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Summary

Introduction
In individuals with spinal cord injury (SCI), wheelchair use is the primary means of mobility and is
often associated with a sedentary lifestyle and an increased risk of secondary health complications.
Although increasing physical activity can mitigate some of these effects, achieving sufficient activity
levels remains challenging. Upright standing and walking remain important rehabilitation goals for
individuals with SCI and may contribute to increased physical activity, while also being associated with
improvements in body image.

Various exoskeletal systems have been developed to enable upright ambulation. However, many pow-
ered devices rely on heavy and bulky actuators, limiting their practicality in daily life. Passive orthotic
devices, such as the (Advanced) Reciprocating Gait Orthosis ((A)RGO), allow walking with crutches but
are associated with high physical effort and substantial upper-body demands. The Cloudwalker project
aims to make exoskeleton-assisted ambulation accessible to a broader population of individuals with
SCI, in part by reducing the effort required during RGO-assisted walking. This study supports its de-
velopment by characterising ARGO Walker–assisted gait and developing a simplified biomechanical
model to enable future simulation-based evaluation of assistive strategies and design choices aimed
at reducing walking effort.

Aim
The aim of this study was to characterise ARGOWalker–assisted gait in terms of joint kinematic and ki-
netics, and to use these insights to develop an initial, simplified biomechanical model of ARGO-assisted
gait in OpenSim.

Methods
A healthy participant performed ARGOWalker–assisted walking trials using crutches while motion cap-
ture and ground reaction forces from both feet and crutches were recorded. Joint angles and joint
moments were computed from the experimental data in OpenSim using inverse kinematics and in-
verse dynamics. In addition, a simplified ARGOWalker model was developed in OpenSim Creator and
qualitatively evaluated by prescribing experimental motion and visually inspecting human–exoskeleton
alignment.

Results
ARGOWalker–assisted walking was substantially slower than healthy gait, with a mean walking speed
of 0.34 m/s and a stance-dominated gait cycle (66.9% stance, 33.1% swing). Kinematic analysis re-
vealed clear effects of the mechanical constraints imposed by the device across multiple joint kine-
matics, with particularly a pronounced posterior pelvic tilt and increased lumbar flexion throughout the
gait cycle. Joint kinetic analysis showed markedly increased net joint moments compared with healthy
reference data, particularly for hip flexion, knee extension, and lumbar extension moments.

In addition, the simplified ARGOWalker model moved largely in synchrony with the human body during
walking. However, remaining misalignments between the human and exoskeleton and with experimen-
tal observations indicate that further refinement is required before simulation-based analyses can be
performed.

Conclusion
ARGOWalker–assisted gait differs substantially from healthy walking due to the mechanical constraints
of the device, resulting in restricted distal joint motion and increased reliance on proximal joints and
crutch support. This walking strategy is associated with elevated joint moments, particularly at the lum-
bar region, indicating increased mechanical demands during ARGO-assisted gait. Furthermore, the
developed simplified OpenSim model provides an initial framework for future simulation-based investi-
gations of assistive strategies and design adaptations, but requires further refinement before it can be
used to reliably evaluate approaches aimed at improving accessibility of ARGO-assisted walking.

i
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1
Introduction

1.1. Spinal cord injury
Walking is a key component of human mobility, and the impact of its loss is profound. In spinal cord
injury (SCI), the spinal cord’s function as the pathway for motor and sensory communication between
the brain and the body is disrupted, resulting in impairments below the lesion level. According to
the World Health Organization (2024), over 15 million people worldwide are living with SCI, which
corresponds to approximately 1 in 550 individuals[1].

Paraplegia is a common consequence of SCI and is characterized by the impairment or loss of motor
and/or sensory function in the thoracic, lumbar or sacral segments of the spinal cord. In paraplegia,
arm function is preserved, while the trunk, legs and pelvic organs may be affected, depending on the
level of injury[2].

Individuals with SCI also experience a wide range of secondary health conditions, including pain, spas-
ticity, and bladder and bowel dysfunction[3]. Because paralysis severely limits their ability to move
independently, people with SCI typically have a markedly reduced level of physical activity compared
to able-bodied individuals[4]. The resulting sedentary lifestyle, commonly observed in this population,
further increases the risk of secondary health complications such as cardiovascular disease[5], type 2
diabetes [6][7], pressure ulcers[8] and ultimately, reduced life expectancy[9]. Prolonged immobilization
additionally contributes to osteoporosis[10][11] and muscle atrophy[12]. Improving physical activity is
therefore an important factor in maintaining health and mitigating secondary complications in individ-
uals with SCI. Previous studies have shown that regular exercise is associated with improvements in
physical capacity and muscular strength in individuals with SCI[13]. More recent evidence suggests
that regular physical activity may improve glucose metabolism and cardiorespiratory fitness in this pop-
ulation[14].

1.2. Mobility aids and rehabilitation approaches
Mobility aids play an essential role in supporting independence after SCI. The wheelchair is the primary
means of mobility for individuals with SCI and lower-limb paresis[15], and it still allows for upper-body-
based physical activity, which offers important health benefits. Nevertheless, despite these benefits,
many manual wheelchair users with SCI find it challenging to achieve sufficient levels of physical ac-
tivity[16]. Moreover, a 2008 survey showed that walking remains a top recovery priority for individuals
with SCI, regardless of injury severity, time since injury, or age at onset[17]. Moreover, technologies
that enable individuals with SCI to stand or walk have been shown to improve body image and sense
of well-being[18].

This has motivated the development of assistive rehabilitation approaches and mobility aids aimed at
enabling upright mobility and promoting active participation in walking-related exercise. Rehabilitation
approaches aiming at enabling upright mobility include body weight-supported treadmill training, or-
thoses, and robotic exoskeletons. Because these approaches provide external support for standing

1



1.3. (Advanced) Reciprocating Gait Orthosis and the Cloudwalker 2

and stepping, they allow individuals with SCI to practice walking movements in an upright position.

Despite their potential, current orthotic and exoskeletal systems still face limitations in terms of usability,
adaptability, and accessibility. Many wearable exoskeletons remain heavy and bulky due to their rigid
structures, actuators and batteries required for powered movement[19], reducing their practicality in
everyday use.
Furthermore, several systems rely on predefined movement trajectories[19], which limit adaptability
and user-driven control. As a result, users may become passive participants, rather than active con-
tributors to the walking motion. Current systems often do not sufficiently engage the user’s remaining
musculature. In addition, high device costs and limited availability restrict access to these technologies
for many individuals. Together, these limitations highlight the need for more lightweight, accessible,
and user-engaging mobility solutions.

1.3. (Advanced) Reciprocating Gait Orthosis and the Cloudwalker
Because of the limitations of existing orthotic and exoskeletal systems, the Cloudwalker project was
initiated. The Cloudwalker is a passive, lightweight exoskeleton developed by Erasmus MC, Rijndam
Rehabilitation, and TUDelft, enabling exoskeleton-assisted ambulation in individuals with spinal cord in-
jury (SCI). The device is based on the principle of the (Advanced) Reciprocating Gait Orthosis ((A)RGO),
which has been developed to allow standing and ambulation in paraplegic patients through the use of
walking aids such as crutches.
The ARGO consists of a hip-knee-ankle-foot orthosis that stabilizes the lower limbs and trunk while
enabling reciprocal gait through a mechanically coupled connection between the two hip joints. By
controlling hip extension and assisting reciprocal hip flexion, the device allows forward progression
while maintaining stability [20]. The ARGO is a passive orthotic device, meaning that it does not con-
tain motors or electrical actuators and that movement is generated entirely by the user’s own effort
in combination with the mechanical elements of the device. As a result, the upper body provides the
main driving force during walking, and the intended users are individuals with a spinal cord lesion at
approximately the thoracic level T6–T7 or lower, who retain sufficient upper-body function for moving
themselves forward and walking with crutches. As a consequence of this passive, upper-body-driven
gait strategy, walking with an (A)RGO requires considerable physical effort. Several studies have re-
ported that (A)RGO systems are frequently abandoned or only minimally used in daily life, with the high
energy cost and metabolic demand during ambulation identified as key contributing factors [20, 21].

The Cloudwalker project therefore aims to make exoskeleton-assisted walking accessible to a broader
population of individuals with spinal cord injury by reducing the energy demand associated with ambu-
lation, alongside other improvements.

The Cloudwalker’s design focuses on being safe, lightweight, affordable, and user-friendly. The current
prototype includes hinged hip joints that are connected by a flexible coupling mechanism using a Bow-
den cable. In contrast to the ARGOWalker, which employs a high-stiffness push–pull cable resulting in
a displacement-coupled system in which motion at one hip directly enforces equal displacement at the
contralateral side, the Cloudwalker incorporates elastic elements such as springs within the hip cou-
pling. Since the Cloudwalker is not yet CE-approved, the experimental walking trials in this study were
performed using the ARGO Walker. The ARGO Walker serves as the basis for the Cloudwalker and is
approved for clinical use. In addition, it operates according to similar mechanical principles and walking
behaviour. For these reasons, the ARGO Walker was used in this study during the experimental trials
and data collection, and the term ARGO Walker is used throughout this thesis instead of Cloudwalker.

1.4. Functional Electrical Stimulation
A potential strategy to reduce the high physical effort associated with (A)RGO-assisted walking is the
integration of functional electrical stimulation (FES) to activate lower-limb muscles in individuals with
SCI. In particular, enabling knee flexion during swing may reduce the need for compensatory upper-
body strategies for foot clearance and limb advancement. FES is a technology which uses electrical
currents delivered through electrodes to induce muscle contractions, thereby activating one’s own par-
alyzed muscles, which can replace the natural signal that should be coming from the brain[22]. When
combined with orthotic devices, FES may support joint stabilization and contribute to more efficient
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forward progression during gait[23]. In addition, FES has been associated with broader therapeutic
benefits in individuals with SCI, including reductions in spasticity[24] and preservation of bone mass
[25].

Previous studies investigating hybrid systems combining FES with orthoses have reported variable
results on energy expenditure during walking. While some early work suggested reductions in upper-
body effort during short distances of walking [26], a subsequent study did not demonstrate consistent
reductions in energy expenditure during prolonged ambulation [27]. Moreover, a study combining FES
with a powered exoskeleton suggests that FES may increase cardiorespiratory demand, indicating that
its primary contribution in such contexts may lie in enhancing training intensity rather than improving
walking efficiency [28].

A major limitation of FES-based assistance is the rapid onset of muscle fatigue in individuals with SCI,
particularly given the high prevalence of muscle atrophy in this population. This restricts its applicability
for sustained functional ambulation and currently limits its use primarily to therapeutic or experimental
settings [29, 30]. Consequently, the potential of FES within RGOs continues to be investigated in
several studies.

The systematic literature review conducted as part of this thesis (Appendix A) showed that experimental
studies combining FES with fully passive orthotic systems are currently lacking. Existing work mainly
consists of theoretical models, which suggest technical feasibility and describe design and optimized
control strategies intended to share joint moment requirements between electrically stimulated muscles
and the orthotic structure. Experimental studies combining FES with semi-passive systems, which
includeminimal motorised assistance alongside FES, have demonstrated that synchronized stimulation
and mechanical support can enable stepping and short walking trials, although performance is limited
by rapid muscle fatigue.

At the same time, the effectiveness of such systems is influenced by orthosis design and FES control
strategies, indicating that improved coordination between mechanical support and stimulation may help
mitigate some of these limitations.

This motivates the need for a biomechanical characterization of ARGO-assisted gait, which can sub-
sequently be used as a basis for simulation-based exploration of FES-assisted gait within passive ex-
oskeletal systems such as the Cloudwalker. Therefore, this study establishes a biomechanical baseline
of ARGO-assisted gait and develops a corresponding simplified model, which together form prerequi-
sites for evaluating whether and how FES, alternative assistive control strategies, or design modifica-
tions could be integrated to reduce physical effort during walking and serve as a reference for future
theoretical simulations.

1.5. Aim of Study
The aim of this study is to characterize ARGO Walker–assisted gait by examining joint kinematics and
kinetics arising from the mechanical characteristics of the device, and to use these insights to develop
an initial, simplified biomechanical model of ARGO Walker–assisted gait in OpenSim.

