
movements by minimising the knee limit force
(Flim) representing knee ligaments (Veerkamp
et al., 2021). This measure also penalises the
overextension of the other joints (ankle, hip,
pelvis) by penalising the corresponding joint
angles (α jt ) overcoming experimental ranges from
Schwartz et al. (2008) ([α jt,min, α jt,max]). These
experimental ranges are more precisely [0, 15]°
for the pelvis retroversion–anteversion, [−20, 40]°
for the hip extension–flexion and [−30, 15]° for
the plantarflexion–dorsiflexion. The resulting joint
measure is:

J jt =
tend∫
0
Flim (t ) dt +

∑
jt∈Joints

tend∫
0

×max
(
α jt (t ) − α jt,max, α jt,min − α jt (t ) , 0

)
dt (3)

These measures finally result in the following cost of
function with the same weights as Ong et al. (2019)
who defined them to balance competing objectives:

Jtot = wgt ∗ Jgt + we f f ∗ Je f f +
∑

jt∈Joints
w jt ∗ J jt (4)

with wgt = 100,weff = 0.1 and wjt = 1
� An optimiser that optimises the initial conditions
and controller parameters to minimise the previous
measures: here the Covariance Matrix Adaptation
Evolutionary Strategy (CMA-ES) from Igel et al. (2007)
is applied to optimise about 100 parameters of the reflex
circuit model. The population size of each generation
(λ̄) is set to 40 and the initial step size (σ ) is set to 5.

This optimisation scheme is thus used to generate
a healthy gait of 15 s. We stopped the optimisation
when a mean diminution of the cost function <5% was
reached between successive optimisation steps. About
5000 generations of CMA-ES were necessary to fulfil
this condition. The corresponding simulated gait is
stable and reproduces human walking kinematics and
muscle activation as presented in more details below.
The generation of pathological optimisations is described
below.

Reflex circuit model

This subsection first presents the baseline reflex-based
model developed by Geyer & Herr (2010). Our extension,
which introduces additional pathways affecting the SOL
and GASmuscles, and their antagonist muscle TA, is then
presented.

Baseline reflex circuit model from Geyer and Herr. The
baseline reflex circuit model is taken from Geyer and
Herr’s work with a reflex-based controller composed
of several state-dependent control law primitives,
including feedforward, muscle reflex and pelvis tilt
proportional–derivative primitives as summarised in
Fig. 2. A feedforward component provides a feedforward
constant excitation to each muscle actuator modelling
supraspinal drive. A muscle reflex primitive accepts as
input the sensed normalised fibre length (L) or force (F).

Stance

GMAX

HAMS

ILPSO

VAS

SOL

GAS

TA

ES MS PS S

C

C L+, L- (HAMS)

L+, F- (SOL)

C, F+

F+

F+

F+

F+

LP

PD+, C

PD+, C

PD-, C

Swing

Figure 2. Reflex-based controller from Geyer and Herr
The controller is composed of feedforward (C), muscle reflex and
pelvis tilt proportional-derivative (PD) primitives. Muscles are
indicated by acronyms on the left. The reflex primitives are based on
normalised muscle length (L) or force (F). They are positive feedback
laws onto the same muscle (L+, F+), except the negative force
feedback law from the SOL to the TA (F−SOL) and length feedback
law from the HAMS to the ILPSO (L−HAMS). All these components
are state-dependent with five states: early stance (ES), mid-stance
(MS), pre-swing (PS), swing (S) and landing preparation (LP).

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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A muscle reflex primitive based on X then provides the
following muscle excitation:

uX = KX ∗ [X (t − tD) − X0]+ (5)

where KX is the reflex gain, the sign of which is indicated
by the sign of the reflex (X+) or (X−), tD is the reflex delay,
X0 is the reflex offset and [x]+ = max(x, 0).
Geyer and Herr’s reflex primitives are positive feed-

back laws onto the same muscle, except the negative force
feedback law from the SOL to the TA and length feed-
back law from the HAMS to the ILPSO. Reflex gains and
offsets are optimised parameters, whereas reflex delays
are fixed. Similarly, the pelvis tilt proportional derivative
component provides such muscle excitation based on
the pelvis angle and angular velocity for balance control.
Muscle activation is then calculated from the sum of
the muscle excitation using a first-order dynamic model,
with activation and deactivation time constants of 10 and
40 ms, respectively.
Moreover, all these primitives are state-dependent

on five states: early stance (ES), mid-stance (MS) and
pre-swing (PS) for the stance phase, and swing (S) and
landing preparation (LP) for the swing phase. This state
dependency reproduces the phase-dependent modulation
of neural pathways that occurs during gait. Neural feed-
backs are indeed modulated between stance and swing
phases due to presynaptic inhibition and other descending
modulation mechanisms (Boschges & El Manira, 1998;
Meunier & Pierrot-Deseilligny, 1998; Prochazka, 1989).
Thresholds for the ground reaction force (GRF) on the
ipsilateral foot and for the distance between the ipsilateral
foot and pelvis are optimised to determine the transition
between these states.
Ton order to better link Geyer and Herr’s reflex rules

to actual neural circuits and to facilitate the introduction
of additional reflexes (see next section), we have mapped
the rules to a neural circuit for SOL, GAS and TAmuscles
in Fig. 3A. The Ib afferent disynaptic pathway from
plantar flexor golgi tendon organ (GTO) to alpha motor
neuron provides the force feedback. The corresponding
reflex is defined as positive and represented through an
excitatory interneuron during the stance states to model
Ib facilitation during late stance (Af Klint et al., 2010;
Faist et al., 2006). Such a pathway providing feedback
from a muscle to itself is referred to as a direct pathway.
By opposition, a pathway that provides feedback from a
muscle to its antagonist’s muscle is a reciprocal pathway.
TA is also included in this representation as it is coupled
with SOL by such an Ib reciprocal pathway. This force
reflex from the SOL to the TA is defined as negative and
represented through an inhibitory interneuron to model
reciprocal inhibition. TA also receives positive length
feedback from its muscle spindle through a II afferent
disynaptic pathway. Regarding pathway delays, Ong et al.
(2019) fixes direct reflex delays to 20 ms (compared with

5 and 10 ms for hip and knee muscles, respectively). In
contrast, Ong et al. (2019) fixes Ib reciprocal reflex from
the SOL to the TA delay to 40 ms as reciprocal reflexes
involve longer pathways and are thusmore delayed (Crone
et al., 1987). Nevertheless, note that these delays are
shorter than those recorded experimentally by an order of
50% (Frijns et al., 1997).

