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Abstract

Human gait simulation plays a crucial role in providing insights into various aspects of
locomotion, such as diagnosing injuries and impairments, assessing abnormal gait patterns, and
developing assistive and rehabilitation technologies. To achieve more realistic gait simulation
results, it is essential to use a comprehensive model that accurately replicates the kinematics and
kinetics of human movement. Human skeletal models in OpenSim software provide anatomically
accurate and anthropomorphic structures, enabling users to create personalized models that
accurately replicate individual human behavior. However, these torque-driven models encounter
challenges in stabilizing unactuated degree of freedom of pelvis tilt in forward dynamic simulations
Adopting a bio-inspired strategy that ensures human balance with a minimized energy expenditure
during walking, this paper addresses a gait controller for a torque-driven human skeletal model to
achieve stable walking. The proposed controller employs a nonlinear model-based approach to
calculate a balance-equivalent control torque and utilizes the hip-ankle strategy to distribute this
torque across the lower-limb joints during the stance phase. To optimize the parameters of the
trajectory tracking controller and the balance distribution coefficients, we developed a forward
dynamic simulation interface established between MATLAB and OpenSim. The simulation results
indicated that the torque-driven model achieves a natural gait, with joint torques closely aligning

with the experimental data. The robustness of the bio-inspired gait controller was further
evaluated by applying a range of external forces on the skeletal model. The robustness analysis
demonstrated efficient balance recovery mechanism of the proposed bio-inspired gait controller in

response to external disturbances.

1. Introduction

Forward dynamic simulation is a computational
method extensively employed in biomechanical sys-
tems to precisely replicate human movements [1, 2].
This technique allows the model to closely replic-
ate human behavior, including forces, torques, and
motion trajectories [3, 4]. The outcomes of these
simulations offer valuable tools for analyzing neur-
omotor injuries and motor impairment [5]. Thus,
employing human locomotion models with the abil-
ity to simulate movements closely resembling real
human is a crucial role in this field. To perform

forward dynamic simulations of human movements,
previous studies have employed various mathem-
atical models of the human body, ranging from
conceptual dynamic models to complex multibody
dynamic models. For instance, the linear inverted
pendulum model and multi-segmental inverted pen-
dulum model are commonly utilized to analyze sta-
bility in bipedal locomotion [6-10]. Additionally,
complex models featuring multiple lower limb seg-
ments and musculoskeletal models with redundant
sets of muscle-tendon units have been used to study
human behavior accurately [11-13]. Nevertheless,
simulation that not only avoids the complexities and

© 2025 IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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computational burdens of complex musculoskeletal
models but also possesses the capability to provide
accurate simulations of real human motion is of para-
mount importance.

Torque-driven skeletal human model is a com-
prehensive model for duplicating human gait, which
is not only capable to be scaled according to the
anthropomorphic structure of the human body by
wearable sensors [14, 15] but also does not have the
computational complexities of muscle-based mod-
els. In our study, we utilized a skeletal human model
equipped with a trunk in the upper body, connected
to the lower body by the pelvis joint, and segmen-
ted legs including the femur, thigh, and foot, which
are connected with the hip, knee, and ankle joints.
To derive the dynamic equations of these models,
two approaches are commonly employed: fixed-base
and floating-base approaches [16, 17]. The fixed-base
dynamic approach is frequently utilized to simplify
analysis in biomechanics and robotics. It involves
breaking down motion into multiple phases or con-
tact states, each corresponding to different configura-
tions of contact points or constraints. For instance, in
bipedal locomotion, creating two simplified models
for single support and double support phases makes
it easier to solve and analyze system dynamics. On
the other hand, the floating-base dynamic approach
treats the entire bipedal locomotion system as a single
entity with a floating-base approach, maintaining the
same set of states for every movement.

To ensure realistic results, we derived the dynamic
equations of the skeletal human model based on
the floating-based approach. This approach helps
to avoid discontinuities in joint torques that can
occur during transitions between contact states and
provides a comprehensive model that covers vari-
ous movements, which might be overlooked in the
fixed-base approach. However, the forward dynamic
simulation of a skeletal human model derived from
floating-based approach results in an under-actuated
model, which leads to mechanically unstable [18]. In
fact, the pelvis joint as an unactuated joint is not dir-
ectly actuated by muscles or external forces in for-
ward dynamic simulation, requiring to maintain bal-
ance during walking. Therefore, Our goal in the study
is to adopt an appropriate balance control strategy
for an under-actuated torque-driven skeletal model
that not only replicates the reference human gait but
also resembles the kinetic human results with min-
imal mechanical energy.