Research question:
How can ARGO Walker–assisted gait be characterized in terms of joint kinematics and kinetics, in re-
lation to the mechanical characteristics of the ARGO Walker?

Sub questions:

1. How does ARGO Walker–assisted gait differ from normal gait in terms of joint angles, joint mo-
ments and spatiotemporal parameters?

2. How can a simplified biomechanical model of the human-ARGO Walker system be developed in
OpenSim?



2
Background

This chapter provides the medical and technical theoretical background required for this thesis, includ-
ing gait cycle definitions, spinal cord injury characteristics, kinematic terminology, and inverse kinemat-
ics and dynamics. In addition, the mechanical characteristics of the ARGO Walker are described to
provide context for the OpenSim model developed later in this thesis.

2.1. Gait Cycle
A gait cycle is a succession of coordinated lower-limb movements that occur during walking. It is
defined as the interval between two successive heel strikes of the same foot and is also referred to
as a stride[31]. Each gait cycle consists of two main phases: the stance phase and the swing phase,
which alternate between the left and right leg (Figure 2.1).

Figure 2.1: Gait cycle [32]

The stance phase comprises the period from heel strike to toe-off, during which the foot remains in
contact with the ground, and typically represents approximately 60% of the gait cycle. The remaining
40% corresponds to the swing phase, which begins at toe-off and ends with the next heel strike of the
same foot.

Within the gait cycle, periods of single support (only one foot in contact with the ground) and double
support (both feet simultaneously in contact with the ground) can be identified, occurring as the stance
phases of the left and right legs overlap in time [31]. An overview of the full gait cycle is shown in
Figure 2.1.

4



2.2. Kinematic Terminology 5

2.2. Kinematic Terminology
2.2.1. Overview
Throughout this thesis, several body movements are analysed and presented. To ensure clarity and
consistency in terminology, this section provides a visual overview of the several movements discussed
in the following chapters.

2.2.2. Lower body kinematics
Hip movements
In this study, three degrees of freedom of the hip are considered: flexion/extension, adduction/abduc-
tion, and internal/external rotation. Internal rotation refers to medial rotation of the femur, whereas
external rotation refers to lateral rotation, as illustrated in Figure 2.2c.

(a) Hip flexion/extension (b) Hip adduction/abduction (c) Hip internal/external rotation

Figure 2.2: Overview of hip movements[33].

Knee and ankle movements
The movements analysed in this study for the knee and ankle are shown in Figure 2.3. For the knee,
flexion and extension are considered. For the ankle, dorsiflexion and plantarflexion are considered and
represent the movement of the feet upwards and downwards.

(a) Knee flexion/extension
(b) Ankle movements

(dorsiflexion/plantarflexion)

Figure 2.3: Overview of knee and ankle movements[33].
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2.2.3. Pelvic and lumbar kinematics
Pelvis movements
The pelvis movements referred to in this thesis are illustrated in Figure 2.4a. Figures A and B show
forward and backward pelvic tilt. Figures C and D illustrate sideways motion, also referred to as pelvic
list. Left pelvic list corresponds to a drop on the left with a simultaneous hike on the right side, and right
pelvic list represents the opposite pattern. Figures E and F show pelvic rotation, defined as rotation to
the left or to the right. In this study, pelvic motion is expressed relative to the global reference frame.

(a) Overview of pelvis movements [33]. (b) Overview of lumbar movements [33].

Figure 2.4: Illustration of pelvis (left) and lumbar (right) movements considered in this thesis.

Lumbar movements
Lumbar movements refer to the motion of the lumbar spine (L1–L5), as seen in Figure 2.5.

In this thesis, lumbar motion is described using three types of movement, as shown in Figure 2.4b. The
lumbar spine can bend forward and backward, which is referred to as flexion and extension. It can also
bend to the left or right, and it can rotate around its vertical axis, turning the trunk to the right or to the
left.

2.3. Target population for the ARGO Walker
The target population for the ARGO Walker consists of patients with a spinal cord injury at the T6–T7
level or lower.

The “T” refers to the thoracic region of the spinal column, which contains twelve vertebrae in total; T6
and T7 are located approximately in the middle of this region, as shown in Figure 2.5. Patients with
lesions at or below this level typically retain enough trunk control and upper-limb strength to operate the
ARGO Walker, although this also depends on individual factors such as physical fitness, strength, and
age. In contrast, individuals with higher-level thoracic or cervical lesions often lack the necessary core
stability and arm strength to ambulate within the ARGO Walker. Both complete and incomplete spinal
cord injuries can be eligible, as long as sufficient trunk control and upper-limb strength are present, as
typically observed in individuals with lesions at or below T6–T7.

As shown in Figure 2.5, the T6 level lies within the green-coloured thoracic region, corresponding to
the mid-trunk area. Thoracic spinal nerves primarily contribute to trunk control, temperature regulation,
and abdominal muscle control. Therefore, part of these functions is expected to be preserved in the
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Figure 2.5: Organization of the spinal cord (with cervical, thoracic, lumbar, and sacral segments), spinal vertebrae, and a
broad representation of major segmental muscles and functions of the spinal cord[34].

ARGO Walker’s intended user group.

In contrast, lumbar spinal nerves are primarily responsible for lower-limb motor function, including hip,
leg, and foot movement[35]. In individuals using the ARGO Walker, motor function at these levels is
typically absent or impaired, requiring mechanical support for standing and ambulation.

2.4. Mechanical characteristics of the ARGO Walker
2.4.1. Overview
A detailed understanding of the mechanical design and functional principles of the ARGO Walker is
essential for interpreting its gait characteristics and for subsequent modelling. These mechanical char-
acteristics inform the definition of joint limits, coupling behaviour, and model properties implemented
in the OpenSim model. The ARGO Walker is a passive RGO composed of rigid lower-limb segments
connected via hip, knee, and ankle joints. Reciprocal motion between the legs is enforced by a Bowden-
cable coupling at the hip joints. An overview of the ARGO Walker is shown in Figure 2.6a, with the
positions of the Bowden cables at the hip and knee highlighted.

2.4.2. Hip joint coupling and motion
A Bowden cable is a flexible wire-driven transmission system consisting of an inner cable that slides
within a hollow outer sheath. When the inner cable slides, mechanical force is transmitted through the
system, most commonly pulling force, but pushing force can also be transmitted. Because the cable
and housing are flexible, the mechanism can be routed along curved paths without losing its ability to
transmit force[36].

In the ARGO Walker, the Bowden cable system is used at the hip joints to mechanically link the two
legs. This means that when one leg moves forward, the other automatically moves backward, creating
a reciprocal motion between the limbs. The Bowden cables at the knee joints facilitate knee flexion
during donning and sit-to-stand transitions, while during walking the knee joints remain mechanically
locked and are maintained in full extension throughout the gait cycle.
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(a) ARGO Walker used in this study.
(b) SolidWorks model illustrating the structural

design of the ARGO Walker.

Figure 2.6: Overview of the ARGO Walker.

The effective hip range of motion of the ARGOWalker is limited to approximately 15° of flexion and 15°
of extension, as determined using a digital angle gauge. Within this range, reciprocal motion between
the hips is enforced by the Bowden-cable coupling, such that forward motion of one hip induces an
equal and opposite motion at the contralateral side, with no visually detectable slack or compliance.
The hip coupling therefore behaves as a near-rigid mechanical connection over the functional range of
motion.

2.4.3. Material assessment and structural design
The ARGO Walker is constructed from a combination of metallic and polymeric materials to provide
structural rigidity while limiting overall weight. The primary materials used in the device include stainless
steel, steel, aluminium, bronze, brass, and polypropylene.

The metallic components provide the required stiffness and load-bearing capacity of the orthosis, while
polymer components are primarily used in the lower-leg and foot segments to reduce weight and intro-
duce limited flexibility. An overview of the structural design of the ARGOWalker is shown in Figure 2.6b,
based on the available SolidWorks model of the device.

2.4.4. Lower-leg and foot segment
As shown in Figure 2.7, the outer casing of the lower-leg segment is predominantly made of polypropy-
lene, with varying thickness across the segment. Reinforcement around the ankle joint results in a
relatively rigid connection, while the material becomes thinner toward the forefoot. This design allows
a slight toe-off motion due to increased flexibility near the toe region.

2.5. OpenSim
2.5.1. Overview
For biomechanical modelling, OpenSim version 4.5 was used in this study[37]. OpenSim is an open-
source software platform designed to create and analyze dynamic simulations of movement. It enables
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Figure 2.7: Lower-leg and foot segment of the ARGO Walker.

users to develop musculoskeletal models and perform dynamic simulations of a wide variety of move-
ments. In this study, OpenSim was used to process motion capture and ground reaction force data.
The workflow included model scaling, inverse kinematics (IK), and inverse dynamics (ID) analyses.

2.5.2. Kinematics and kinetics
In biomechanical analysis, human movement can be described using kinematics and kinetics. Kine-
matics refers to the description of motion without considering the forces that cause it, and includes
quantities such as positions, velocities, and accelerations. Kinetics, or dynamics, on the other hand,
relates motion to the forces and moments responsible for producing that motion, including joint mo-
ments and external forces such as ground reaction forces[33, 38].

In experimental gait analysis, kinematics are typically obtained from motion capture data, while dynam-
ics are derived by combining kinematic information with external force measurements.

Figure 2.8: Illustration of inverse kinematics, showing the alignment of experimental marker data with a musculoskeletal model
during walking[39].

2.5.3. Inverse kinematics
Inverse kinematics refers to the estimation of joint angles from experimentally measured marker tra-
jectories. Unlike forward kinematics, where joint angles are prescribed to compute segment positions,
inverse kinematics starts from measured marker trajectories and estimates the corresponding joint
configurations.

In OpenSim, the Inverse Kinematics (IK) Tool processes each time frame of the experimental data and
positions the musculoskeletal model in a pose that best matches the measured marker data at that
time step. This is illustrated in Figure 2.8.
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This best-fit pose is determined by minimizing the weighted sum of squared errors between the exper-
imental and model marker positions[39].

2.5.4. Inverse dynamics
Inverse dynamics is used to compute the net joint moments required to produce an observedmovement.
In contrast to forward dynamics, where forces are prescribed to predict motion, inverse dynamics starts
from measured kinematics and external forces to calculate the underlying joint moments responsible
for the motion.

In OpenSim, the Inverse Dynamics (ID) Tool uses the model’s kinematics together with measured
external loads, such as ground reaction forces, to perform an inverse dynamic analysis. By solving the
equations of motion derived from Newton’s laws, which combine measured kinematics with external
forces, the ID tool yields the net joint moments required to generate the observed motion[40].



3
Methods

This chapter describes the experimental protocol of the walking trials, data processing and gait analysis
pipeline in OpenSim, and the development of the simplified ARGO Walker model used in this thesis.

3.1. Experimental walking trials
3.1.1. Ethical approval
Prior to data collection, approval for the study was obtained from the Human Research Ethics Com-
mittee (HREC) at TU Delft. During preparation of the ethical application, consultations were held with
the Faculty Data Steward of the faculty of Mechanical Engineering and the TU Delft Privacy Team to
determine the classification of the study and the required ethical assessments.

The study was classified as non-WMO research. Ethical approval covered both the protocol for an
experienced ARGOWalker user with a spinal cord injury (SCI) and the protocol for a healthy participant.
Written informed consent was obtained before participation from the participant who ultimately took part
in the study.

3.1.2. Participant
The original aim was to conduct the experiment with an experienced ARGO Walker user with a spinal
cord injury (SCI). Participants with SCI were eligible only if they already owned an ARGO Walker and
were experienced users of the device. An eligible SCI participant was successfully recruited, and the
full SCI protocol had been approved by the HREC. However, due to unforeseen circumstances, the
experiment could not be carried out with this participant. Following the approved alternative plan, the
study proceeded with a healthy participant.

The inclusion and exclusion criteria for the healthy participant are summarized in Table 3.1.

11
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Table 3.1: Inclusion and exclusion criteria applied for the healthy participant in this study.

Inclusion criteria Exclusion criteria

Must be an informed volunteer. Has physical complaints that could affect
safety or performance (e.g., balance disorders,
musculoskeletal issues, back or arm pain).

Must have a height above 1.80m. Is unable to maintain a steady cadence over
two step cycles after training sessions.