More complex reflex circuit model for the SOL, GAS and
TA muscles. Based on the previous model, we developed
a more complex reflex circuit model with additional SOL,
GAS and TA pathways. Spindle Ia and II afferent direct
pathways are added to study three types of feedback,
namely force, spindle and length direct feedbacks. The Ia
afferent pathway indeed provides major muscle velocity
and length feedback and is involved in the common
stretch reflex. As plantar flexors Ib and TA II direct
pathways in Ong et al. (2019), we set the delay of these
direct pathways to 20 ms. Moreover, reciprocal inhibition
pathways between the antagonist’s muscles are also pre-
sent and important in physiological mechanisms. Indeed,
if the antagonist’s muscles contract simultaneously, they
work against each other, leading to extra effort and
potential muscle tear. Reciprocal inhibition pathways pre-
vent such co-contraction and, in this way, participate in
movement facilitation and muscle protection. Thus, to
study these determinant pathways, we also introduced
spindle Ia reciprocal reflexes between plantar flexors and
TA in the model as represented in Fig. 3B and D. For
the SOL to TA Ib reciprocal pathway, we modelled these
reciprocal reflexes with disynaptic pathways and we set
their delays to 40 ms. To summarise, the additional
pathways introduced in this more complex model are
tabulated in Fig. 4 and are as follows:

� SOL, GAS and TA Ia direct pathway: this pathway
provides velocity and length feedback from the muscle
spindle. The corresponding primitive in the SCONE
controller is based on the spindle rate from Prochazka
(1999) as a function of both muscle stretch velocity
and length (α ∗ v0.6 + β ∗ l + γ ). It is modelled
with a monosynaptic pathway and is defined as
positive to reproduce the excitatory stretch reflex
(Pierrot-Deseilligny & Burke, 2012). This reflex is
mainly involved in plantar flexor activation during gait
(Yang et al., 1991).

� SOL and GAS II direct pathway: this pathway provides
length feedback from the muscle spindle. It is modelled
with a disynaptic pathway and is defined as positive
to mimic the disynaptic II excitation in line with the
literature (Lundberg et al., 1987; Pierrot-Deseilligny &
Burke, 2012).

� SOL and GAS Ib direct pathway during the swing:
as described above, this pathway provides force
feedback from theGTO. It ismodelledwith a disynaptic

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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pathway in line with the literature (Pierrot-Deseilligny
& Burke, 2012; Stephens & Yang, 1996). It is defined
as positive during the stance states to reproduce the
plantar flexor Ib facilitation that occurs during late
stance (Af Klint et al., 2010; Faist et al., 2006). In
contrast, it is defined as negative during the swing
states to reproduce the common Golgi tendon reflex
regulating muscle tension.

� Plantar flexor to TA Ia reciprocal pathway: this pathway
provides negative spindle feedback from the plantar
flexors to the TA. It is modelled with a disynaptic
inhibitory pathway and is defined as negative to mimic
the common reciprocal inhibition between antagonist
muscles (Pierrot-Deseilligny & Burke, 2012).

� TA to plantar flexor Ia reciprocal pathway: this pathway
similarly provides negative spindle feedback from

the TA to the plantar flexors through a disynaptic
inhibitory pathway to mimic reciprocal inhibition.

As detailed above, we fixed the signs of the controller
primitives (as opposed to being open for optimisation)
as there is experimental evidence of the excitatory or
inhibitory nature of the corresponding pathways that we
wanted to account for (Pierrot-Deseilligny&Burke, 2012).

Modelled impairments

The effect of biomechanical and neural impairments is
investigated by individually modifying various bilateral
plantar flexor biomechanical and reflex parameters.
Biomechanical parameters are altered to reproduce
plantar flexor weakness and reduced muscle fibre length.

Reflex controllerReflex controllerReflex controllerReflex controller

KF*[F]+ KL*[L-L0]+
+ KFSOL*[F]SOL+

KF*[F]+/- + KL*[L-L0]+
KL*[L-L0]+ + KS*[S]+

+ KFSOL*[F]SOL+ 
+ KSSOL*[S]SOL+ 
+ KSGAS*[S]GAS+ 

+ KS*[S]+ + KSTA*[S]TA+

IbIb

F

F+/-

F

GTO GTO GTO GTO

GTOGTOGTOGTO

F+

α

spindle

spindle spindle spindle spindle

spindle spindle spindle

II II II IIII

Ia Ia

L L L

L+L+L+ S+S+

S S

Ib

Ia Ia

Ib

SC

SOL/
GAS

SOL/
GAS

SOL/
GAS

SOL/
GAS

SC

TA

TA

TA

TA

motor neuron motor neuron

afferent fibres afferent fibres

excitatory IN
excitatory IN

inhibitory IN

inhibitory IN

phase-dependent
IN

A

C D

B

Figure 3. Representations of SOL, GAS and TA reflex circuit model from Geyer and Herr (left) and our
extended model including additional direct and reciprocal pathways (right)
A, neural circuit implementation of Geyer and Herr’s reflex rules for SOL, GAS and TA muscles. The Ib disynaptic
pathway from plantar flexor GTO to alpha motor neuron provides positive force (F) feedback, Ib reciprocal pathway
from SOL GTO to TA alpha motor neuron provides negative force feedback and II disynaptic pathway from TA
spindle to plantar flexor alpha motor neuron provides positive length (L) feedback. B, neural circuit implementation
of our extended model: the additional pathways are indicated in bold. The Ia monosynaptic pathway from muscle
spindle to alpha motor neuron provides positive spindle (S) feedback reproducing the stretch reflex. The II disynaptic
pathway from muscle spindle to alpha motor neuron provides positive length feedback. The Ia reciprocal pathway
from muscle spindle to antagonist alpha motor neuron provides negative spindle feedback mimicking reciprocal
inhibition. C, controller reflex primitives corresponding to A. D, controller reflex primitives corresponding to B: SOL,
GAS and TA direct and reciprocal L and S reflexes are added to the previous primitives. [Colour figure can be viewed
at wileyonlinelibrary.com]
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As for reflex parameters, they are modified to mimic
plantar flexor hyperreflexia, reduction of presynaptic
and reciprocal inhibition, and neural weakness. This
subsection presents these parameters of interest. For each
of them, SOL and GAS values are altered simultaneously
and by the same percentage of the corresponding healthy
optimisation values as these muscles are agonists and
commonly impaired simultaneously (Armand et al., 2016;
Neyroud et al., 2017; Van der Krogt et al., 2010).