Most balance control approaches have been util-
ized to conceptual or more simple models to sim-
ulate human walking without regarding muscle
coordination. Zero-moment-point (ZMP) method
ensures the static and dynamic stability of the
human model by controlling the ZMP to remain
within the foot-support region, which is formed
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by connecting the foot-ground contact points [19—
21]. In [22], the initial conditions for the stable
limit cycle of the passive dynamic model are calcu-
lated based on the ‘basin of attraction’ concept. By
setting the initial conditions properly, stable walk-
ing cycles can be achieved, closely resembling nat-
ural human gait. Moreover, several closed-loop tech-
niques have been proposed to provide robust bal-
ance algorithms for bipedal models. These include
momentum conservation [23], phase resetting [24,
25], impedance control of joints [26, 27], intermit-
tent control [28, 29], and model-based approaches.
Additionally, many studies have been conducted in
the field of gait stability approaches based on the
concept of human walking. Muscle-reflex controls,
which rely on reliance on compliant leg behavior in
various subsystems, have been utilized to replicate
human walking mechanics and predict the observed
activation patterns of some individual muscles [30].
Foot placement control approaches, such as extra-
polated COM and capture point concept, ensure
stable gait by providing predictions on where to
place the foot relative to the body at each step [31].
Neuromuscular models incorporating central pattern
generators (CPG) for locomotion control and CPG
combined with reflex-based control were proposed to
generate rhythmic movements through networks of
neural cells [32, 33]. In [34], based on experimental
data of subjects recovering to normal walking after
facing unforeseen perturbations, a feedback control-
ler was modulated to stabilize a legged model during
walking.

In reality, achieving an accurate representation of
human gait involves simulating the model in such
a manner that either the metabolic cost (in the
case of a musculoskeletal model) or the mechan-
ical energy (in the context of a skeletal model) is
minimized [35]. In fact, the primary feature of a typ-
ical gait, commonly described as efficient or econom-
ical, revolves around reducing energy consumption
[36]. As humans walk or run, the body has evolved
to efficiently utilize energy through different bio-
mechanical methods [37]. Therefore, the aim of this
study is to employ a biomechanical perspective in
developing a human walking controller that preserves
human stabilization with minimal energy expendit-
ure. The hip-ankle strategy is a method of postural
control and balance of standing posture that relies
on human reactions to external disturbances [38—
40]. When standing upright, if a perturbation occurs,
individuals may engage their ankle and hip joints,
or take a step depending on the magnitude of the
disturbance. Researchers in [41] indicated that while
all joints contribute to correcting body balance dur-
ing walking, hip and ankle joints are more involved
in the stance phase. Although knee’s contribution to
the balance of the human body during stance phase
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is generally acknowledged, the hip and ankle joints
play a more significant role in maintaining balance.
Therefore, this study aims to optimize body adjust-
ment using minimal number of joints by focusing
on the hip and ankle balance strategies during the
stance phase to enable the model to achieve a gait
closely resembling the human gait. To simulate and
optimize the bio-inspired gait controller, we presen-
ted a controllable framework achieved by integrat-
ing OpenSim with MATLAB, enabling us to conduct
forward dynamic simulation of the skeletal model of
OpenSim by scripting controller in MATLAB. This
paper is organized as follows: First, gait controller
of the under-actuated skeletal model is described.
Second, the balance strategy of the gait controller is
explained. Next, the optimization process of the bio-
inspired gait controller is described. Finally, the sim-
ulation results of the proposed controller and its per-
formance in response to external disturbance are eval-
uated in the Results and Discussion section.

2. Methodology

This section elucidates the process of developing a
model-based human gait controller to ensure stable
walking.