Must properly fit into the ARGO Walker after
the fitting session, specifically having relatively
small calf circumference.
Must have no physical complaints that could
affect the test or health.

The participant included in this study met all eligibility criteria and was male, with a height of 194 cm
and a body mass of 74 kg.

3.1.3. Laboratory setup
The walking trials were conducted in the Biomechatronics & Human-Machine Control Laboratory at TU
Delft (Building 34). The laboratory is equipped with a multi-camera motion capture system comprising
12 Qualisys cameras that tracked passive reflective markers. Two additional video cameras recorded
the lower body for visual validation: one focused on foot and crutch contacts with the force plates, and
the other captured the overall walking pattern. Only the lower body was filmed, and participants’ faces
were not recorded. The system was operated using Qualisys Track Manager (QTM) software[41].

Ground reaction forces were measured using four force plates (Kistler Group, Winterthur, Switzerland,
labeled A–D) [42], as shown in Figure 3.1. Plates A and B measured ground reaction forces from the
right and left feet, respectively, while plates C and Dmeasured the forces from the right and left crutches.
Because the force plates are slightly elevated relative to the floor, raised platforms were placed around
them to create a level walking surface.

Participants walked from one end of the setup and continued to the opposite side of the laboratory.
Because additional leveling plates are not available beyond the force plates, the crutches landed on
lower ground after contacting the force plates. For this reason, only the forward walking trials (from
the starting side to the far end) were used for analysis, as walking in the reverse direction could alter
crutch-ground contact dynamics and affect the measured ground reaction forces.
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Figure 3.1: Experimental setup of the gait analysis laboratory.

3.1.4. Marker placement and static calibration
Overview
To capture the motion of the participant and the crutches, reflective markers were placed according to
the Conventional Gait Model (CGM) 2.5 protocol[43], with several adaptations required for this study
(Table 3.2 and Figure 3.2). Two types of markers were distinguished: anatomical markers, placed on
palpable bony landmarks to define joint centres and support model scaling, and cluster markers, at-
tached to body segments to ensure robust tracking during dynamic trials.

Adaptations to the CGM 2.5 protocol
The standard CGM 2.5 marker set was modified to meet requirements of this study, resulting in a total
of 64 markers. Some markers were repositioned compared to the standard CGM 2.5 configuration.
Specifically, the T2 marker was moved to the C7 location, and the T10 marker was replaced by a
marker at T12. In addition, two upper arm markers on each side were renamed according to Barzyk et
al. [44], resulting in the use of LUPA/RUPA and LFRM/RFRM markers. Additionally, one marker was
added at the olecranon on each arm (LOLEC/ROLEC). Markers added or repositioned relative to the
CGM 2.5 protocol are shown in red in Figure 3.2a.

Markers for the crutches and ARGO Walker
To track movement of the assistive devices, five markers were attached to each crutch, distributed over
the cuff, handgrip, shaft, and crutch tip (Figure 3.2b). Two additional markers (LKNEE and RKNEE)
were placed on the ARGO Walker, lateral to the anatomical knee markers (LKNE/RKNE). These were
included to ensure continuous visibility of the knee joint during walking, as the metal frame of the ARGO
Walker occasionally could obscure the anatomical knee markers during walking.

Static calibration trial
A static calibration trial was recorded with the participant standing upright inside the ARGOWalker, feet
placed in neutral position and the crutches held in their usual standing posture with the crutch tips resting
on the ground. This trial served as the reference for scaling the musculoskeletal model in OpenSim
to the participant’s anthropometry (i.e., body dimensions and segment proportions). All anatomical
markers visible during this trial were used during scaling, whereas cluster and device markers were
only used for dynamic tracking.
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(a) Full-body marker placement (CGM 2.5)[43] (b) Crutch marker placement.

Figure 3.2: Marker placement used in this study for motion capture.
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Table 3.2: Overview of the markers used during the experiments. Cluster markers are underlined in the list of abbreviations,
whereas anatomical markers are not [44, 45]. Markers placed on the crutches and the ARGO Walker are indicated with an

asterisk (*).

Body part / mechani-
cal part

Marker(s) Explanation

Torso CLAV Between the clavicles, above the sternum
LSHO/RHSO Acromion
C7 7th cervical vertebra
T12 12th thoracic vertebra
RBAK Right back marker (for left-right orientation of

the model)

Arms LUPA/RUPA Upper arm
LELB/RELB Elbow
LOLEB/ROLEB* Olecranon
LFRM/RFRM Forearm
LWRA/RWRA Wrist
LWRB/RWRB Wrist

Pelvis LASI/RASI Most prominent aspect of the iliac crest
anteriorly

LPSI/RPSI Most prominent posterior aspect of the iliac
crest

Legs (femur/tibia) LTHAP/RTHAP 1/3 of the way down the center of the anterior
thigh

LTHI/RTHI Half way down the lateral thigh
LTHAD/RTHAD 2/3 of the way down the centre of the anterior

thigh
LKNE/RKNE Lateral epicondyle of the femur
LKNM/RKNM Medial epicondyle of the femur
LTIAP/RTIAP Tibial tubercle: Prominence on the superior

anterior tibia
LTIB/RTIB Half way down the lateral lower leg
LTIAD/RTIAD Half way down the lower leg on the crest of the

tibia

Feet LHEE/RHEE Calcaneus: heel bone
LANK/RANK Lateral malleolus
LMED/RMED Medial malleolus
LTOE/RTOE 2nd metatarsal-cuneiform joint
LVMH/RVMH 5th metatarsophalangeal joint
LFMH/RFMH 1st metatarsophalangeal joint
LSMH/RSMH 2nd metatarsophalangeal joint

ARGO Walker LKNEE/RKNEE* On the ARGO Walker lateral to the knee joint

Crutches LCH/RCH* Upper part near the forearm cuff
LCA/RCA* At the shaft, just below the handgrip
LCO/RCO* Lateral side of the handgrip
LCM/RCM* Middle of crutch shaft
LCU/RCU* At the crutch tip (rubber end)
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3.1.5. Walking trials and data collection
Prior to the measurement day, the participant completed familiarization sessions to learn how to walk
with the ARGOWalker. During these sessions, the participant practiced advancing both crutches simul-
taneously, shifting body weight and extending the upper body to drive the ARGO mechanism, and al-
lowing the ARGOmechanism to guide the swing phase. Breaks and feedback moments were provided
as needed until a consistent gait pattern was achieved. A fitting session was performed beforehand to
ensure proper alignment and comfort within the exoskeleton.
On the measurement day, the experimental session consisted of four phases: donning the ARGO
Walker, marker placement, a static calibration trial, and dynamic walking trials. The static trial was
recorded after all markers were positioned and served as the reference for scaling the OpenSim model.

During the dynamic trials, the participant walked back and forth over approximately 6 meters at a self-
selected walking speed while motion capture and ground reaction force data were collected. Partici-
pants were allowed to rest at any moment, and marker positions were checked and adjusted between
trials when necessary. At least ten complete gait cycles (right heel strike to subsequent right heel strike)
were collected.

The specific activities and durations of the training and measurement sessions for the participant are
summarized in Tables 3.3 and 3.4.

Table 3.3: Training session for the healthy participant.

Activity Duration [min]

1. Walking trial
Familiarization 10
Break and feedback 5
Practice walk 10
Second break and review 5
Initial data recording 5

Table 3.4: Test session for the healthy participant.

Activity Duration [min]

1. Preparation
Donning the ARGO Walker and preparation 5
Marker placement 20

2. Calibration trial
Static trial 1

3. Walking trial
Familiarization 5
Initial motion capture 10
Break and possible marker adjustment 5
Data collection 20

3.1.6. Data pre-processing
After completion of the walking trials, all motion capture recordings were stored on the laboratory com-
puter and processed using Qualisys Track Manager (QTM). The preprocessing phase consisted of
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assigning correct marker labels across the entire recording, checking for gaps or swaps of markers,
and preparing the processed trajectories for use in OpenSim.

The labelled motion capture data were exported from QTM as .c3d files for further biomechanical
analysis. During export, unidentified and empty trajectories were removed to reduce noise and missing
marker artefacts. The resulting .c3d files were then converted to .trc and .mot files using a custom
Python script. The .trc file contains the 3D marker trajectories used for inverse kinematics, whereas
the .mot file contains the ground reaction forces, moments, and centres of pressure recorded by the
force plates.

Ground reaction force (GRF) signals were baseline-corrected using the first 10 frames of each trial to
compensate for any static offset in the force plates. Forces below 10 N were thresholded to zero to
remove background noise and ensure accurate stance-phase detection.

Marker trajectories were exported in millimetres and subsequently converted to metres during prepro-
cessing to match the unit conventions used in OpenSim.

To determine which parts of the data could be used for analysis, gait cycles were selected with the
help of video recordings that were made during the experimental trials. Each walking trial was visually
inspected to identify trials in which both feet and both crutches fully contacted the force plates, excluding
trials with only partial contacts with the plates. For each suitable trial, the start and end timestamps of
the walking sequence (approximately 10 seconds per trial) were noted, and only these segments were
analysed in OpenSim. In total, ten walking trials were selected for analysis.

3.2. Gait analysis and data post-processing
3.2.1. Overview
Before gait of the ARGO Walker could be analysed, some previous steps were implemented in Open-
Sim. These steps are elaborated in this section and consisted of selecting and scaling a musculoskele-
tal model to the participant’s anatomy, adding crutches, and performing inverse kinematics and inverse
dynamics. The inverse analyses presented in this study were performed on the human biomechanical
model without the exoskeleton and with the muscles removed. A schematic overview of the pipeline is
provided in Figure 3.3.

Figure 3.3: Flowchart of the OpenSim analysis workflow used in this study.

3.2.2. Base model selection
For this study, the musculoskeletal model RajagopalLaiUhlrich2023.osim was used, which integrates
the improvements on, amongst others, muscle properties introduced by Lai et al. (2017)[46] and Uhlrich
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et al. (2022)[47] into the original Rajagopal2016 model[48].

The model provides a full-body representation with 33 degrees of freedom including both upper- and
lower-limb segments. Although upper-body muscles are absent, the model was selected because it
is often used for simulating human gait and, unlike models that include only the lower limb(s), allows
analysis of upper-body motion as well.

Since the target user group consists of individuals with spinal cord injury, the lower-limb muscles of the
model were removed. These muscles are typically non-functional in this population and would there-
fore not contribute to movement generation. To enable lower-limb motion in the absence of muscles,
coordinate actuators were added for each available degree of freedom.

Additionally, the original RajagopalLaiUhlrich2023 model does not include wrist flexion and wrist devi-
ation degrees of freedom. These DOFs were added to accurately capture the upper-limb kinematics
required for modelling crutch-assisted gait.

The subsequent modelling of the ARGOWalker exoskeleton, including the addition of segments, joints,
constraints, and attachments, was performed primarily using OpenSim Creator[49], an open-source
software for creating and modifying OpenSim models.

3.2.3. Scaling to participant anthropometry
The model was scaled to the participant using the OpenSim Scale Tool and a custom scale.xml con-
figuration file. Marker trajectories from the static calibration trial (.trc) were used to adjust segment
lengths and marker positions.

Marker weights were iteratively refined to minimise the influence of less accurately placed markers,
achieving a maximum anatomical marker error below 2 cm, which was considered acceptable for a
good fit between the model and the participant’s anatomy and for subsequent kinematic analyses.

To evaluate the quality of each scaling run, the reportMarkerErrors.m script was used to inspect
marker errors. Based on these results, scaling parameters were iteratively refined until satisfactory
accuracy was achieved.

3.2.4. Integration of crutches into the model
The participant’s crutches were modelled as rigid bodies imported into OpenSim from .stl geometry
files, which were obtained from the instrumented crutch models developed by Febrer-Nafría et al. [50].

Each crutch was attached to the corresponding hand segment using a WeldJoint, reflecting the physi-
cal fixation of the participant’s forearm within the crutch cuff. During walking, the crutches made inter-
mittent contact with the ground. Ground reaction forces acting at the crutch tips were directly measured
using two force plates placed under the crutches, and these forces were applied to the model during
the inverse dynamics analysis.