Biomechanical impairments. Muscle biomechanical
properties are defined in the OpenSim musculoskeletal
model through maximal isometric force, optimal muscle
fibre length, tendon slack length, pennation angle
parameters, and muscle fibre and tendon force–length
and force–velocity curves. We investigate the following
parameters:
� Plantar flexor maximal isometric force, Fmax: this
parameter is evaluated with decreased values to model
muscle weakness.

� Plantar flexor fibre optimal length, l0 f ib: this parameter
is evaluated with decreased values to reproduce muscle
contracture.

Neural impairments. Impairments of both direct and
reciprocal pathways affecting the plantar flexors are
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GMAX

HAMS

ILPSO

VAS
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GAS

TA

ES

PD+, C

PD+, C

PD-, C

C, F+

L+, L- (HAMS)
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L+, V+ L+, V+

F-, L+, V+

V- (TA)V- (TA)

V- (TA) V- (TA)V- (TA)

F+

MS PS LPS

C

C

F- (SOL)

Swing

Figure 4. Extended gait controller from Geyer and Herr
The additional SOL, GAS and TA direct and reciprocal reflexes are
indicated in blue. For instance, S+ means a positive direct spindle
reflex from the muscle to itself, whereas S−TAmeans a negative
reciprocal spindle reflex from the TA to the muscle. [Colour figure
can be viewed at wileyonlinelibrary.com]

modelled. As mentioned above, reflex feedbacks are
modulated between gait phases. Thus, we investigate each
of the following reflexes during the stance or swing states:
� Plantar flexor spindle reflex gains during the stance (st)
and swing (sw) phases, KSstand KSsw: these parameters
are evaluated with increased values to model spastic
hyperreflexia and reduction of presynaptic inhibition.
KSst is also evaluated with decreased values to model
neural weakness. By contrast,KSsw is not evaluatedwith
decreased values as plantar flexor muscles are mainly
activated during the stance phase.

� Plantar flexor length reflex gains during the stance
and swing phases, KLst and KLsw: these parameters are
similarly evaluated with increased values to reproduce
hyperreflexia andKLst is evaluated with reduced values
to mimic neural weakness.

� Plantar flexor force reflex gain during the stance phase,
KFst : this parameter is evaluated with both increased
and decreased values to reproduce hyperreflexia and
neural weakness, respectively.

� TA to plantar flexor spindle reflex gains during the
stance and swing phases, KSTAst and KSTAsw: as these
reciprocal reflexes are negative, their gains are evaluated
with decreased absolute values corresponding to
increased real values to reproduce a reduction
of reciprocal inhibition. Further, positive gains
mimic reciprocal facilitation that abnormally excites
antagonist muscles after switching from reciprocal
inhibition to facilitation.

Generation and automation of pathological
optimisations

Each parameter alteration of interest detailed above is
individually induced in the model for a range of altered
values, resulting in a gait without fall after optimisation.
To do so, we define a broad range of altered values as
a percentage of the corresponding healthy optimisation
value. We set the altered values to both SOL and GAS
of both legs for a biomechanical or reflex parameter. In
this last case, the reflex parameter is fixed and will not
be optimised. Meanwhile, the variation of the remaining
reflex parameters is constrained. Some impairments
occur gradually along with neural adaptations such as
in CP, whereas other impairments can be sudden, for
instance after stroke or SCI. Compensation through
neural adaptations may also arise in these pathological
conditions, especially after training (Knikou, 2010; Smith
et al., 2015). Nevertheless, such adaptations are difficult
to study through simulation as we do not know the
cost function in pathological conditions. Minimisation
of the effort might play a minor role compared to
healthy conditions, whereas pain, which is difficult to
compute, might play a more important role for instance.
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The goal is here to systematically study the strict and
short-term effect of various individual impairments on
gait (and therefore to stay close to the healthy parameter
values, except for the altered parameters). The remaining
reflex parameters are thus set to the corresponding
healthy optimisation values with a limited variation of 5%
allowed for the optimiser to act upon. Each parameter
is drawn from a Gaussian distribution characterised by
its mean and standard deviation (SD). Furthermore,
each parameter is also upper and lower bounded to
reject parameters outside a permissible range. Thus, to
constrain a parameter from varying from baseline, we
set its upper and lower boundaries with a small SD
from the healthy optimisation results. For biomechanical
parameter alterations, optimisations are run with all the
reflex parameters set to their healthy optimisation value
with a limited variation of 5% (with smaller limited
variations, optimisations could not reach gaits without
fall for small alterations). We apply this strategy to limit
potential compensation from other muscle reflexes while
at the same time offering some flexibility that allows
optimisations to reach gaits without fall.

We adapt the cost functions used for optimising
the healthy gait by considering a lower minimal speed
set to 0.5 m/s and larger joint ranges for the joint
measure. Each extremum is more precisely set to two
times the previous extremum, leading to the following
ranges: for the pelvis, hip and ankle respectively: [−30°,
15°] for the pelvis retroversion–anteversion, [−40°, 80°]
for the hip extension–flexion and [−60°, 30°] for the
plantarflexion–dorsiflexion. Each of these pathological
optimisations is then run over 500 iterations. Here we do
not define any specific stopping condition, but we limit
the number of iterations to reach a gait without immediate
fall. If an optimisation does not reach such a gait (i.e. if the
simulation falls immediately without taking 12 steps), we
do not consider the corresponding altered value.