2.1. Gait control of under-actuated torque-driven
model

Human torque-driven model is a computational
representation of the human body dynamic that
focuses on simulating and analyzing human move-
ment driven by joint torques [42]. However, the most
critical challenge of the forward dynamic simulation
of the torque-driven human model, deriving based
on floating-based approach, is the existence of an
unactuated degree of freedom (DOF) that needs to
employ a balance method. In this section, we utilized
an under-actuated torque-driven two-dimensional
(2D) model with 9 degrees of freedom to develop a
model-based walking controller. Figure 1 represents
the under-actuated human model which is used for
developing the walking control, and table 1 describes
the parameters used in the model. The model includes
pelvis joint with one rotational DOF and two degrees
of freedom for vertical and horizontal transition. In
addition, lower body joints with the hip, knee, and
ankle joints have six degrees of freedom. The math-
ematical model of the model is derived by Lagrange
law [41]as follows:

M(q)q+V(q,q) +G(q) +J;F.=T (1)

r r r 1 ! 1
Where, |:93nkle’ eknee’ 6h1p7 eankle’ 9knee’ ehlp’
9Ix1 :
Opetviss Xpelvis YPelvis] € R°*! is the vector of

. . T .
joints variables.T= [ T, 03x1 | €R**! is the
vector of joint torques for actuated joints (T, =
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7,77l 7l 7 € R1) and zero torques/forces
for pelvis joint, M(q) € R°*° is the inertia mat-
rix, V(q,q) € R%*! is the vector of centrifugal and
Coriolis forces, G(q) € R°*! is the vector of grav-
itational forces, F, € R"*! is the vector of external
force components, J, € R"*® is a Jacobian matrix
relating the position of the applied external forces to
the joint variables, and 7 is the number of external
force components, including ground reaction forces.
Decomposing actuated and unactuated degrees-of-
freedom, equation (1) may be re-written as,

[Mn(q) Mz (q) } { q, }Jr [ Vi(q.9) }
My (q) Maxn(q) q, V,(q,9)
Hl (q) :| |: Tu :|
= 2
* { H,(q) 031 @
T
where |:9;nkle791r<nee’elrnp’eelmkle’ell(nee’ell'llp:| €

ROXT g the vector of actuated joints variables,
q,= [ePelvisaXPelvisv YPelVis]T € R3X1 is the vector
of unactuated degrees of freedom, and H;(q) €
R™!(H(q) =G(q)+J!F.) includes the gravita-
tional and external forces/torques. The actuated and
un-actuated dynamic models are derived by dividing
the overall system into two subsystems as,

Mii(q)q, +Mi2(q)q, +Vi(q,q) + Hi(q) =T,
M, (q) 4, + M (q)q, + V2 (q,q) +Hx(q) =0
(3)

Thus, differential equations of two subsystems are
obtained as,

o)l

By simeplifying the above equation, we have

q,=M "' (q)[T.— V" (q.9) — H" (q)]
q,=—My,' (q) My (@) M* ' (q) T, — My, (q)
x [-V*(q,9) +V2(q,q9) — H* (q) + H(q)]
(5)

in which,

M*(q)
V*(q,q)
H*(q)

My (q) — My (q) My, (q) My (q)
Vi ( ) Mz (q) ]\/1221 (@ V: (Q7Q)
Hi(q) — M () My,' (@) Ha (q).

Therefore, the dynamic structure of the
underactuated walking model is explained by the dif-
ferential equation of two actuated and unactuated
dynamics (5). As our objective is to control the
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Figure 1. Schematic of the underactuated, torque-driven model used to develop the walking control system.

Table 1. Parameters used in the human model.

Symbol Description Value
(%) x—y positions of central of mass body
0.0 Ankle joint angle

N Knee joint angle
;.0 Hip joint angle
0., Pelvis tilt
A Ankle torque
T Th Knee torque
T Th Hip torque
I Length of thigh 0.43m
Is Length of shank 0.41 m
I Length of foot 0.18 m
1, Length of upper body 0.78 m
Lg Length from COM of upper body to top 0.39m
m; Mass of thigh 8.25kg
ms Mass of shank 3.28 kg
my Mass of foot 1.11kg
my Mass of upper body 10.45 kg

human balance during walking, rather than con- Here, we linearize the actuated and unactuated

trolling the position of the model in the sagittal plane, =~ dynamics (5) by defining q, =P, and q, =P, as
the unactuated dynamic is limited only to pelvis tilt  equivalent controls [43]. In this way, the joint torque
DOF, and control of vertical and horizontal positions  control becomes:

of the pelvis is neglected. Therefore the unactuated N . .

dynamic is reduced to one DOF (q, € R'*"). T, =M (q)P,+V (qv q) +H"(q). (6)
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The primary objective is for the walking model
to accurately follow a specified path trajectory while
maintaining stability in the upper body. We util-
ized a healthy gait dataset as the desired trajectory
from [44]. Hence, to track the path trajectory qf by
the actuated joints q,, the equivalent control P, is
designed as,