3.2.5. Inverse kinematics
After scaling the model to the participant, inverse kinematics (IK) was performed using the OpenSim
Inverse Kinematics Tool and a custom IK.xml configuration file. Marker weights in the inverse kinemat-
ics tool were assigned to prioritise anatomical markers, including the pelvis markers (ASIS and PSIS)
and trunk markers such as C7, T12, and the clavicula marker (CLAV), while cluster markers (underlined
in Table 3.2) were assigned lower weights to reduce the influence of soft tissue artefacts. For some
individual markers, weights were further adjusted based on the participant’s posture and individual char-
acteristics. Because the participant adopts a slightly forward-hanging shoulder posture, which differed
from the pose of the generic model, the corresponding markers on both acromion (RSHO/LSHO) were
assigned a lower weight compared to the clavicula, C7, and T12 markers.

The IK analysis generated an ik_results.mot file containing time series of joint angles representing
hip, knee, and ankle kinematics, as well as pelvic and lumbar motion. These outputs were subsequently
post-processed and visualised using custom Python scripts.
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3.2.6. Inverse dynamics
Inverse dynamics (ID) was performed using the OpenSim Inverse Dynamics Tool with a custom ID.xml
setup file. Joint moments were computed from the inverse kinematics–derived kinematics and the
external forces measured at the feet and crutches, and were stored in the resulting id_results.sto
file. The ID outputs were subsequently post-processed and visualised using custom Python scripts.
These processed results were used to evaluate joint moment patterns during ARGO-assisted gait.

3.2.7. Data post-processing and spatiotemporal gait parameter extraction
Prior to visualisation of the results in Python, the OpenSim outputs were post-processed to enable gait
analysis. Key gait events, including heel strike and toe-off of both the left and right foot, were identified
based on the magnitude of the ground reaction forces. Foot contact was defined as a ground reaction
force exceeding a threshold of 50 N for at least 10 consecutive samples to reduce the influence of noise.
Heel strike was defined as the onset of such a contact period, whereas toe-off was defined as the end
of the contact period.

Because consecutive heel strikes of the same foot could not be measured directly, as only one force
plate was available per foot, the gait cycle was not defined from heel strike to heel strike measured by
the force plates. Instead, for the right leg, the gait cycle was defined to start at the first right heel strike
on the force plate and to end after a stride duration estimated from successive peaks in right hip flexion
obtained from inverse kinematics. This approach allowed the start (0%) and end (100%) of each gait
cycle to be determined for normalisation and visualisation of the data. Heel strike and toe-off events of
both feet were indicated in the resulting plots.

Crutch–ground contact was also visualised in the plots. Complete crutch contact could not be identified
from the force data, as each crutch contacted the ground twice within a gait cycle, while only one force
plate was available per crutch. Consequently, only the first crutch–ground contact per gait cycle was
captured in the force data. Crutch contact was therefore identified from marker kinematics rather than
from ground reaction forces, assuming ground contact when the forward velocity of the lowest crutch
marker approached zero. In the figures in the Results section, the yellow shaded regions indicate the
mean timing of crutch–ground contact across multiple gait cycles, with darker shading representing
more frequent contact and lighter shading representing less frequent contact.

To characterise the overall walking pattern, spatiotemporal gait parameters were extracted from the
processed data. These parameters included step length, stride time, cadence, stance-to-swing ratio,
and walking speed, and were calculated using a custom Python script. Spatiotemporal parameters
were computed within selected time segments of approximately 10 seconds per trial, for a total of ten
trials, centred around stepping on the force plates. Step time was defined as the time interval between
consecutive contralateral heel strikes, and cadence was calculated as steps per minute based on the
step time. Stride duration was estimated from successive peaks in right hip flexion obtained from
inverse kinematics, as described above. Right stance percentage was defined as the proportion of
the right gait cycle from right heel strike until right toe-off, while swing percentage was defined as the
remaining part of the cycle. Step length was estimated from the change in centre-of-pressure position
between consecutive contralateral heel strikes. Walking speed was estimated as the mean ratio of step
length to step time.

3.3. Biomechanical modelling of the ARGO Walker
3.3.1. Overview
In this section, the development of the ARGOWalker exoskeleton model in OpenSim is described. The
aim of this model was to create a simplified representation of the ARGOWalker that could be integrated
with a skeletal model to study ARGO-assisted gait, rather than to capture every mechanical detail of the
device. The modelling approach therefore focused on capturing the key functional characteristics of
the ARGO Walker through the definition of design requirements, segment geometries, joint structures,
and attachment strategies used to integrate the device with the skeletal model. An overview of the
main modelling steps is shown in Figure 3.4. These steps are described in more detail in the following
subsections.
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Figure 3.4: Overview of model development steps in OpenSim, including crutch integration, ARGO segment definition,
bushing force locations, hip flexion evaluation, and implementation of the hip coupling mechanism.

3.3.2. Design requirements and modelling assumptions
To model the ARGO Walker in OpenSim, the device was simplified into four rigid, cylindrical segments,
two on each side of the body. As shown in Figure 3.5a, the two red circles indicate the mechanical joint
locations in the ARGO Walker device. Because the knee joint of the ARGO Walker is mechanically
locked during walking, this joint was not modelled, and the upper and lower leg were combined into
a single segment. The upper red circle in the figure corresponds to the attachment point connecting
the trunk segment (L1/R1) to the leg segment (L2/R2). This is modelled as the BallJoint, as seen in
Figure 3.5b. Each side of the ARGO Walker was therefore represented by a trunk segment and a leg
segment.

The red arrows highlight the strap locations, which represent the contact interfaces between the ex-
oskeleton and the human body.
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(a) The ARGO Walker showing joint
locations (circles) and human–exoskeleton

attachment points (arrows).

(b) ARGO Walker representation in OpenSim Creator, including segment
definitions and joint types. The red dots indicate the approximate locations

where the bushing forces were applied.

Figure 3.5: The physical ARGO Walker and the simplified model.

3.3.3. ARGO Walker components and joint modelling
Table 3.5 provides an overview of the ARGO Walker components that were implemented in the Open-
Sim model.

In the OpenSim model, the ARGO Walker was represented using rigid segments whose geometries
were simplified to homogeneous cylindrical shapes. In OpenSim Creator, each segment was defined
by its mass, length, radius, and mass moment of inertia. The segment masses were assigned based on
the estimated weight distribution obtained from the SolidWorks model. As the mass moments of inertia
of the physical ARGO Walker components were not available, the inertial properties of the simplified
exoskeleton segments were calculated using the corresponding formulas[51]. Each segment was mod-
elled as a solid cylinder with its centre of mass located at the geometric centre. The resulting inertia
tensor was computed based on the assigned segment mass and the corresponding length and radius
of the cylindrical geometry. In OpenSim, the inertia properties are specified as [Ixx Iyy Izz Ixy Ixz Iyz],
defined about the segment’s centre of mass. The coordinate frames of the ARGO Walker segments
were aligned with the longitudinal axis of each cylindrical segment, which aligned with the y-axis. Con-
sequently, the products of inertia Ixy, Ixz, and Iyz were assumed to be zero. The moment of inertia
about the longitudinal axis (Iyy) was computed using

I∥ =
1

2
mr2, (3.1)

where m is the segment mass and r is the cylinder radius. The moments of inertia about the two axes
perpendicular to the longitudinal axis (Ixx and Izz) were computed using

I⊥ =
1

12
m

(
3r2 + L2

)
, (3.2)

where L represents the length of the cylindrical segment.

Both the length and radius of the ARGO Walker segments used for inertia calculations were estimated
from the dimensions of the corresponding cylindrical segments in the model. The actual lengths of
the cylindrical segments were 0.312 m and 0.945 m, which closely match the model dimensions. A
segment radius of 0.015 m was assumed in the model.
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Table 3.5 summarises the implemented components, their masses, and the joints through which they
connect to the rest of the model.

Table 3.5: Overview of ARGO Walker exoskeleton components implemented in OpenSim.

Component Mass [kg] Length
(model) [m]

[Ixx Iyy Izz] [kgm
2] Connected via

joint(s)

ARGOLeg_R1/L1
(trunk segment)

0.9 0.282 [0.006015,
0.000101,
0.006015]

BallJoint (with
R2/L2)

ARGOLeg_R2/L2
(leg segment)

2.0 1.01 [0.170129,
0.000225,
0.170129]

FreeJoint (with
ground)

Crutch segments 0.55 - - WeldJoint (with
hands)

To accurately represent the mechanical behaviour of the ARGO Walker, the joint types between the
exoskeleton segments were defined based on the range of motion measured in the physical device
and the range of motion seen during the walking trials (Table 3.6). The relative motion between the
trunk segment (L1/R1) and the leg segment (L2/R2) was implemented using a BallJoint. This joint
determines how the trunk segment (L1/R1) moves with respect to the leg segment (L2/R2). The joint
centre was aligned with the anatomical hip joint in the skeletal model so that both the human and
exoskeleton hips act around the same location.

The connection between the exoskeleton and the environment wasmodelled using a FreeJoint between
the leg segment (L2/R2) and ground. This joint provides the global placement and rotational freedom
required for the exoskeleton to move within the OpenSim environment. The rotation joint centre point
was again positioned at the same height as the hip joint.

Some modelling choices, particularly those related to joint ranges of motion and allowed degrees of
freedom, were informed by the kinematic data obtained during the experimental walking trials, which
are presented in the Results section. Inspection of this data revealed some deviations from the ranges
that were expected based on inspection of the ARGO Walker.

For the flexion–extension motion of the exoskeletal legs, a mechanical range of motion of approxi-
mately ±15° was measured directly on the device. However, analysis of the experimental kinematics
(Figure 4.1) shows that the hip flexion–extension angles ranged approximately from 13° of flexion to
−25° of extension. These angles are defined relative to the pelvis, which exhibited substantial tilt during
the gait cycle, as also seen in Figure 4.1, thereby explaining the larger apparent range of motion. In the
ARGO Walker model, the range of motion of the exoskeletal legs was therefore still limited to ±15° in
forward and backward rotation (flexion/extension movement), despite the larger hip flexion–extension
angles observed experimentally. In OpenSim Creator, joint ranges of motion are specified in radians
and were converted from degrees using the following relation:

θrad = θdeg ·
π

180
(3.3)

Accordingly, the range of motion was defined from −0.262 rad to 0.262 rad.

The hip joint of the physical ARGO Walker was identified as a hinge joint, indicating that abduction
and adduction were not intended motions of the device. Nevertheless, a small range of motion was
observed during the experimental trials, with values of approximately 5° of adduction to 12° of abduc-
tion. These motions are also reported in Table 3.6. To accommodate these experimentally observed
movements, a BallJoint was therefore selected instead of a HingeJoint for the hip joint representation
of the ARGO Walker. In the ARGO Walker model, lateral hip motion of the exoskeletal legs was there-
fore constrained to a range of −8° (adduction) to +15° (abduction), consistent with the experimentally
observed values. The corresponding range of motion was defined from −0.140 rad to 0.262 rad.
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Finally, the internal–external rotation degree of freedom at the joint between the upper and lower ex-
oskeletal leg segments is disabled. Although small internal–external rotation angles at the hips were
observed in the experimental kinematic data, these rotations are most likely attributed to motion of
the user’s legs within the ARGO Walker rather than to rotation of the exoskeletal structure itself. De-
spite being secured by straps, some relative movement between the user’s legs and the exoskeleton
is expected. The ARGO Walker is therefore assumed to be mechanically constrained in this rotational
direction, and no axial rotation of the exoskeletal leg segments relative to the upper exoskeleton is
expected based on the device design.

Table 3.6: Joint definitions and mechanical properties of the ARGO Walker model. F/E=flexion/extension.
A/A=abduction/adduction. ROM=range of motion.