The optimisation method introduces randomness
in the initial conditions and parameters so that
the population of solutions tends to lead to similar
conclusions. To further check the repeatability of our
results, we run several optimisation trials with various
initial conditions (IC) for some of the altered parameters.
We consider the IC we use for the results presented above
and modify each joint by +10 or −10°. We number these
various IC from 1 to 6 with IC1 the IC used for the main
results, IC2 the same IC with the right hip with +10°, IC3
with the right knee with −10°, IC4 with the right ankle
with +10°, IC5 with the left knee with −10° and IC6 with
the left ankle with +10°. Then for each IC, we compute
the mean absolute error between the mean ankle angle
over the gait cycle and the mean ankle angle over the gait
cycle of IC1 (MAEIC1α). Moreover, we compute the mean
relative error between the optimised parameters and the
optimised parameters of IC1 (MREIC1p). Thus, we can

check if the various optimisation trials result in similar
results in terms of kinematics and parameter values.
Finally, we further this one-dimensional (1D)

exploration by a two-dimensional (2D) exploration
in which some reflex parameters are investigated together
(see some examples below). We determine the pairs of
parameters of interest later according to the results of
the 1D exploration. Optimisations are similarly run with
the values of two parameters altered simultaneously, and
limited variation is allowed on the remaining ones. The
previous 1D exploration ranges define the 2D space of
altered values.

Pathological gait characterisation

All these parameter alteration evaluations result in
simulated gaits that need to be characterised as
pathological or not. Toe walking is characterised by
an excessive ankle plantarflexion throughout the stance
phase, an absence of the first ankle rocker, an early third
ankle rocker and a predominant early ankle plantarflexion
moment (Alvarez et al., 2007). The first and third ankle
rockers correspond to the ankle plantarflexionmovements
respectively from heel-strike to flat foot on the ground
at the beginning of the stance phase, and from heel-off
to toe-off at the end of the stance phase (Brockett &
Chapman, 2016). Severe toe gaits present all the previous
deviations, whereas mild tomoderate toe gaits do not pre-
sent a predominant early ankle plantarflexionmoment nor
necessarily rocker deviations (Alvarez et al., 2007). Heel
walking is characterised by an increased slope towards
dorsiflexion or a dorsiflexion peak >20° (Nieuwenhuys
et al., 2015), and a reduced ankle plantarflexion moment
during the stance phase (Lamontagne et al., 2002). Each
simulated gait contains about 12 gait cycles that may
present variability. To consider this variability while
distinguishing initial transitions depending on initial
conditions from steady-state behaviour (the steady
states can show variability), we compute each metric
described below on each gait cycle except the first one
and compute their mean and SD. Thus, we define the
following metrics based on ankle kinematics and ankle
moment to characterise simulated gaits.

Ankle kinematics comparison. For each investigated
parameter, we plot the mean hip, knee and ankle angles
(ankle angle is noted ɑ) over the gait cycles of each altered
value. We extract and normalise each gait cycle to gait
cycle percentage ([0, 100]%). Then, we interpolate each
gait cycle joint angle on the mean gait cycle and average
the joint angles over the gait cycles. We similarly plot the
mean joint angles of the healthy optimisation (healthy
ankle angle is noted αh). Thus, we can compare the effect
of the alterations on the ankle profile, and in particular
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on the ankle rockers. The initiation time of the third
ankle rocker is computed from the ankle velocity when
it takes a null value. Based on Alvarez et al. (2007), we
consider a simulated gait as toe gait if the third ankle
rocker occurs before 30% of the gait cycle, compared to
healthy gait presenting a third ankle rocker at the end of
the stance phase (after 40% of the gait cycle).We name this
criteriumCtoe1.
For each simulation, we also compute the mean and the

maximum ankle angle (ᾱ and αmax) during each MS and
PS period that we hereafter name ST (ST = MS + PS):

{
ᾱST = 1

NST

∑
n∈ST αST

n
αST
max = maxn∈ST

(
αST
n

) (6)

with NST the number of ST samples. The mean and SD
of ᾱST and αST

max over the gait cycles are finally computed.
Based on Nieuwenhuys et al. (2015), we consider a
simulated gait as heel walking if αST

max is >20°. We name
this criteriumCheel1.
The simulation mean ankle angle estimates ᾱST are first

compared with reported ankle angles during pathological
gaits. For instance, several studies analysed the gait of CP
children andprovided experimental ankle anglemeasures,
but with large intra- and inter-study variability as patient
conditions can be widely different (Granata et al., 2000;
Kerkum et al., 2015; Papadonikolakis et al., 2003).
Moreover, our simulations fall before reaching severe
pathological gaits (because ourmodels do not incorporate
sophisticated balance control). Therefore, as the goal here
is to investigate the effect of the altered parameters on
gait simulation, we consider our healthy optimisation
as reference and the kinematics features based on the
method used by Schwartz et al. (2008) to identify gait
deviations. According to this identification system,
plantarflexion (respectively dorsiflexion) is excessive
during the stance phase if ᾱST < ᾱST

re f − std(ᾱST
re f )

(respectively ᾱST > ᾱST
re f + std(ᾱST

re f ) with αre f a healthy
reference. Based on the experimental healthy ankle angle
with a mean SD of 3.5° during the stance phase reported
by Schwartz et al. (2008), we thus consider a simulated
gait as toe or heel walking if �h ᾱST = ᾱST − ᾱST

h is
lower than −3.5° or larger than 3.5°, respectively. We
name these criteriaCtoe2 andCheel2.

Ankle moment comparison. We similarly plot the mean
normalised ankle moment (M) over the gait cycles of each
altered value for each parameter of interest. Then, we
compute the mean and SD of the mean ankle moment
during the stance phase (M̄ST ) for each simulated gait
to characterise heel gait. Similarly to the comparison of
ankle kinematics, we consider the healthy ankle moment
SD during the stance phase reported by Schwartz et al.
(2008), 0.19 Nm/kg, and characterise a simulated gait as

heel walking if �h M̄ST = M̄ST − Mh
ST is >0.19 Nm/kg.

We name this criteriumCheel3.
Moreover, toe gait can present a predominant early

ankle moment peak, whereas in healthy gait, the ankle
moment increases throughout the beginning of the stance
phase (Alvarez et al., 2007). Thus, we also compute the
difference between the ankle moment peak during the ST
period and the eventual peak during the ES period. If
there is no moment peak during the ES or the ST period,
we consider the maximum of the moment during the
period:

� Mpeaks = max
(
MST) − max

(
MES) (7)

We finally characterise a simulated gait as toe walking if
�Mpeak is negative according to Alvarez et al. (2007). We
name this criteriumCtoe3.
Thus, we take account of several criteria to characterise

pathological toe andheel gaits andwe consider a simulated
gait as toe or heel gait if all these criteria are fulfilled. If
some of them are satisfied but not all, we consider the
simulated gait as partial toe or heel gait.