P, =y — Aje— Ale (7)

where e=q, — q', e=q, — q;ef,AZ € ROXS, Aj €
R6% are positive diagonal matrices. Furthermore, to
ensure the stability of the unactuated subsystem, the
equivalent control torque P, is adjusted in accord-
ance with the following equation:

Pu = 7qu'u - quu (8)

where, A} € R"™! and A4 € R"'are positive scalars.
Ultimately, to achieve stabilization of the overall sys-
tem, the final equivalent control for the underactu-
ated system is generated by means of a linear com-
bination, expressed as,

P="P,+IIP, 9)

where II € R®*!. represents balance distribution
coefficient(BDC),allocated to the actuated joints
[45]. By substituting P from equation (9) instead of
P, in equation (6), the joint torque control for stable
walking is computed as described in equation (10).

T,=M"(q) { [ijiff — Aje— A;e} } +V*(q,q)
+H (@) +M* (@)1 [-Ajq, — Ajq,] . (10)

By simplifying the torque equation, we have:
T,=T,+IIT, (11)

where,

Lo =M (q) |4~ Aje— Aje| + V" (q,0) + H' (q)
(12)
Ly =M"(q) [-Agq, — Aja,]- (13)

2.2. Stability analysis
To prove the stability of the walking gait control, we
use a positive definite Lyapunov function as follows:
1 T A %

V= 3¢ M*(q)s (14)
where s = Af%e, + IIAYq,. The inertial matrix M* (q)
is a positive definite matrix, which implies V > 0 for
s# 0and V=0 for s = 0. The derivative of Vis given
by:

V=s"M*(q)s. (15)
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Substituting § into V, we have:
V="M (q) (Ale, +1TA%,). (16)

Substituting the equation (10) into equation (16),
yields,

Vsl (T M (@ - M (@) [Aje+ A

V7 (.0) +H' (@) (17)
By substituting s, V becomes:

V= [Ajes+ TAje,] " (Tat M (@G5~ M ()

[Ase+Asq,]+ V" (q.0) +H (@) (18)
By simplifying the V we have,

V= [Aje, + TTALe,) M (q) [Aje+ Mg,
+ [ ;ea + HA;CM] T (7’]1‘“ + M* (q) q;ef

+V* (4,4) +H (@) (19)

We separate V into two terms of first and second
V =V, + V,. The first term of V is shown as follows:

Vi = —[Aje, + TAje,] "M (a) [Age+Ajq,]
(20)

Since the M™* (q) is a positive definite matrix, for
every A9 >0,A4 > OJ\Z >0 and Ag > 0, we have
V, <0. Additionally, V, is defined as:

V2= [Ajes+ TTAje,] " (~Tu+ M (@)

+V*(q,9) + H* (q)) . (21)

In the above equation, since the reference acceler-
ation @' is bounded, we have M* (q) 4™ < |||| for
some constant ||2]|. Another term V* (q,q) + H* (q)
represents the gravity and external forces including
ground reaction forces applied to the model. As long
as the ground reaction forces remain bounded, this
term can be bounded, i.e., V* (q,q) + H* (q) < ||V ||
for some constant || ¥ ||. Thus, V, becomes:

Y a u T
Vo < [Afea +1TAJe,] (=Ta+[192] + 2 )). (22)
To guarantee that T, compensates for the dynam-
ics of the system, the term T, — (||Q?|| + || ¥ ||) must

converge to a bounded value. This can be expressed
as:

To— (1 + 1V [}) = nes +Tce,.  (23)
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Where 17 € R®%¢ and ¢ € R'*!positives matrix,
and the right side of the equation is a bounded error.
Substituting this into V,, we get:

Vo < —[Afe, + TAY,] " (e, +ce,).  (24)

Thus, V; is negative, and combining it with V;,
we have V= V| + V, < 0. This result proves that the
walking gait control is stable.

2.3. Bio-inspired balance approach
According to equation (11), the skeletal joint moment
comprises both trajectory tracking control and bal-
ance control. The first component involves generat-
ing joint moments to enable the human model to fol-
low a reference path, while the second component
ensures the provision of torques necessary for main-
taining balance during walking. Based on our know-
ledge, human tends to walk with minimum energy
expenditure, often referred to as an energy-efficient
or economical walking gait [46, 47]. In fact, the
human body has evolved to optimize energy usage by
employing various biomechanical approaches, such
as adjusting walking speed [48], step width [49], and
vertical movement of center of mass (CoM) [50].
Hence, we aim to employ a stable walking bio-
mechanical approach to design balance distribution
coefficient values that reduce the locomotion energy.
To achieve this goal, a method is adopted in which
a fewer number of joints are involved in maintain-
ing human balance [51], resulting in the produc-
tion of less net balance torque and consequently less
|