Joint Type DOF ROM of
ARGO

legs (theo-
retical)

ROM of hip
joint (exper-
imental)

Parent
frame

Child
frame

ARGO hip
joint (L/R)

BallJoint 3 F/E: −15◦

to +15◦,
A/A: 0◦ to

0◦

F/E: −25◦ to
+15◦, A/A:
−5◦ to +12◦

ARGOLeg
_L2/R2

ARGOLeg
_L1/R1

Rotation
w.r.t envi-
ronment

FreeJoint 6 - - ground ARGOLeg
_R2/L2

Crutch–
hand
connection

WeldJoint 0 none (rigid) none hand_r /
hand_l

crutch_r /
crutch_l

3.3.4. Bowden cable coupling
The Bowden cable was modelled as a reciprocal coupling between the left and right exoskeleton legs.
A CoordinateCouplerConstraint was used to enforce a functional relationship between the hip rota-
tion angles of both sides, such that the motion of one leg directly drives the opposite leg. The coupling
was defined using a SimmSpline function that implements a linear mapping from the right-leg hip rota-
tion, ARGOHip_R2_rz, (independent coordinate) to the left-leg hip rotation, ARGOHip_L2_rz, (dependent
coordinate). The rz coordinate denotes rotation about the local z-axis and represents forward and
backward rotation of the exoskeleton hip joints. The resulting mathematical relationship is:

θleft = − θright. (3.4)

This relationship indicates that a forward swing of one leg produces an equal and opposite rotation of
the other leg, mimicking the passive reciprocal action of the Bowden cable.

3.3.5. Attachment of the exoskeleton to the human model
To integrate the ARGOWalker with the skeletal model, local human–exoskeleton interaction interfaces
were defined at the physical attachment locations between the user and the exoskeleton. These me-
chanical interactions between the user and the exoskeleton were represented using OpenSim’s Bush-
ingForce elements. A BushingForcemodels the connection between two bodies as a three-dimensional
spring–damper system, generating forces and moments in response to relative translational and rota-
tional deviations between two frames. This formulation allows compliant behaviour at the human–
exoskeleton interface and is used to approximate deformation of soft tissue and attachment straps in
simulations as the user moves relative to the exoskeleton [52]. BushingForces are most suitable for
strap-based attachments, where only limited relative motion between the exoskeleton and the body is
expected. This approach is therefore commonly used in musculoskeletal simulations to represent com-
pliant contact between the human body and orthotic or assistive devices. The red dots in Figure 3.5b
illustrate the locations where bushing forces were applied on the right side of the model. Corresponding
mirrored locations were defined on the left side.
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Implementing bushing forces requires information on the relative motion between the user and the
exoskeleton, which can be obtained from motion capture markers placed on the exoskeleton and the
user, as well as stiffness and damping parameters that are typically derived from mechanical testing of
the connecting straps or literature. In the present study, only a single reflective marker per exoskeleton
side was available, which was insufficient to reconstruct relative motion between the user and the
exoskeleton during gait. As a result, compliance parameters of this contact could not be derived from
the experimental data.

Therefore, representative bushing parameters were adopted from the literature. Sahetapy (2024) ex-
perimentally quantified stiffness, damping and migration of exosuit cuffs, which are soft attachment
elements such as straps or bands that connect an exosuit to the body, to study how deformation at
the contact interface affects muscle activation in a passive shoulder exosuit [53]. In that study, stiff-
ness and damping were identified by fitting a linear spring-damper model to force–displacement and
force–velocity relationships obtained from the experimental data.

Using these values as a basis, translational bushing stiffness and damping in the present model were
scaled according to the expected strength of the mechanical coupling at each attachment location.
Lower values were assigned at the pelvis and torso to reflect greater soft-tissue compliance, whereas
higher values were used at the lower leg and foot to represent a tighter mechanical coupling. Rotational
stiffness and damping were chosen to permit small relative rotations between the exoskeleton and the
body, without causing unstable behaviour of the simulation.

Table 3.7: Bushing stiffness and damping parameters used to model the mechanical coupling between the human body and
the ARGO Walker exoskeleton. Values were informed by literature-reported cuff compliance ranges [53] and scaled according

to attachment location.

Attachment loca-
tion

Translational
stiffness
[N/m]

Translational
damping
[Ns/m]

Rotational
stiffness
[Nm/rad]

Rotational
damping

[Nm/(rad/s)]

Pelvis-L1/R1 2140 124 1500 15
Torso-L1/R1 2140 124 1500 15
Tibia-L2/R2 6000 120 2500 25
Calcaneus-L2/R2 6000 120 2500 25

For this part of the model, several modelling choices were again revised based on insights obtained
from the experimental kinematic data. Initially, a bushing force was defined at the level of the pelvis,
as one of the ARGO Walker straps is located approximately at pelvic height (Figure 3.5a). However,
the kinematic data revealed substantial pelvic tilt during walking, as illustrated in the lower-right plot of
Figure 4.1. When this pelvic bushing force was combined with the other three attachment points, the
model would become numerically unstable, resulting in large relative displacements and unrealistically
high interaction forces, and preventing the simulation from converging to a feasible solution. For this
reason, the pelvic bushing force was disabled in the model. Its location and parameter definitions
remain included.

3.3.6. Evaluation of the model in OpenSim
The model was qualitatively evaluated to assess whether the ARGO Walker followed the motion of the
human model in a realistic manner. The relative alignment between the exoskeleton and the human
body was visually inspected at different phases of the gait cycle.

TheMATLAB script prescribeMotionInModel.m, provided in theOpenSim documentation, was adapted
for use with the current model and motion files. The script was modified such that the simulation start
timematched the start time of the motion file instead of being set to zero. In addition, the ARGO-specific
coordinates were excluded from the prescribed motion to allow these degrees of freedom to respond
to the model dynamics rather than being prescribed.

The adapted script was then run using the final OpenSim model and a motion file obtained from inverse
kinematics. This resulted in a Prescribed.osim model, which was subsequently run in a forward-
dynamics simulation and visually inspected in OpenSim Creator at several points in the gait cycle.
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Results

This chapter presents the results of the experimental gait analysis, focusing on lower- and upper-body
joint kinematics and kinetics during walking with the ARGO Walker, compared with healthy reference
gait. In addition, the behaviour of the developed ARGO Walker model is qualitatively evaluated across
the gait cycle.

4.1. Gait analysis and data post-processing
4.1.1. Model scaling results
In the final scaled model, the RMS (Root Mean Square) marker error after running Inverse Kinematics
was 1.36 cm, meeting the predefined target of an RMS error below 2 cm. This indicates that the model
was scaled appropriately and could be used reliably for subsequent Inverse Kinematics and Inverse
Dynamics analyses.

4.1.2. (Joint) kinematics
Overview
In this section, the spatiotemporal parameters and the lower- and upper-body joint kinematics during
gait with the ARGO Walker are presented.

Spatiotemporal parameters

Table 4.1: Spatiotemporal gait parameters during ARGO Walker gait compared to normative reference values[54, 55].

Parameter Mean (ARGO gait) SD (ARGO gait) Healthy reference
gait

Cadence (steps/min) 36.0 2.1 111
Speed (m/s) 0.34 0.03 1.56
Stride time (s) 3.41 0.15 1.09
Stance/Swing (%) 66.9/33.1 2.3 60/40
Step length (m) 0.56 0.03 0.7

The spatiotemporal parameters show that walking with the ARGO Walker is substantially slower than
healthy reference gait. Cadence (36 steps/min) and speed (0.34 m/s) are both markedly reduced com-
pared to normative values. Stride time is more than twice as long as in healthy reference gait, indicating
a slower stepping rhythm. The stance-to-swing ratio shifts toward prolonged stance (66.9%/33.1%).

Static pose joint angles

25
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The joint angles measured in the static pose, corresponding to the participant standing upright in the
exoskeleton with the crutches in contact with the ground, are presented in Table 4.2 and provide context
for the dynamic kinematic results presented in the following sections.

Table 4.2: Static pose angles for various joint movements.

Variable Angle in static pose

Hip flexion/extension ∼ −10◦

Hip adduction/abduction ∼ 0◦

Hip internal/external rotation ∼ 0◦

Knee flexion/extension ∼ 15◦

Ankle dorsiflexion/plantar flexion ∼ 10◦

Pelvis tilt ∼ 10◦

Pelvis list ∼ 0◦

Pelvis rotation ∼ −5◦

Lumbar flexion/extension ∼ −25◦

Lumbar bending ∼ 0◦

Lumbar rotation ∼ 0◦

In the static pose, the most pronounced deviation from neutral is observed in lumbar flexion, with an
angle of approximately 25°. The pelvis exhibits a posterior tilt of approximately 10°, while the hips
are positioned at around 10° of extension relative to the pelvis. In addition, the knees are flexed with
approximately 15°, and the ankles are positioned in dorsiflexion of approximately 10° during static
standing.

Lower body kinematics
In Figure 4.1, the mean joint kinematics (±1 SD) of the right hip, knee, ankle, and pelvis are shown
across ten gait cycles. To illustrate deviations from normal gait, dashed red curves represent reference
kinematics from healthy, unassisted walking. These reference data were taken from the normal.mot
file included in OpenSim’s Gait2392 Tutorial 1 dataset [56, 57]. The dataset was generated by the
OpenSim team based on experimental gait data reported in two previously published studies [58, 59].

To assess how representative these reference kinematics were, they were qualitatively compared with
healthy gait data reported in other studies, including the dataset by Camargo et al. (2021) [60]. While the
Camargo dataset showed some clear differences in magnitude for several parameters, comparison with
additional literature indicated that the OpenSim reference kinematics alignedmore closely with reported
values from other studies. Based on this qualitative comparison, the OpenSim reference dataset was
selected as the most appropriate reference dataset for illustrating general differences between ARGO-
assisted and healthy gait.

Table 4.3 summarises the percentages in the gait cycle of the main gait cycle events shown in the
figures.

Table 4.3: Gait events in the gait cycle of the right foot

Gait event Mean percentage in gait
cycle

SD

Right heel strike 0% 0%
Right toe-off 66.9% 2.3%
Left heel strike 49.1% 1.7%
Left toe-off 11.7% 4.5%
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Figure 4.1: Lower-body kinematics of the right leg during gait with the ARGO Walker exoskeleton. Solid coloured lines show
the mean joint angles across ten gait cycles, with shaded areas indicating ±1 SD. Dashed red curves represent reference

kinematics from a healthy gait dataset. Vertical grey lines indicate right-foot toe-off, marking the transition from stance to swing
(reference: 60%, experimental: ~67%). Black dots denote right and left heel strikes (r-HS, l-HS), and black asterisks indicate

left and right toe-off events (l-TO, r-TO). Yellow shading indicates periods of crutch–ground contact.

Hip kinematics
For hip flexion and extension, the experimental data show an asymmetric pattern, with peak hip flexion
of about 13° and peak hip extension up to 25°. In contrast to healthy gait, hip flexion does not decrease
immediately after heel strike, but elevates during early stance before progressing toward extension
during mid-stance.

Hip adduction-abduction exhibits greater variability than reference gait. In particular, increased hip
abduction is observed, while overall hip adduction is reduced throughout the gait cycle.

Hip internal–external rotation differs from reference gait, with the hip remaining externally rotated
throughout the gait cycle.

Knee kinematics
Knee flexion is strongly restricted during ARGO-assisted gait, with less than 10° of residual motion
throughout the gait cycle. As a result, the characteristic knee flexion peak during swing observed in
healthy gait is absent, consistent with the knee-locking mechanism of the exoskeleton.

Ankle kinematics
Ankle motion during ARGO-assisted gait is markedly restricted compared to reference gait. The ankle
remains dorsiflexed throughout stance and swing, with no plantarflexion observed during late stance
and early swing, a phase that in healthy gait is characterised by a plantarflexion peak associated with
push-off. During early and mid-swing, ankle angles remain relatively constant, in contrast to the larger
variations seen in healthy gait.

Pelvic kinematics
Pelvic motion during ARGO-assisted gait is characterised by a pronounced posteriorly tilted orientation
throughout the gait cycle, with pelvic tilt fluctuating between approximately 0° and 20°. In contrast,
healthy gait typically shows only a small anterior tilt with minimal variation.
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Upper body kinematics

Figure 4.2: Upper-body kinematics during gait with the ARGO Walker exoskeleton. Solid coloured lines show the mean joint
angles across ten gait cycles, with shaded areas indicating ±1 SD. Dashed red curves represent reference kinematics from a
healthy gait dataset. Vertical grey lines indicate right-foot toe-off, marking the transition from stance to swing (reference: 60%,
experimental: ~67%). Black dots denote right and left heel strikes (r-HS, l-HS), and black asterisks indicate left and right toe-off

events (l-TO, r-TO). Yellow shading indicates periods of crutch–ground contact.