Statistical treatment of the data. As detailed above, each
simulated gait contains about 12 gait cycles. For each
simulation, we compute the various metrics described
above on each gait cycle except the first one and compute
their mean and SD.

Results

This section first presents the healthy gait resulting from
the optimisation of our new reflex circuit model. We
compare the simulation estimates of the pelvis tilt, hip,
knee and ankle angles and moments, and ground reaction
forces to healthy experimental data ranges. We also
compare muscle activations of the healthy optimisation
to experimental EMG timings. To further evaluate this
healthy result, we analyse the optimised reflex gains with
respect to pathway modulations during gait reported in
the literature.
Simulations of altered biomechanical parameters are

then outlined, followed by simulations of altered reflex
parameters. All these results are tabulated and those
leading to pathological gaits are analysed in more detail
with the ankle kinematics and moment comparison. All
the results are presented for the left leg (l).

Healthy optimisation

The optimisation of our new reflex circuit model
(i.e. Geyer and Herr’s model extended with additional
reflexes) results in a healthy gait that can be visualised
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J Physiol 600.11 Modelling of pathological toe and heel gaits 2701

following the link provided in the Additional information
section. Snapshots of the simulation are also presented in
Fig. 5A.

The resulting walking speed and step length are
respectively 1.16 m/s and 0.8 m. The quality of this
simulated gait is first evaluated through analysis of its
joint angles and moments, ground reaction forces and
muscle activation estimates. This gait analysis is pre-
sented in Fig. 6. The simulation states of joint angles and

moments, and ground reaction forces are plotted with
healthy experimental data ranges reported by Schwartz
et al. (2008). This gait analysis shows regular pelvis tilt, hip
flexion, knee angles and moments, and ground reaction
forces. The ankle angle reproduces the experimental
profile with a less pronounced plantarflexion at the
push-off phase and slightly excessive dorsiflexion at the
gait cycle transition. The third ankle rocker occurs well
after 40% of the gait cycle, as reported in the literature

A

B

0

0

1

0

0

0

1.0

1.0

1.0
1.5

0.5

0.5

0.5

0.0

0.0

0.0

0
Gait cycle [%]

P
el

vi
s 

til
t (

I)
 [°

]
G

R
F

 (
I)

 [B
W

]

H
ip

 fl
ex

io
n 

(I
) 

[°
]

K
ne

e 
fle

xi
on

 (
I)

 [ °
]

A
nk

le
 fl

ex
io

n 
(I

) 
[ °

]
A

nk
le

 m
om

en
t (

I)
 [N

m
/k

g]

K
ne

e 
m

om
en

t (
I)

 [N
m

/k
g]

H
ip

 m
om

en
t (

I)
 [N

m
/k

g]

Pelvis tilt

Ground reaction force

Hip angle

Hip moment

Knee angle

Knee moment

Ankle angle

Ankle moment

20 40 60 80 100 0
Gait cycle [%]

20 40 60 80 100 0
Gait cycle [%]

20 40 60 80 100 0
Gait cycle [%]

20 40 60 80 100

0
Gait cycle [%]

20 40 60 80 1000
Gait cycle [%]

20 40

swing phaseexperimental rangesimulation state 1st and 3rd ankle rockers

60 80 1000
Gait cycle [%]

20 40 60 80 1000
Gait cycle [%]

20 40 60 80 100

–5

–10

–15

–20
–20

–1

–20

–40

–0.5

20

20

20
40

40

60

80

Figure 5. Healthy reflex circuit model optimisation
A, snapshots of the optimised healthy gait at the beginning of each controller state: LP, ES, MS, PS, S and LP. B,
gait analysis: simulation states of the pelvis tilt, hip, knee and ankle angles and moments, and ground reaction
forces over the gait cycles are compared with healthy experimental data ranges reported by Schwartz et al. (2008)
(μ ± 2 ∗ std) in grey. Curves from cyan to blue correspond to the 11 simulated gait cycles. The optimisation result
shows regular states. The ankle angle reproduces the experimental profile with a less pronounced plantarflexion
at the push-off phase and slightly excessive dorsiflexion at the gait cycle transition. The first and third rockers are
circled in red. The knee flexion and moment also show excessive values at the beginning of the swing and stance
phase, respectively. [Colour figure can be viewed at wileyonlinelibrary.com]
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Table 1. Optimised values of SOL, GAS and TA direct and reciprocal reflex gains during the stance and swing phases

Parameter

Phase KSSOL KSGAS KLSOL KLGAS KFSOL KFGAS KSTA−SOL KSTA−GAS

Stance 0.16 0.17 4.0 0.08 0.23 1.4 −0.85 −0.34
Swing 0.11 0.26 0.80 0.01 −0.91 −1.8 −3.3 −1.7

(Alvarez et al., 2007). The knee flexion and moment
also show excessive values at the beginning of the swing
and stance phase respectively. In comparison, Geyer and
Herr’s results show an ankle flexion profile that better
reproduces experimental data, whereas Ong’s results also
show excessive dorsiflexion throughout the gait cycle.
Geyer and Herr’s results show better matching ankle
kinematics, which may result from the fact that their
model has fewer parameters than ours orOng’s. Parameter
fine-tuning to minimise the cost function may then be
easier.
Furthermore, similarly to Ong et al. (2019), Fig. 6

compares the muscle activations of this healthy
optimisation to experimental EMG on–off timings
reported by Perry and Burnfield (2010a). The timings of
simulation states match the experimental ones correctly,
except for ILPSO at the beginning of the stance phase and
VAS at the end of the swing phase. Such muscle inactivity
is also present in Geyer and Herr’s and Ong’s results. This

figure also shows a larger activation of GAS compared to
SOL during the stance phase.
The optimised values of SOL, GAS and TA reflex gains

are also presented in Table 1. They highlight the following
major modulations during gait that are in line with the
literature:

� SOL spindle reflex gain is larger during the stance
phase compared with the swing phase. This difference
corresponds to the modulation of the stretch reflex
that occurs between stance and swing phases (Faist
et al., 1995). The stretch reflex indeed participates in
propulsion during the stance phase and stabilisation
during both stance and swing phases (Zehr & Stein,
1999). Regarding theGASmuscle, its spindle reflex gain
is larger during the swing phase compared with the
stance phase. As the GAS muscle is also involved in
knee flexion (bi-articular muscle), it is reasonable that
the modulation of its stretch reflex is different.
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Figure 6. Muscle activations of the healthy optimisation over the gait cycles
The simulation states are compared to experimental EMG on–off timings in grey reported by Perry and Burnfield
(2010a). Curves from cyan to blue correspond to the 11 simulated gait cycles. The timings of the simulation and
experimental data match correctly, except for ILPSO at the beginning of the stance phase and VAS at the end of
the swing phase. [Colour figure can be viewed at wileyonlinelibrary.com]
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Table 2. Plantar flexor biomechanical parameter alterations and pathological gaits

Parameter

Evaluated values
as percentage of

the healthy
value

Partial toe gait range (some toe
gait criteria are fulfilled,

but not all)
Partial heel gait range (some heel gait

criteria are fulfilled, but not all)
Falling

threshold

Fmax 90, 80…60% ∅ Cheel1 and Cheel3, but not Cheel2: [70, 60]% 50%
l0
fib 95, 90% Ctoe1 and Ctoe2, but not Ctoe3: 90% ∅ 85%

This table outlines the evaluation of biomechanical parameters. For each, the evaluated values are provided as a percentage of the
healthy value. The eventual range leading to toe gait (some toe gait criteria are fulfilled, but not all) and the eventual range leading
to partial heel gait (some heel gait criteria are fulfilled, but not all) are also provided as a percentage of the healthy value. ∅ indicates
that any parameter alteration leads to toe or heel gait before the falling threshold. The falling threshold corresponds to the parameter
value at which the simulation falls immediately. If the simulation does not fall in the range of values of the parameter evaluation,
the possible falling threshold beyond this range is indicating with the symbol > or <. Thus, reduced Fmax mimicking muscle weakness
induces partial heel gait, whereas reduced l0

fib reproducing muscle contracture induces partial toe gait.

� TA to plantar flexor spindle reflex gains are smaller
during the swing phase compared with the stance
phase. As these reciprocal reflexes are negative,
this difference corresponds to the reciprocal stretch
inhibition between stance and swing phases. Thus,
these reciprocal reflexes participate in inactivation of
the antagonist muscles in the appropriate phases of the
gait cycle. Here, TA inhibits the plantar flexors during
the swing phase to avoid plantarflexion (Petersen et al.,
1999).

Pathological optimisations

Biomechanical impairments. Figure 7 compares the
simulated gait resulting from reduced plantar flexor Fmax
to 60%, mimicking muscle weakness with the healthy
gait. The corresponding simulation can also be visualised

Figure 7. Comparison of the gait resulting from reduced
plantar flexor Fmax to 70% mimicking muscle weakness with
the healthy gait: snapshots during ES, MS and PS phases
The yellow arrows represent ground reaction forces. There is a
smaller step length in the altered condition compared to the healthy
one, but no significant larger dorsiflexion characterising heel gait.
[Colour figure can be viewed at wileyonlinelibrary.com]

following the link provided in the Additional information
section. We can see that the altered condition induces a
smaller step length, but no severe increase in dorsiflexion.
The effect of reduced Fmax on gait is further presented in
Fig. 8. The ankle kinematics and moment comparison
highlight large dorsiflexion and reduced plantarflexion
moment during the late stance period compared with
a healthy gait. The corresponding αST

max and �hM̄ST

metrics fulfil the criteriaCheel1 andCheel3 (αST
max > 20◦ and

�hM̄ST < −0.19 Nm/kg, respectively), but the �hᾱ
ST

metric does not reach values characterising heel gait
(criteriumCheel2, �hᾱ

ST>3.5°).
Table 2 summarises the two biomechanical parameter

alterations investigated in this study. Reduced l0 f ib
reproducing muscle shortening induces toe gait only
partially. Early plantarflexion during the stance phase
corresponding to a fulfilled criterium Ctoe1 can still
be observed in the ankle kinematics comparison.
Moreover, this parameter is noticeably sensitive, with
small alterations leading to model falling.

Neural impairments. Figure 9 compares the simulated
gait resulting from increased plantar flexor KSST to
400%, mimicking hyperreflexia with the healthy gait.
We can observe that only the toes touch the ground
during the MS phase in the altered condition as in
typical toe gait. The effect of increased KSST on the
ankle angle and moment is further presented in Fig. 10.
The ankle kinematics comparison highlights early and
large plantarflexion during the stance phase characterising
toe gait (3rd ankle rocker before 30% of the gait cycle
and �hᾱ

ST < 3.5◦ corresponding to criteria Ctoe1 and
Ctoe2). The moment comparison also shows predominant
early plantarflexion moment peaks characterising toe gait
(�Mpeaks < 0Nm/kgcorresponding to criterium Ctoe3).
The knee kinematics comparison also reveals a larger knee
flexion during the stance phase.
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Table 3 summarises all the reflex parameter alterations
investigated in this study. Increased plantar flexor F
reflex gain mimicking hyperreflexia during the stance
phase similarly induces toe gait. Increased KSTAst ,
corresponding to decreased absolute values, reproduce
a reduction of reciprocal inhibition and also lead to toe
gait. The effects of increased KFst and KSTAst on gait
are similar to those of KSst . Corresponding simulations
can also be visualised following the link provided in the
Additional information section.
By contrast, increased KLst and reflex gains during the

swing phase do not induce toe gait. Early plantarflexion
during the stance phase can still be observed for KLst
increases (criteria Ctoe1 and Ctoe2 are fulfilled, but not
Ctoe3), whereas increases in reflex gains during the swing
phase donot have significant effects on the gait kinematics.
Alterations of plantar flexor reflex parameters during the
stance phase thus have greater effects on gait compared to
parameters during the swing phase.
Regarding decreased reflex gains reproducing neural

weakness, they induce partial heel gait in a similar way

to muscle weakness. KSst and KFst are also sensitive
parameters when reduced as l0 f ib.
Finally, the qualitative effect of all evaluated

biomechanical and reflex parameter alterations on gait is
summarised in Fig. 11.

Repeatability of the results. Figure 12 presents the results
of various optimisation trials for the maximal isometric
force altered to 70% and the stance spindle gain altered
to 300% with various IC. These results show similar
ankle kinematics and optimised parameter values for the
various IC (smallMAEIC1α andMREIC1p) arguing for the
repeatability of our results.