ES  right ES right
ahip 0 Qankle
MS _ right 0 MS _ right
1I ( ¢) — ahi ankle
TS _ right o TS right
ahip ankle
0 0 0

In which ¢ is the gait phase including
‘Early-Stance (ES), Mid-Stance (MS), Terminal-
Stance (TS), Swing (S)’, determined by ground reac-
tion forces of right leg.cv represents the coefficients
of the hip and ankle for the right and left legs and,
no value is assigned to the knee joint. In addition,
as the stance leg has a decisive role in maintaining
balance of the human body, BDC is only assigned to
the stance phase and this quantification in the swing
phase is omitted. In equation (14), the sum of the
BDC of the right and left sides equals one for each
phase of ES, MS, and TS. As the mid-stance of the

right leg is the swing phase of the left side, ™ot and
MS_ left

a5 equals zero.
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consumed energy. The hip-ankle strategy, which is
a neuromuscular control mechanism employed by
humans to maintain balance during standing, is used
to preserve balance in mechanical biped models [52].
According to this strategy, when relatively small dis-
turbances affect the CoM, humans tend to employ the
ankle strategy. In such cases, ankle torque is utilized
to restore the CoM to its desired position and main-
tain balance. However, when faced with a significantly
large disturbance, a torque is applied to the hip joint
to generate angular acceleration in the direction of the
disturbance. During walking, while all joints contrib-
ute to correcting body balance, according to [53] hip
and ankle are more involved in stance phase. In this
phase, the body adjusts its balance primarily by vary-
ing hip and ankle joints in response to disturbance. In
[53], it is indicated that applying medial and lateral
balance perturbations to the body, balance response
strategies involving hip and ankle moments were
used to maintain the human balance. Therefore, by
introducing inclined pelvis tilt relative to the original
state as a destabilizing measure in human balance, we
utilized the hip-ankle strategy to maintain balance
during walking to correct the balance using a min-
imal number of joints. To implement this strategy,
we defined a piecewise linear function for the Balance

Distribution Coefficients(BDC) which are assigned
parameters to the hip and ankle joints as follows,

ight ight
Fa 0 Ball fors o
MS , right Ms , right -
Ay 0 g forg = dws (25)
TS right 0 TS right _ ¢ :
ahip Qankle fOf'(b — ¥PTs
0 0 0 forg = ¢s

2.4. Bio-inspired gait controller optimization

In order to derive the parameters of the gait con-
troller, a forward dynamic simulation and optim-
ization framework is essential. Researchers have
developed forward and predictive simulation frame-
works capable of optimizing various gait controllers
for tracking motion data or generating new traject-
ories, respectively [54]. These frameworks, equipped
with reflex-based controls, work based on muscle
coordination. In our study, we presented a forward
dynamic simulation of the torque-driven human
model using a controllable framework to optimize
the controller parameters without directly address-
ing muscle excitation. Specifically, we established an
interface between MATLAB and OpenSim software,



10P Publishing

Bioinspir. Biomim. 20 (2025) 026026

facilitating interaction with the OpenSim API [55]
via MATLAB commands. Within the framework, by
receiving kinematic feedback from human model and
ground reaction forces from OpenSim, the model-
based control generates joint torques to simulate the
skeletal human model. To optimize the parameters
of the gait controller we used Genetic Algorithm
(ga toolbox) in MATLAB in the simulation and
optimization framework. Figure 2 displays the con-
figuration of a bio-inspired gait controller within
OpenSim and MATLAB framework.

The design variables requiring optimization
encompass parameters of the gait controller, includ-
ing both actuated and unactuated equivalent
controlsA;,A;,AZ and A;‘ along with BDC Qe

hip >
right = left  left : :
Xankle> Vhip> Canide: 1he following equation repres-

ents the objective function of the optimization prob-
lem, which aims to minimize both the tracking error
of the desired trajectory (Jrg) and the mechanical
energy (JMg)-

J=Jre + JmE

where,

JE = Z (qZ - qij) , i = left, right,

j
j = hip,knee, ankle (26)

1
JME = Emw, Emw = Z E]Z + Epelvis- (27)
j

In which Ej, and Epeis are mechanical energy
of lower limb joints and pelvis joint respectively. In
the above equation, the mechanical energy is calcu-
lated by multiplying joint moment and joint angular
velocity. We applied constraints to our optimization
problem. The control parameters were bounded by
specific upper and lower limits. The BDC were con-
strained to lie between zero and one (0 < a < 1).