In Figure 4.2, the mean joint kinematics (±1 SD) of the lumbar region are shown.

Lumbar kinematics
Lumbar kinematics during ARGO-assisted gait show pronounced deviations from reference gait. Lum-
bar flexion is consistently increased throughout the gait cycle, ranging from approximately 25° to 50°,
whereas for healthy gait remains slightly extended, with only minor deviations. Reductions in lumbar
flexion occur shortly after heel strike and once the crutches are lifted off the ground. In addition, sub-
stantial lumbar lateral bending (lateroflexion) is observed, fluctuating up to approximately 10° to both
the left and right over the gait cycle.

4.1.3. Joint kinetics
Overview
In this section, the lower- and upper-body joint kinetics during gait with the ARGOWalker are presented
in Figures 4.3, 4.4, and 4.5. The figures show the mean joint moments (±1 SD) across ten gait cycles.
The dashed red curves represent reference joint moments from the open-source dataset of Camargo
et al. (2021)[60], which includes lower-limb biomechanics of healthy adults.

Because joint moments are strongly influenced by factors such as body mass, segment lengths, and
particularly gait speed, these reference curves should be interpreted with caution. To allow a more
meaningful comparison with the slow ARGO-assisted gait speed (0.34 m/s), the slow-speed condition
of the Camargo dataset was selected as reference. This slow condition (0.88 ± 0.19 m/s) remains con-
siderably faster than ARGO-assisted gait, and the corresponding reference joint moments are therefore
expected to be higher than those that would occur when walking at 0.34 m/s.

For the reference gait plots shown in the figures, data from subjects AB06–AB15 (N = 10) and the
slow walking condition of the dataset were included. The corresponding subject characteristics of this
reference group are summarised in Table 4.4.
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Table 4.4: Physical characteristics of subjects AB06–AB15 (N = 10) for the reference kinematics.

Parameter Mean SD

Age (years) 21.1 1.37
Height (m) 1.71 0.01
Mass (kg) 72.7 13.6
Gender (M/F) 8 / 2 –

Lower body kinetics

Figure 4.3: Hip joint kinetics of the right leg during gait with the ARGO Walker exoskeleton. Solid coloured lines show the
mean joint angles across ten gait cycles, with shaded areas indicating ±1 SD. Dashed red curves represent reference

kinematics from a healthy gait dataset. Vertical grey lines indicate right-foot toe-off, marking the transition from stance to swing
(reference: 60%, experimental: ~67%). Black dots denote right and left heel strikes (r-HS, l-HS), and black asterisks indicate

left and right toe-off events (l-TO, r-TO). Yellow shading indicates periods of crutch–ground contact.

Hip kinetics
Figure 4.3 presents the mean hip joint moments (±1 SD) of the right leg across ten gait cycles during
ARGO-assisted gait, together with slow-speed reference curves from the Camargo dataset.

For hip flexion and extension, hip joint moments during ARGO-assisted gait are predominantly flexion-
directed throughout stance. This contrasts with the reference pattern, which exhibits an extension
moment during early stance that gradually transitions into a flexion moment toward late stance. Overall,
hip flexion moments during ARGO-assisted gait are substantially larger than those observed during
normal walking, with peak values approximately three times higher.

In ARGO-assisted gait, hip moments are additionally observed in adduction and external rotation, which
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are (mostly) absent in healthy walking, alongside the abduction and internal-rotation moments present
in both gait patterns. The resultant hip moment is increased, with peak values around mid-stance
approximately 10–15 Nm higher than the reference.

Figure 4.4: Knee and ankle joint kinetics of the right leg during gait with the ARGO Walker exoskeleton. Solid coloured lines
show the mean joint angles across ten gait cycles, with shaded areas indicating ±1 SD. Dashed red curves represent reference
kinematics from a healthy gait dataset. Vertical grey lines indicate right-foot toe-off, marking the transition from stance to swing
(reference: 60%, experimental: ~67%). Black dots denote right and left heel strikes (r-HS, l-HS), and black asterisks indicate

left and right toe-off events (l-TO, r-TO). Yellow shading indicates periods of crutch–ground contact.

Knee kinetics
Figure 4.4 shows that both ARGO gait and the slow reference gait are dominated by knee extension
moments throughout most of the gait cycle. However, the ARGO knee moment is substantially larger,
with peak magnitudes during mid-stance approximately twice those observed in healthy gait.

Ankle kinetics
Figure 4.4 shows that ankle joint kinetics during both ARGO-assisted gait and the slow reference con-
dition are dominated by plantarflexion moments during stance. During ARGO-assisted gait, the plan-
tarflexion moment increases more steeply and reaches slightly larger peak values compared to the
reference gait. During mid- and late stance, the plantar flexion moment reaches a plateau before re-
turning toward neutral in early swing.

Pelvis kinetics
Pelvic tilt and pelvic list moments during ARGO-assisted gait exhibit greater variability and larger am-
plitudes than the reference pattern, as shown in Figure 4.5. Pelvic rotation moments remain within a
similar magnitude range as the reference data, although with a reduced peak value. Compared with the
reference pattern, the resultant pelvic moment during ARGO-assisted gait exhibits a markedly lower
peak magnitude and reduced overall values.

Upper body kinetics
Lumbar kinetics
Lumbar joint kinetics during ARGO-assisted gait differ markedly from reference gait. ARGO-assisted
gait is characterised by large extension-directed lumbar moments, reaching peak values of approxi-
mately 100 Nm, with prominent peaks occurring during mid-stance and around the transition to swing.
These extension moments decrease around the timing of crutch–ground contact. In contrast, reference
gait predominantly exhibits flexion-directed lumbar moments, with flexion moments remaining smaller
throughout the gait cycle, with peak values of 50 Nm.

Both ARGO gait and the reference gait show clear left–right oscillations in lumbar lateral bending mo-
ments, with similar magnitudes. A reduction in bending moment magnitude is observed following crutch
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contact.

Lumbar rotation moments and the resultant lumbar moment during ARGO-assisted gait are increased
compared to the reference pattern, with larger fluctuations observed in the rotation moments.

Figure 4.5: Pelvis and lumbar joint moments across the gait cycle. Solid coloured lines show the mean joint angles across ten
gait cycles, with shaded areas indicating ±1 SD. Dashed red curves represent reference kinematics from a healthy gait dataset.
Vertical grey lines indicate right-foot toe-off, marking the transition from stance to swing (reference: 60%, experimental: ~67%).
Black dots denote right and left heel strikes (r-HS, l-HS), and black asterisks indicate left and right toe-off events (l-TO, r-TO).

Yellow shading indicates periods of crutch–ground contact.
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4.2. Biomechanical modelling of the ARGO Walker
After running the model, the motion of the ARGO Walker relative to the body was visually inspected at
different moments of the gait cycle. This is illustrated in Figure 4.6.

Figure 4.6: The ARGO Walker model in the subsequent gait cycle phases

Across the gait cycle, variations are observed in the relative positioning between the ARGOWalker and
the lower limb. During heel strike and particularly around toe-off of the right foot (around pre-swing),
the distance between the ARGO Walker and the leg is largest, most notably at the location of the knee
bushing force. During other phases of the gait cycle, this distance is reduced. In these phases, the
ARGO Walker foot segment is positioned more anteriorly, closer to the midfoot, rather than near the
heel region around the calcaneus, which is primarily observed at heel strike.

Additionally, the position of the ARGO Walker hip BallJoint centre varies throughout the gait cycle.
During terminal swing, the BallJoint centre is closely aligned with the hip joint centre of the skeletal
model, occurring during a more upright posture of the model. During pre-swing and initial swing, the
ARGO Walker BallJoint centre is located posterior to the anatomical hip joint centre, while the skeletal
model exhibits increased forward trunk flexion. In contrast, between mid-stance and terminal stance,
the BallJoint centre is positioned anterior to the hip joint centre, during phases in which the model
adopts a more extended posture.

Finally, the two upper components of the ARGO Walker, R1 and L1, move in synchrony during parts
of the gait cycle, with no visible relative motion between them. In other phases, however, independent
motion between these components is observed. This is most evident during heel strike, where the two
components are oriented in opposite directions.
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Discussion

5.1. Study overview
This study examined the gait pattern and walking strategy during ARGOWalker-assisted gait and used
these insights to develop an initial model of the exoskeleton in OpenSim. The model is highly simplified
and requires significant further refinement before it can be used effectively. However, this study serves
as an exploratory first step in creating a preliminary model. With further improvements, the model could
eventually serve as a foundation for simulations that may inform design and control adaptations for the
CloudWalker exoskeleton, as discussed in the Outlook section.

5.2. Gait analysis in the ARGO Walker
5.2.1. Overall gait strategy
Walking with the ARGO Walker is characterized by a substantially slower gait compared to typical
healthy gait. Walking speed was more than four times lower than during normal gait. This reduced
speed was accompanied by a markedly lower cadence, approximately three times lower, and a sub-
stantially prolonged stride duration, approximately three times higher, while step length was moderately
reduced and the stance phase slightly prolonged. Together, these spatiotemporal characteristics re-
flect a strongly stability-oriented gait strategy, which is expected when ambulating with a rigid, passive
orthosis in combination with crutches.

5.2.2. Biomechanics under ARGO constraints
Overview
The ARGOWalker imposes strong mechanical constraints on gait, which shape the observed kinematic
and kinetic patterns. Joint moments are therefore interpreted in relation to these constraints and are
considered in the context of gait velocity and crutch loading when compared with healthy reference data.
Joint moments in the healthy reference data are reported at substantially higher walking speeds than
those observed during ARGO-assisted gait. Since joint moment magnitudes are known to increase
with gait velocity, the reference joint moments are expected to be higher than those that would occur
during healthy walking at comparable speeds. In addition, healthy reference data were obtained dur-
ing walking without crutches, whereas ARGO-assisted gait involves crutches with upper-limb support,
which may further contribute to differences in joint loading patterns. Furthermore, the measured mo-
tion reflects the combined behaviour of the human user and the exoskeleton. Accordingly, the reported
joint moments represent net internal moments required to reproduce the observed motion and arise
from both biological contributions (muscle activity and passive tissues) and mechanical contributions
from the device (joint constraints and reaction forces). These contributions cannot be separated in the
present analysis.

Several characteristic gait patterns can be directly linked to the mechanical characteristics of the ARGO
system, most notably the reciprocating hip coupling, the locked knee and limited ankle mobility. These
restrictions alter normal swing mechanics and shift demands elsewhere in the kinematic chain, as
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discussed in the following sections. In addition, upper body contributions are discussed, together with
a closer examination of the kinetic demands.

Hip driving mechanism
Hip motion in the ARGO Walker is indirectly driven through the reciprocating mechanism that couples
both hips via a Bowden cable. As a result, hip flexion and extension emerge from upper body move-
ments rather than from lower-limb actuation.

For hip flexion/extension, the intended range of motion of the ARGO Walker is approximately –15°
(extension) to 15° (flexion), as described earlier. However, the experimental data reveal an asymmetric
hip flexion–extension pattern, characterised by larger peak extension than flexion. This asymmetry can
partly be attributed to the static posterior pelvic tilt imposed by the exoskeleton and fixation straps, which
results in an offset toward hip extension in the static pose. To maintain full foot contact with the ground,
the legs therefore extend relative to the pelvis. In addition, hip joint angles are defined relative to
the pelvis rather than to the global reference frame, meaning that pelvic orientation directly influences
the measured hip kinematics. The substantially larger pelvic tilt excursions observed during ARGO
Walker–assisted gait, compared with healthy gait, further amplify this asymmetry across the gait cycle.

Hip moment patterns provide additional insight into the role of the hip during ARGO Walker–assisted
gait. In contrast to healthy gait, where a clear hip extension moment is present during early stance to
control weight acceptance, ARGO Walker–assisted gait is dominated by flexion-directed hip moments
throughout the gait cycle. The absence of an early-stance hip extension moment can be attributed to
the mechanical constraints of the system, including the locked knee and limited ankle mobility, which
substantially reduce the need for shock absorption and stabilisation by the hip. Compared with healthy
gait, a pronounced hip flexion moment is observed during ARGO-assisted gait, with peak values occur-
ring in late stance, just prior to swing initiation, when the hip approaches its maximum extension angle.
This moment primarily serves to initiate limb advancement. Because the knee cannot flex and ankle
push-off is limited, the limb cannot shorten or receive an effective propulsive impulse. Consequently,
the hip must generate a substantial flexion moment to accelerate the stiff, extended limb into swing.