2D exploration. The previous 1D exploration is furthered
by a 2D exploration of some pairs of reflex parameters
of interest. As hyperreflexia usually occurs during both
stance and swing phases, plantar flexor hyperreflexia
is first modelled during both phases through KS and
KL reflex gains. The investigation of neural weakness is
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Figure 8. Effect of reduced plantar flexor maximal isometric force (Fmax) mimicking muscle weakness
on gait
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reported by Schwartz et al. (2008) (μ ± 2 ∗ std) and the light orange area indicates the healthy swing phase. B,
similar knee angle. C, similar ankle angle: alterations lead to large dorsiflexion during the late stance period. The ST
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ST . [Colour figure can be viewed at wileyonlinelibrary.com]
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Table 3. Reflex parameter alterations and pathological gaits

Parameter

Evaluated values as
percentage of the

healthy value

Toe gait range
(tThe three toe
gait criteria are

fulfilled)
Partial heel gait range (some heel gait

criteria are fulfilled, but not all)
Falling

threshold

KSst 150, 200…400% [250, 400]% ∅ 450%
95, 90…75% ∅ Cheel1 and Cheel2, but not Cheel3: 75% 70%

KSsw 150, 200…450% ∅ ∅ 500%
KLst 150, 200…450% ∅ ∅ 500%

90, 80…40% ∅ Cheel1 and Cheel3, but not Cheel2: 40% 30%
KLsw 200, 300…700% ∅ ∅ 800%
KFst 200, 300…900% [300, 900]% ∅ >900%

95, 90…80% ∅ Cheel1 and Cheel3, but not Cheel2: 80% 75%
KSTA

st 90, 80…20% [70, 20]% ∅ 10%
KSTA

sw 90, 80…10% ∅ ∅ 0%

This table outlines the evaluation of parameters from the reflex circuit model with increased and decreased values. For each, the
evaluated values are provided as a percentage of the healthy value. The eventual range leading to toe gait (the three toe gait criteria
are fulfilled) and the eventual range leading to partial heel gait (some heel gait criteria are fulfilled, but not all) are also provided
as a percentage of the healthy value. ∅ indicates that any parameter alteration leads to toe or heel gait before the falling threshold.
The falling threshold corresponds to the parameter value at which the simulation falls immediately. If the simulation does not fall in
the range of values of the parameter evaluation, the possible falling threshold beyond this range is indicated with the symbol > or
<. Thus, reduced Fmax mimicking muscle weakness induces partial heel gait, whereas reduced l0

fib mimicking muscle contracture does
not induce toe gait. Thus, increased F and S reflex gains mimicking hyperreflexia during the stance phase induce toe gait, whereas
reduced reflex gains mimicking neural weakness do not induce heel gait.

similarly extended by reducing both KF and KL reflex
gains during the stance phase. The results of these 2D
explorations are presented through colour maps of the
ankle kinematics and moment metrics, �hᾱ

ST , αST
max

and �Mpeaks. Plantar flexor hyperreflexia thus lead to
more pronounced toe gait and neural weakness to more
pronounced heel gait. Simulations can also be visualised
following the link provided in the Additional information
section.

Figure 9. Comparison of the gait resulting from increased
plantar flexor KSst to 400% mimicking hyperreflexia with the
healthy gait: snapshots during ES, MS and PS phases
The yellow arrows represent ground reaction forces. As in typical toe
gait, only the toes touch the ground during the MS phase in the
altered condition. [Colour figure can be viewed at
wileyonlinelibrary.com]

Figure 13A and C show smaller �hᾱ
ST and �Mpeaks

corresponding to more pronounced toe gaits induced by
increased plantar flexor KS during both stance and swing
phases compared to 1D exploration results. TA to plantar
flexor KS and plantar flexor KL increases during the two
phases also lead to more pronounced toe gait. These
results also highlight further the main effect of increased
reflex gains during the stance phase.
Similarly, Fig. 13B and D show larger αST

max and smaller
�Mpeaks, and therefore more pronounced heel gaits
induced by plantar flexor KF and KL reduction during the
stance phase compared to 1D exploration results.

Discussion

This investigation of the effect of both biomechanical and
neural impairments on gait is based on a reflex circuit
model including plantar flexor force, spindle and length
direct pathways, and additional reciprocal pathways with
TA. We model pathways that were omitted by pre-
vious models to extend our investigation. Optimisation of
this reflex circuit model results in a healthy gait model
highlighting reported pathway modulations during gait.
We then investigate the effect of plantar flexor SOL and
GAS impairments from both biomechanical and neural
origins. We explore the effect of each impairment while
constraining the variation of the other parameters in order
to study the strict and short-term effect on gait. On the one

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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hand, toe gaits can be generated by increased spindle and
force reflex gains modelling spastic hyperreflexia during
the stance phase. These results reproduce both clinical
observations (Armand et al., 2016; Chia et al., 2020) and
previous simulations. In particular, they are comparable to
Jansen et al.’s (2014) simulation that reproduces excessive
plantarflexion with increased length and velocity feed-
backs, and lack of suppression of the stretch reflex of
plantar flexor muscles during the swing phase. Increased

spindle reciprocal pathways from the TA to the plantar
flexors reproducing reduction of reciprocal inhibition also
lead to toe walking. These reflex increases modelling
hyperreflexia coherently simulate toe gait.Moreover, these
simulations of plantar flexor hyperreflexia reveal excessive
knee flexion during the stance phase. This gait deviation
corresponds to the pathological crouch gait that is also
commonly present in CP and, in part, attributed to plantar
flexor spasticity (Armand et al., 2016; James et al., 2009).
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On the other hand, other impairments that were
expected to generate pathological gaits only partially
do so (some criteria are fulfilled, but not all). First,
regarding biomechanical impairments, reduced maximal
isometric force modelling muscle weakness induces
partial heel gait, whereas reduced optimal fibre length
reproducing muscle contracture results in partial toe
walking. Reduced optimal fibre length still induces early
ankle plantarflexion, whereas reduced maximal isometric
force leads to large dorsiflexion mainly during the late
stance period corresponding to a weak propulsion of the
body. In comparison, Ong et al. (2019) simulate heel
and toe walking by modelling SOL and GAS weakness
and contracture respectively. However, the corresponding
optimised reflex parameters are not constrained to a
small range around the healthy value as in the present
study. Ong et al. (2019) also reproduce toe walking by
modelling contracture to the SOL only. We considered