Furthermore, for each phase ES, MD, and TS, the
sum of the BDC for both the right and left sides was
set to equal one, as follows:

Z 04]’: =1, i = left,right, j = hip, ankle.
j

The optimization was performed on a computer
with a 3.60 GHz Intel i5-8350 U processor and 16
GB of RAM. The reported results were obtained using
OpenSim release 4.3 and MATLAB release 2021b.
Simulation time of a gait cycle is approximately less
than 2 min. Moreover, the optimization process of the
gait balance control parameters took almost 24 h to
complete. The results of optimization are brought in
table 2.
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3. Results & discussion

Leg6dof9musc.osim model with 66.5 kg mass and
1.66 m height was used to simulate the bio-inspired
walking control performance [56]. The model has
nine degrees of freedom including lower limb joint
angles (hip, knee, and ankle) and upper body (pelvis
tilt, vertical and horizontal pelvis coordination). To
generate force between feet and ground, three nonlin-
ear Hunt-Crossley contact models on toes and calcn
were used. One sphere is located on calcn with 5 cm
radius and two on toes with 2.5 cm [54]. Figure 3 dis-
plays the optimized BDC as described in equation (9)
during the stance phase including Early-Stance (ES),
Mid-Stance (MS), and Terminal-Stance (TS). The
results are provided for one gait cycle of the right
leg.

It is seen that the equivalent torque control
(P,)undergoes changes during stance phase. During
the early-stance, the average of P, is between
—1 Nm kg~! and 7 Nm kg~'. In this phase, the
BDC values for the hip and ankle are 0.17 and 0.08,
respectively, indicating more weight is assigned to
the hip joint, which confirms the hip strategy. In
the mid-stance phase, the average of P, is between
—2.5 Nm kg~! and 3 Nm kg™!, indicating minimal
disturbances on the upper body. As expected, there
is an increase in the ankle BDC, reaching its max-
imum value of 0.58. This corresponds to the ankle
strategy, where the ankle joint plays a role in main-
taining body balance when small disturbances act
on the body. The maximum value of P, changes
from —3 N'm kg~! in the single stance zone to
5N-m kg~ ! in the opposite direction in the terminal-
swing phase, leading to significant body instability
in this phase. Therefore, a significant increase in hip
BDC is generated to overcome the instabilizing dis-
turbances. Based on the alignment of simulation
results with the biomechanical hip-ankle strategy,
it can be concluded that the torque-driven control
model exhibits performance similar to the pattern
of real human walking which attempts to maintain
human balance. In figure 4, the kinematic and kin-
etic results of the torque-driven model simulation
are compared with a desired human gait dataset
[44]. According to the figure, the joint angle pat-
terns predicted by the bio-inspired gait controller
closely resemble those observed in humans. Focusing
on the hip joint angle of the desired gait, a peak exten-
sion moment is observed during the loading response
phase, while a peak flexion moment occurs in the pre-
swing phase. The extension moment of the hip joint
refers to the rotational force or torque generated when
the hip joint moves into extension. This moment is
primarily produced by the contraction of the hip
extensor muscles, including the gluteus maximus,
hamstrings (specifically the biceps femoris muscle),
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Figure 2. Schematic diagram of the forward dynamic simulation control interface between MATLAB and opensim: the
torque-driven skeletal human model is simulated using joint torques generated by a bio-inspired gait control scripted in MATLAB.

Table 2. Parameters of bio-inspired control and objective function values.

Matrix Ay Ay
Parameter ‘K, K, 'K, K L . ¢ KK, K I ¢
Value 1778.2 1734.0 1012.0 1999.9 1809.3 1900.0 1532.7 907.0 920.4 1938.0 430.9 203.08
Coefficient a;iiht a;if’l:te Oéfif; alaelftkle
Parameter  ES MS TS ES MS TS ES MS TS ES MS TS
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Figure 3. The optimized balance distribution coefficients (BDC) of hip and ankle joints during stance phase including
early-stance (ES), Mid-stance (MS), and Terminal-stance (TS). The coefficients belong to the highlighted right leg.
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Figure 4. Comparison of joint angles, moments(hip, knee and ankle) and ground reaction forces between the simulated
torque-driven model equipped by bio-inspired gait controller and desired gait.