Locked knee mechanism
The locked knee in the ARGOWalker eliminates normal swing-phase knee flexion, requiring alternative
strategies to achieve foot clearance. To compensate for the absence of knee flexion, a small increase
in hip abduction is observed in comparison with healthy gait, however primarily during stance and to a
smaller extent during swing, consistent with a small circumduction-like motion. In addition, due to the
rigid foot segment of the exoskeleton, the foot is maintained in a dorsiflexed posture throughout the
gait cycle, thereby facilitating toe clearance during swing and preventing toe drag.

In the experimentally derived kinetic data, a pronounced extension-directed net knee moment is ob-
served, most prominently during early stance. In ARGO-assisted gait, this elevated knee extension
moment reflects the need to counter external knee-flexion moments generated by the ground reaction
force during weight acceptance. Because the knee is mechanically locked, it cannot flex to provide
normal shock absorption, preventing a reduction of the external knee moment through controlled knee
flexion and causing load acceptance to be shifted to other segments and to the crutches. As a re-
sult, stability depends on a large knee extension moment, generated by body weight and by reaction
moments from the knee-lock mechanism of the exoskeleton.

Limited ankle mobility
In healthy gait, the ankle transitions from dorsiflexion into plantarflexion during late stance, enabling a
smooth heel-to-toe rollover and an effective push-off. In contrast, during ARGO-assisted gait the ankle
dorsiflexion angle decreases only slightly and does not transition into plantarflexion.

This behaviour is a direct consequence of the largely rigid ankle–foot segment of the ARGO Walker,
imposed by the exoskeleton structure and stiff foot shell. As a result, controlled dorsiflexion during
stance and active plantarflexion during push-off are restricted, limiting the contribution of the ankle
to forward propulsion during walking. Consequently, forward progression of the body is increasingly
generated by more proximal segments, with greater reliance on hip motion and compensatory lumbar
movements during ARGO-assisted gait.
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These mechanical constraints are reflected in the ankle moments. In normal gait, the plantarflexion
moment gradually increases as the ankle dorsiflexes under body weight and reaches a clear peak
during push-off, just prior to toe-off. In ARGO-assisted gait, a steeper rise in the plantarflexion moment
is observed during stance, followed by a sustained plateau rather than a peak. This pattern reflects the
transmission of ground reaction forces through a stiff foot–ankle structure, leading to a rapid increase
in the external moment arm about the ankle rather than active ankle control. Because the ankle angle
changes little after heel-to-forefoot load transfer and remains in a dorsiflexed orientation during late
stance, the plantarflexion moment does not translate into effective push-off, but instead represents a
sustained internal moment.

Upper-body and pelvic compensation during crutch-assisted gait
The kinematic data show a persistently forward-inclined trunk posture, achieved through a combination
of lumbar flexion and hip-pelvis positioning throughout the gait cycle. This posture facilitates weight
transfer onto the crutches while maintaining balance during stance.

The experimentally derived kinetic data reveal pronounced lumbar extension moments during ARGO-
assisted gait, substantially exceeding those observed in healthy walking. These elevated moments
indicate an increased demand on the lumbar region to stabilise the body when the lower limbs cannot
effectively contribute to load absorption. Importantly, lumbar extensionmoments decrease at the instant
of crutch contact, demonstrating that crutch loading partially supports the trunk and reduces the demand
on the lumbar extensors.

Crutch support also influences side-to-side control of the lumbar region. Increased lumbar lateral bend-
ing is observed during the gait cycle. However, once the crutches contact the ground, the lumbar bend-
ing angle returns toward a more neutral position. The associated lumbar lateral bending moments
decrease accordingly, suggesting that side-to-side stabilisation is partly transferred from the lumbar
region to the crutches.

Lumbar rotation moments are increased compared with healthy walking. This likely reflects a greater
involvement of trunk rotation in facilitating forward progression of the body during walking when lower-
limb mobility is restricted and limb advancement relies more strongly on upper-body motion.

Pelvic kinematics show a consistent posterior tilt throughout the gait cycle, in contrast to the small ante-
rior pelvic tilt typically observed during healthy gait. Correspondingly, pelvic tilt moments are shifted to-
ward posterior-tilt directions and, similar to the lumbar extension moments, decrease when the crutches
bear load.

Pelvic list moments are increased compared with healthy gait. This likely reflects the trunk-driven
weight-shifting strategy required to advance the limbs under the mechanical constraints of the exoskele-
ton.

Pelvic rotation moments are reduced during ARGO-assisted gait, with minimal excursions around neu-
tral. Whereas healthy walking shows a distinct internal rotation moment during late stance, this peak
is largely absent in ARGO-assisted gait. This reduction is consistent with the mechanical constraints
imposed by the exoskeleton, in which the lower limbs are fixed within rigid shells that restrict femoral
rotation relative to the pelvis. This restriction is also reflected in the, mostly, externally rotated hip pos-
ture observed throughout the gait cycle, particularly during stance, in contrast to the internal hip rotation
typically seen in healthy gait during this phase.

Kinetic demands
Across the hip, knee, ankle, and lumbar region, ARGO-assisted gait is characterised by substantially
higher joint moments compared with healthy reference gait, reflecting the increased kinetic demands.
When considering peak joint moments, the largest increases were observed at the knee, lumbar region,
and hip. Ankle moments showed only small increases, whereas resultant pelvic joint moments were
reduced compared with healthy gait.

The healthy reference data were collected at substantially higher walking speeds than those observed
during ARGO-assisted gait. Since joint momentmagnitudes are known to increasewith gait velocity, the
reported differences likely underestimate the true discrepancy that would be present if healthy walking
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were evaluated at walking speeds comparable to those achieved with the ARGO Walker. At matched
walking speeds, joint moment differences would therefore be expected to be even larger.

For the lower-limb joints, the elevated joint moments can primarily be attributed to the mechanical
constraints imposed by the exoskeleton, including the locked knee and restricted ankle motion. These
constraints alter load transmission through the lower limbs. The inability of the knee and ankle to flex
limits shock absorption, requiring larger internal extension moments in the knee to counteract external
loads and maintain stability under the influence of ground reaction forces.

As the walking trials in this study were performed by a healthy participant, biological contributions from
the human musculoskeletal system are also present. However, because inverse dynamics returns net
joint moments, it is not possible to distinguish between moments generated by the human body and
reaction moments arising from the exoskeleton structure.

In contrast to the lower-limb joints, the elevated lumbar joint moments can be more directly attributed
to compensatory strategies of the human body, as the exoskeleton does not provide actuation at the
lumbar spine. Restricted ankle function further shifts responsibility for forward propulsion toward more
proximal segments. With limited ankle push-off, ground reaction forces are transmitted through a rela-
tively rigid limb configuration rather than being modulated by active ankle control. As a result, forward
progression relies predominantly on hip-driven limb advancement, increased lumbar motion, and crutch
support.

Together, these mechanisms contribute to the elevated joint moments observed during ARGO-assisted
gait, with different joints affected through different biomechanical pathways.

5.2.3. Limitations in gait analysis
Participant- and measurement-related limitations
This study was conducted with a healthy participant, despite the ARGO Walker being intended for
individuals with spinal cord injury. Although the participant was instructed tominimise lower-limbmuscle
activation, voluntary muscle use could not be fully eliminated.

As a result, active movement of the participant within the ARGO Walker may have occurred, meaning
that part of the observed kinematic patterns could reflect active movement of the participant within
the exoskeleton rather than motion of the exoskeleton itself. In addition, the estimated joint kinetics
represent a combination of contributions from the human user and reaction moments associated with
the ARGO Walker structure. Because the healthy participant has voluntary control of the lower limbs,
it is possible that lower-limb muscle activity was used to partially reduce the mechanical demands on
the upper body. Consequently, upper-body joint moments reported in this study may underestimate
the demands that would be present in individuals with spinal cord injury, who lack voluntary lower-limb
control.

Taken together, the reported joint moments should be interpreted as net moments of the combined
human–exoskeleton system, which limits direct generalisation of the findings to the spinal cord injury
population.

The accuracy of the marker placement could also be a limitation. Although markers were placed as
accurately as possible, small displacements relative to the underlying anatomical landmarks are un-
avoidable and may introduce errors in the kinematics results. While the marker RMS error after inverse
kinematics remained below 2 cm, deviations may still be present in the calculated joint angles and joint
moments.

Furthermore, experimental limitations related to force plate availability limited the possibility to directly
measure all gait events. Because only four force plates were available, two for both feet and two for
both crutches, only a single heel strike per foot could be captured within a trial. Consequently, the
0–100% gait cycle normalisation was partly based on proxy events, which were based on the timing of
peak hip flexion. This approach introduces uncertainty in the exact timing of gait events. For example,
left toe-off occurred on the force plate after the second right heel strike and therefore beyond 100% of
the analysed gait cycle, requiring its timing to be estimated from the subsequent cycle.

Another limitation is the potential influence of force plate targeting. Despite instructions to walk without
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aiming for the force plates, the participant may have subconsciously adjusted foot and crutch placement
to ensure contact, potentially affecting the gait pattern. In addition, because no additional plates were
available to create a fully level walking surface, the crutches contacted a slightly lower surface during
the second crutch-ground contact within the gait cycle. This height difference likely contributed to
the increased lumbar flexion observed toward the end of the gait cycle in the kinematic data, as the
participant had to lean further forward to achieve crutch contact with the ground. Together, these factors
introduce variability in the measured kinematics and kinetics.

Limitations of the reference gait
Several methodological aspects need to be considered when interpreting the joint moments presented
in this study. First, the healthy reference data used for comparison were collected at a substantially
higher walking speed (0.88 m/s) than the ARGO-assisted gait (0.34 m/s). Since joint moments increase
with walking speed, the reference curves likely overestimate themoments that would occur at the slower
ARGOwalking speed. As a result, the difference in joint moments between ARGO-assisted and healthy
gait is likely underestimated in the present comparison.

Joint moments are also affected by participant-specific characteristics such as body mass and segment
length. The participants in the reference dataset were generally comparable to the participant in this
study in terms of sex (predominantly male), age, and body mass. Together with the ARGO Walker, the
participant in this study had a slightly higher total mass (∼80 kg including the exoskeleton) compared
to the reference group (∼73 kg), although this difference is relatively small. A more notable difference,
however, is body height. The participant in this study was considerably taller (1.94 m) than the mean
height of the reference dataset (1.71 m). Increased body height is relevant because longer body seg-
ments create larger moment arms, which can lead to higher joint moments. Therefore, height-related
differences could contribute to elevated joint moments in this participant. Nonetheless, the influence
of walking speed on joint moments is substantially larger than the influence of body height.

Furthermore, the reference dataset reflects unassisted, crutch-free walking, whereas ARGO-assisted
gait involves continuous upper-body loading through the crutches. Crutch support reduces the vertical
load on the lower limbs and changes the direction of external forces acting on the body. These differ-
ences in loading conditions must be taken into account when comparing the two gait cycles, as crutch
use reduces the load on the lower limbs while shifting part of the generation of forward propulsion of
the body from the legs to the upper body and the crutches. As a result, joint moment magnitudes and
their timing may differ from unassisted gait.

Together, these considerations highlight that the healthy reference curves provide essential context,
but cannot be interpreted as a direct normative baseline for ARGO-assisted gait.

5.3. Modelling the ARGO Walker in OpenSim
5.3.1. Overview
AnOpenSimmodel of the ARGOWalker was developed to represent the combined human–exoskeleton
system and to serve as a foundation for more detailed modelling in the future and subsequent simula-
tion studies. The modelling approach was informed by direct inspection of the ARGO Walker and by
the findings from the experimental gait analysis.