alterations to the properties of both plantar flexors as
they are agonist muscles and are commonly impaired
simultaneously. Nevertheless, they do not have the exact
same role (Attias et al., 2017; Lenhart et al., 2014),
and Matjacic et al. (2006) showed that SOL and GAS
contractures do not have the same effects on gait
kinematics. Perry and Burnfield (2010b) also state that the
main cause of heel gait is SOL weakness whereas GAS
weakness does not directly contribute to excessive ankle
dorsiflexion. The present study could thus be furthered
by distinguishing the effect of SOL and GAS impairments
on gait. On another note, plantar flexor weakness is also
assumed to contribute to crouch gait (Steele et al., 2012).
Nevertheless, similarly to Ong et al. (2019) and Waterval
et al. (2021), our simulations of plantar flexor weakness
do not induce such gait deviation, and thus do not
support such a contribution of plantar flexor weakness in
crouch gait.
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Regarding neural impairment, increased reflex gains
during the swing phase do not result in toe gait.
Alterations of plantar flexor reflex parameters during the
stance phase thus have more effect on gait compared
to parameters during the swing phase. The plantar
flexor muscles are indeed mainly activated during the
stance phase to propel the body forward. However,
decreased plantar flexor reflex gains during the stance
phase mimicking neural weakness induce partial heel
gait. Furthermore, investigation of both hyperreflexia and
neural weakness through 2D exploration reproduce more
pronounced toe and heel gaits.

The present investigation is limited by the fact that
the model falls before reaching severe pathological gait.
Nonetheless, the sensitivity and the effect of parameter
alterations towards plantarflexion or dorsiflexion can
be observed. These results are significant because the
contributions of active reflex pathways and passive muscle
properties in spastic stiffness can barely distinguished in
clinical examination (Lorentzena et al., 2010). Previous
studies assumed that spastic stiffness is mainly caused
by passive muscle properties (Dietz & Sinkjaer, 2007).
However, the contribution of active reflex mechanisms is
being progressively considered and reported as significant
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(Lorentzena et al., 2010; Mirbagheri et al., 2001). The pre-
sent study suggests such an important contribution of
active reflex mechanisms in pathological toe gait.

Nevertheless, the ‘what if’ approach applied in this
study faces a major validation issue. On the one hand,
we modelled numerous pathways that intrinsically lead
to redundancy. The solution space may then contain
several local minima. Given an optimised healthy gait
state, our model predicts that specific pathways can elicit
a pathology but our results might not generalise. In
a different condition (e.g. faster or slower gait), this
might not be true. However, the problem is difficult to
explore as there are infinite possible initial conditions
and parameters. The optimisation method still introduces
randomness in the initial conditions and parameters (even
for those constrained) so the population of solutions
tends to lead to similar conclusions. To further argue for
the repeatability of our results, we looked at suboptimal
solutions and observed similar tendencies in both the gait
kinematics and control parameter values. Furthermore,
before impairing parameters we had already formed hypo-
theses on the different cause–effect relationship, which
were confirmed when we observed agreement between
simulation and clinical studies.

On the other hand, parameters are modified
individually to investigate their effect on gait, but SCI,
stroke or CP patients usually present many biomechanical
and neural impairments together. Spasticity and muscle
weakness can coexist in these conditions, leading to
spastic paresis (Lamontagne et al., 2002). This study
focuses on plantar flexors only, whereas these patients
usually present multiple impaired muscles. Moreover, as
mentioned previously, some impairments may be gradual
along with progressive compensation through neural
adaptations. Such adaptations may also arise after sudden
impairments, especially after training. This topic of
long-term adaptation and compensation is of great inter-
est, but the state-of-the-art in pathological modelling is
not at the point to address such complex conditions given
that pathological gaits are by nature unstable. We plan to
explore this topic in follow-up studies. Thus, validation of
this study with clinical data is very challenging. This ‘what
if’ approach is still deemed of great interest as one can
postulate various hypotheses, then identify the conditions
through simulation, and finally design an experiment that
can help test and validate the model.

Besides its validation issue, this study could be
improved on several points. First, the optimisation
solution space could be further explored to look for
other potential local minimums and reach a solution
that better reproduces experimental observations. In
particular, as outlined previously, knee angle and GAS
activation present excessive values during the stance
that could be refined. This exploration would require
many optimisations that would take long to realise. More

sophisticated balance controllers could also be included to
allow simulations to reach more severe pathological gaits.
We also considered similar cost of function for healthy
and impaired models, whereas human walking goals may
vary depending on individual conditions. Minimisation
of effort might play a minor role compared to healthy
conditions, whereas painmight play amore important role
for instance. Adapted measures for impaired optimisation
could thus also be considered to reach more severe
pathological simulations. On another note, more reflex
parameters could be evaluated. Indeed, reflex offsets were
not investigated, whereas their contribution to impaired
motor control has been highlighted in the literature (Levin
& Feldman, 1994). Neither were reflex delays evaluated,
whereas increased delays are reported in SCI conditions
for instance (Thomas et al., 2014). It should also be noted
that the reflex pathway delays used in this study based
on Geyer and Herr (2010) and Ong et al. (2019) are
shorter than those recorded experimentally by the order
of 50%. Moreover, even with delays closer to physio-
logical values, a reflex-based controller is still only a first
approximation of all the underlying neural pathways. The
introduction of neuron models for afferent fibres, inter-
neurons, alpha motor neurons and descending neurons
would be a significant improvement to model in more
detail descending pathways and presynaptic inhibition
mechanisms, among others.

Conclusion

This study allows the targeting of various biomechanical
and neural impairments leading to pathological gaits
by simulating the effect of altered biomechanical and
reflex parameters on gait. Our simulations suggest that
toe walking can be generated by hyperreflexia, whereas
muscle and neural weakness lead partially to heel gait.
This ‘what if’ approach based on neuromusculoskeletal
simulation is thus deemed of great interest and suggests
an important contribution of active reflex mechanisms in
pathological toe gait. Further modelling and simulation
are essential to understand the cause–effect relationship
between impaired mechanisms and pathological gaits
in more detail. In this way, such neuromusculoskeletal
simulation could help to target appropriate therapies.
Furthermore, therapies such as drugs or epidural electrical
stimulation themselves could be simulated to study their
efficiency.
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