and adductor magnus. On the other hand, the flexion
moment of the hip joint is primarily produced by the
contraction of the hip flexor muscles, including the
iliopsoas (composed of the iliacus and psoas major
muscles), rectus femoris, and sartorius muscles. The
comparison highlights the behavior of the torque-
driven model, which approximately aligns with the
desired gait. When comparing knee joint patterns, it is
observed that the torque-driven model exhibits flex-
ion during the pre-swing event similar to the desired
gait. In the following, a late knee flexion is observed
in the swing phase, possibly due to the absence of
weight assignment to the knee joint in this model. In
terms of the ankle joint, a peak moment is identified
in the plantarflexion moment. This moment allows
the foot to push off the ground and propel the body
forward. It is primarily generated by the contraction
of the calf muscles, namely the gastrocnemius and
soleus muscles, in the lower leg. The torque-driven
model, influenced by the bio-inspired gait controller,
effectively replicates this performance.

Overall, this figure demonstrates how both the
torque-driven model and human exhibit similar joint
moments, providing insights into the functional
characteristics and muscle activations during various
phases of gait. However, by improving the accuracy
of phase detection, we can assign more distributed

weights to the joints, resulting in more reliable simu-
lation results. The ground reaction force plays a cru-
cial role in the study of human gait, providing valu-
able insights into the mechanics of walking. By com-
paring the ground reaction forces between the torque-
driven model and the human dataset, we see a sim-
ilar pattern of contact forces. However, there’s a sig-
nificant reduction in vertical force around the middle
of stance phase. This reduction is particularly notice-
able. The model only used three contact force models,
specifically in the toe and heel, and did not include
any contact model for the middle of the foot. This
absence of modeling resulted in inaccurate ground
reaction force compared to the realistic data. Despite
the drawback in force modeling, the results indic-
ate that the torque-driven model closely approxim-
ates the interaction between the foot and the ground,
similar to the observed behavior in actual human
subjects.

Table 3 presents the root mean squared error
(RMSE) of joint angles, moments, and ground reac-
tion forces of our simulation with the desired gait. It
is evident from the table that the RMSE in the hip
and knee joint angles is less than 1 degree. However,
the ankle angle exhibits an error greater than expec-
ted, possibly attributed to the contact force model.
By comparing the simulation results for angles,
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Table 3. Root mean squared error of bio-inspired gait controller of a torque-driven model.

Angles (deg) Moments (N-m) GRFs (N)
Hip Knee Ankle Hip Knee Ankle Vertical Horizontal
RMSE 0.5115 0.2557 1.0515 0.37 0.24 0.50 0.40 0.16

Hip Angle

—— No disturbace
' ' = G0N

Time(s)

Figure 5. Top:Performance of the torque-driven human model with bio-inspired gait controller against external disurbances. on
error tracking of joint angles (hip, knee, and ankle) and pelvis tilt and Gait speed. Dashed line indicates the instance time of
applying disturbance. Bottom: Gait pattern of the human skeletal model in response to a 300 N applied disturbance force on the
upper body of the model. The highlighted arrow illustrates the disturbance force applied to the human body.

moments, and ground reaction forces, it becomes
evident that our controller exhibits a reliable capabil-
ity in tracking the desired path accurately. In the next
simulation, the robustness of the bio-inspired walk-
ing control is assessed by subjecting the model’s torso

to disturbance forces of different amplitudes. These
forces included low disturbance (30 N), moderate
disturbance (150 N), and large disturbance (300 N)
applied horizontally, 20 cm above the center of mass
of the torso. Figure 5 illustrates the impact of these
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Figure 6.: Correlation of motion kinematics with amplitude of the external disturbance, (a) correlation of root mean square error
of torque-driven joint angles with external disturbance, (b) correlation of mean pelvis tilt angle and mean walking speed with
external disturbance forces. P-value for all results is less than 0.001, calculated at 99.9% confidence level R-Squared values are

R? =096, R* = 0.98, and R? = 0.88 for ankle, knee, and hip joint angles, and R? = 0.94 and R? = 1 for mean pelvis tilt and
walking speed, respectively. This demonstrates the goodness of fit of the linear regressions. Increasing slopes of the linear
regression for hip and ankle joints indicate relevant correlation of these joints with the external disturbance force. The almost
horizontal lines in (b) indicate no correlation between tilt angle and walking speed with external disturbances, indicating the
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200 250 300

external disturbances on the deviations of the joint
angles from their reference trajectories and pelvis tilt
and walking speed as well. The external forces were
applied within the time duration from 1.5 to 1.7 s, as
highlighted in the dashed line. In the case of a low-
level disturbance, we observed slight alterations in the
angle error and moments of the hip, knee, and ankle
joints. However, as the disturbance level increases,
more pronounced changes become evident in the hip
and ankle joints. This observation demonstrates that
these joints are generally more susceptible to external
force disturbances compared to the knee. By apply-
ing large disturbance, the alterations in the hip and
ankle joints become both more extensive and pro-
nounced. Nevertheless, a significant deviation is seen
in the hip angle error, which takes a relatively longer
period of time to return to its original state compared
to the ankle joint. Furthermore, by observingpelvis
tilt deviation and walking speed, we can see that even
under the highest disturbance, the model returns to
its original path in approximately two seconds. The
bottom of the figure demonstrates the gait pattern
of the human skeletal model in response to 300 N
disturbance force applied on the upper body of the

model. To enhance comprehension, we have graphed
the R-squared values for RMSE of joint angles in
figure 6(a). Additionally, in figure 6(b), we have plot-
ted the mean Pelvis tilt and mean walking speed
versus different values of external forces. Figure 5(a)
illustrates a clear linear correlation between joint
angle RMSE and the increasing disturbance force.
Notably, a relatively significant slope was observed in
the RMSE linear fitting for the hip and ankle joints
which substantiates the significance of these two
joints. This observation validates the efficacy of the
hip-ankle strategy. Delving deeper, it is worth noting
that the slope of the ankle RMSE is slightly more than
that of the hip. In fact, while both joints are more
engaged during larger disturbances, the ankle joint
assumes a more prominent role when dealing with
lower levels of disturbance. Analyzing figure 5(b), the
low slope exhibited by the mean value of unactu-
ated data (including both mean pelvis tilt (on the
left Y-axis) and mean walking speed (on the right
Y-axis), indicates a weak correlation between these
variables and external forces. This association high-
lights the successful performance of the bio-inspired
gait controller in maintaining the human balance
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without affecting the overall characteristics of the
motion.

4. Conclusion

In this paper, we introduced a bio-inspired gait con-
troller for a torque-driven skeletal model to achieve
stable walking with joint trajectory tracking. Since
the model is under-actuated and requires a balance
maintenance approach, we extended the hip-ankle
strategy from the usual cases of upright standing to
the case of walking. First, a balance equivalent control
torque is calculated using a model-based approach
to keep the upper body in an upright position.
Then, this torque is distributed to the hip and ankle
joints of both legs, in proportion to some ‘Balance
Distribution Coefficients. This strategy was applied
during the early-stance, middle-stance, and terminal-
stance phases. To adjust the controller parameters, we
established a closed-loop interface between OpenSim
and MATLAB for simulating the forward dynamic
model. The optimization results confirmed that the
torque-driven skeletal model with the proposed con-
troller, exhibits human-like behavior in intrinsically
maintaining upper body stability during a walking
gait. For instance, when the average balance equi-
valent control is low in the single stance phase, the
ankle joint coefficient increases to compensate for
the instability. Similarly, if the average of equivalent
control torque is high, the hip joint acts as a bal-
ancer. Furthermore, in terms of joint moments, we
observed a similar performance between the hip and
ankle joints during the loading response and pre-
swing phases. This similarity further supports the
effectiveness of the implemented hip-ankle strategy
and its ability to replicate human-like walking char-
acteristics. In addition, to assess the robustness of the
controller, we exerted a range of horizontal forces
on the torso as external disturbances. The simula-
tion results proved the balance recovery perform-
ance of the proposed biomechanical gait control-
ler. Overall, our findings demonstrate that the com-
bination of the bio-inspired gait controller and the
joint-space model yields results that closely resemble
human gait, particularly in terms of maintaining sta-
bility and replicating joint torques during specific
gait events. There are limitations in this research.
The balance control simulation was considered for a
2D human model in the sagittal plane. By consider-
ing a three-dimensional human model, the degrees
of freedom would increase, and thus, the balance
strategy in the frontal plane should also be taken into
account. Utilizing the calibrated foot contact models
with the ground provides accurate ground reaction
forces, leading to appropriate kinetic results. We lim-
ited the control problem to walking on flat ground. A
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potential future work could be to evaluate the model’s
walking control functionality and ability to maintain
balance on sloped and uneven surfaces.
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