The model combines a generic human skeletal model with a simplified representation of the ARGO
Walker. The exoskeleton segments were modelled as four rigid cylinders and are connected to the
feet, knee and torso via bushing forces, representing the interfaces between the user and the device.
The lower-limb segments of the exoskeleton are modelled as rigid structures, reflecting the locked-
knee configuration of the ARGO Walker and thereby eliminating knee flexion during gait. Reciprocal
hip motion is implemented using an opposing hip coupling mechanism to mimic the Bowden cable
system that mechanically links left and right hip motion.

Given the exploratory nature of this study, the model was intentionally kept relatively simple to keep the
model stable and computationally manageable. Consequently, the current model should be regarded
as an initial representation of ARGO-assisted gait rather than a fully validated or detailed predictive
model.
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5.3.2. Evaluation of the ARGO Walker model
The current ARGOWalker model was evaluated by prescribing experimentally recordedmotion-capture
data and visually inspecting the relative motion between the exoskeleton and the human body across
the gait cycle. Although, in reality, the ARGOWalker typically drives leg motion rather than following leg
motion initiated by the user, this approach provides insight into the alignment and interaction between
the exoskeleton and the user within the model. During evaluation, the ARGO Walker leg components
were observed to move in synchrony with the lower limbs, showing the expected reciprocal forward
motion pattern. However, deviations in alignment were also observed. In particular, the exoskeleton
was not consistently aligned with the anatomical knee joint centres, and increased relative motion was
observed at the foot segment and at hip level than what would have been expected. These deviations
suggest that the interaction between the exoskeleton and the body is not yet reliably modelled in the
current configuration, possibly due to uncertainties in both bushing placement and parameterisation.

5.3.3. Limitations of the current ARGO Walker model
Several of the observed alignment deviations can be attributed to modelling limitations. One important
limitation is the absence of an active bushing force at pelvic height. This bushing was disabled because
the large pelvic tilt excursions observed in the experimental data caused numerical instability when the
pelvic bushing force was enabled. While this improves computational stability, it also removes the direct
coupling between the pelvis and the ARGO Walker, resulting in increased relative motion between the
ARGO Walker and the body at this level. In addition, the current bushing force parameters have not
yet been experimentally calibrated. The stiffness and damping values were adopted from previous
literature and manually tuned, but do not yet accurately reflect the mechanical properties of the physical
ARGOWalker straps and interfaces. As a result, the interaction between the exoskeleton and the user
may be represented with a different level of compliance in the model than in the physical ARGOWalker.

Another limitation is that some structural constraints present in the physical ARGO Walker are not
yet fully represented in the model. In the physical exoskeleton, the two upper trunk components of
the exoskeleton (R1 and L1) are connected by a rigid bar at the posterior side of the ARGO Walker,
preventing independent motion between these components. In the current model, this rigidity is not
implemented, allowing relative motion that would not occur in practice. This difference represents
another aspect of the model that should be improved in future refinements.

Furthermore, the current OpenSim model relies on several simplifying assumptions. The exoskeleton
segments were modelled as rigid bodies with simplified cylindrical geometry, and some elements, such
as the foot segment, were not modelled separately. While these choices capture the gross mechanical
behaviour of the ARGO Walker, they simplify the true mass distribution and neglect detailed geometry,
which may influence the centre of mass location and inertial properties.

In addition, the reciprocal hip coupling was implemented by enforcing equal and opposite hip motion,
assuming a perfectly smooth and symmetric mechanism. In reality, cable friction and slack are likely
present, which may introduce small deviations from ideal reciprocal behaviour.

Despite these limitations, the current model forms a basis for further development. Through improve-
ments to the model structure, combined with additional experimental data and improved parameter
characterisation, it can be refined to enable simulations of ARGO-assisted gait in the future.

5.4. Future applications of the ARGO Walker model
5.4.1. Overview
The OpenSim model developed in this study represents an initial model for simulating ARGO Walker–
assisted gait. Although further refinement of this model is required before realistic simulations can be
performed, the model offers a foundation for evaluating how design modifications or assistive control
strategies may influence gait performance and loading patterns.

5.4.2. Model refinement and extension
Future work should first focus on further improving the current model. An important extension involves
calibrating the bushing parameters that represent human–exoskeleton interaction. This would require
additional experimental data, including tracking of exoskeleton motion during walking and measure-
ments of strap stiffness, to enable more accurate modelling of load transfer between the user and the
device. This is discussed in more detail in Chapter 6, Outlook.
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Further extensions may include introducing knee mobility, by modelling separate upper- and lower-leg
segments to enable exploration of FES-assisted gait with knee flexion. Additional refinements could in-
volve more detailed modelling of the reciprocating hip mechanism, including effects of slack and friction.
Moreover, incorporating musculature in the lower limbs would enable simulations involving functional
electrical stimulation, while modelling upper-body muscles would allow investigation of their active con-
tribution to gait and upper-body loading. Finally, replacing the simplified cylindrical geometries with
available CAD-based STL files from the SolidWorks model of the ARGO Walker could improve the
accuracy of mass distribution, inertial properties, and the visual realism of the model.

5.4.3. Potential role of FES in RGO-assisted gait
A key goal of (A)RGO-assisted gait is to improve walking energy efficiency. Functional electrical stimu-
lation may contribute by supporting active lower-limb motion during gait, thereby reducing the compen-
satory demands placed on proximal segments for limb advancement.

Existing clinical FES systems illustrate how electrical stimulation can be applied to support gait in indi-
viduals with gait impairments. The potential relevance of such systems in combination with the ARGO
Walker is discussed further in Chapter 6 (Outlook).

Once the model has been further refined, it could be used to explore whether functional electrical
stimulation canmeaningfully reduce energy expenditure within the mechanical constraints of the ARGO
Walker, prior to experimental implementation. However, as reported in previous studies discussed in
the literature review in Appendix A, muscle fatigue remains a key limitation of FES-based assistance
and should be carefully considered when assessing its applicability.

5.5. Study findings in the context of existing research
In Chapter 6 (Outlook), other studies are discussed that investigate exoskeleton-assisted gait in indi-
viduals with spinal cord injury, including modelling approaches in OpenSim. Besides, the EvoMove,
which integrates functional electrical stimulation to support gait, is described.

Earlier research has investigated gait characteristics during ARGO-assisted walking between able-
bodied individuals and persons with spinal cord injury to distinguish gait limitations imposed by the
orthosis from those related to neurological impairment. Arazpour et al. [61] compared able-bodied
individuals and persons with spinal cord injury and reported substantial reductions in walking speed,
step length, cadence, and hip, knee, and ankle joint range of motion in both groups. Walking speed,
stride length, and cadence were further reduced in the SCI group, while joint range of motion was lower
but not consistently significantly different. Despite these quantitative differences, both groups exhib-
ited qualitatively similar movement patterns. These findings indicate that gait parameters in individuals
with spinal cord injury are likely to be reduced relative to those observed in the healthy participant in-
cluded in this study, which should be considered in the model of the ARGO Walker for future OpenSim
simulations.

In an earlier study, Arazpour et al. investigated the effect of trunk posture during ARGO-assisted
walking in individuals with spinal cord injury [62]. By reducing trunk flexion through the use of a tho-
racolumbosacral orthosis (a trunk brace providing external support to the thoracic and lumbar spine),
they reported improvements in temporal–spatial gait parameters as well as increased hip and ankle joint
range of motion. Although energy consumption was not assessed in this study, the authors discussed
these findings in the context of previously reported high upper-limb loading and energetic demands
during RGO-assisted walking, and suggested that providing trunk extension through improvements in
orthosis design may help reduce these demands. This aspect may therefore also be relevant when
considering strategies to reduce energy expenditure in the ARGO Walker investigated in this study.

Beyond RGO-based approaches, other interventions aimed at restoring walking after spinal cord injury
have also been reported. These include brain–spine interfaces [63, 64] and other neuromodulatory
approaches, which are also addressed in the literature review in Appendix A. Although some studies
report promising preliminary results, these approaches remain largely experimental and have so far
been demonstrated in only a limited number of subjects. While different from RGO walking, they illus-
trate that alternative strategies for gait restoration after spinal cord injury are actively being explored
and may become increasingly relevant in future research.
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Outlook

This chapter discusses how the ARGO Walker model could be further refined and how, with these
refinements, themodel could be used for OpenSim simulations, such as tracking-based analyses, using
OpenSim Moco, and the evaluation of interaction loads and potential integration of functional electrical
stimulation (FES).

6.1. Refinement of the current model
6.1.1. Overview
As discussed in the previous chapter, the current ARGO Walker model requires further refinement
before it can be used for realistic simulations. One key area for improvement consists of the definition of
the human–exoskeleton interface, specifically the parameterisation of the bushing forces that represent
mechanical coupling between the user and the device. The determination of appropriate bushing force
parameters is therefore discussed in the following subsection.

6.1.2. Previous literature on determining bushing force parameters
The literature was examined to understand how other studies defined human–exoskeleton contact
mechanics and determined bushing parameters.

Several studies used OpenSim’s BushingForce to represent human–robot interactions, but the meth-
ods for choosing stiffness and damping parameters vary widely. Some studies assigned very simplified,
manually selected values (e.g., a single translational DOF with arbitrarily chosen stiffness[65]). Other
work chose full 6-DOF bushing parameters empirically in the OpenSim GUI to obtain firm contact be-
tween the human and exoskeleton models[66], without experimental calibration.

Moreover, one study attempted to inform these parameters using experimental measurements. A 2025
study by De Carvalho et al.[67] developed a computational framework to estimate hip, knee, and ankle
joint loads during exoskeleton-assisted walking, and evaluated how different modelling assumptions for
human–robot interaction influence these joint-force predictions. Among the four modelling approaches
they compared, two incorporated OpenSim BushingForces. In this context, bushing elements were
placed at the strap and pelvic-band locations of the ReWalk exoskeleton to represent the transmission
of forces between the device and the user. Translational stiffness and damping parameters were tuned
using experimental measurements from an instrumented exoskeleton knee bracket. The publication
does not describe the specific procedure used to derive these parameters, and the resulting numerical
values were not reported. Rotational stiffness and damping were set to zero, meaning that the bush-
ings generated only compressive and shear forces but no rotational moments. The translational and
rotational bushing force parameters were assumed to be the same at all exoskeletal straps and bands.

In the current ARGO Walker model, the bushing force components were implemented but could not
yet be reliably parameterised. Accurate definition of these parameters requires experimental data that
capture the relative motion and load transfer between the exoskeleton and the human body. Future
experiments should therefore include motion capture markers placed on both the exoskeleton and the
user, allowing relative displacements at strap and attachment locations to be quantified. In addition,
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experimental characterisation of strap stiffness and damping properties would be required to inform
translational and rotational bushing parameters. Such data would enable a more realistic represen-
tation of human–exoskeleton interaction forces and support the use of the model for simulations in
OpenSim.

6.2. Simulation possibilities in OpenSim
6.2.1. Overview
OpenSim and the Moco framework enable both tracking-based and predictive simulation approaches
for evaluating assistive strategies [68]. Tracking-based methods (e.g. MocoTrack, MocoInverse) could
particularly be promising for ARGO-assisted gait, as they remain grounded in experimentally observed
movement patterns. This makes them well suited for exploring specific modifications in the current
walking pattern, such as introducing knee flexion through stimulation of the knee extensors and/or
flexors, while respecting the mechanical constraints and feasible gait patterns imposed by the RGO.
Figure 6.1 illustrates the type of optimisation workflows that Moco enables within OpenSim.

Figure 6.1: Overview of the OpenSim Moco optimisation workflow [68].

6.2.2. Previous literature
Previous OpenSim studies demonstrate how hybrid FES–exoskeleton concepts can be explored com-
putationally prior to experimental implementation. De Sousa et al. (2019) used OpenSim to evaluate
control strategies for a hybrid system combining hip actuation with FES-driven knee flexion and exten-
sion. Their simulations showed that predefined joint trajectories could be tracked, but also revealed
instability in FES-driven knee control, particularly when knee flexion coincided with hip extension, high-
lighting challenges in coordinating FES with exoskeleton mechanics [69]. Makowski et al. (2022) ap-
plied a “muscle-first” control strategy and predefined kinematic objectives in an OpenSim model of the
hybrid FES–exoskeleton system. By prioritising muscle activation and introducing a simplified fatigue
model with reduced muscle force capacity, they demonstrated how declining muscle capacity shifts
assistance demands from FES toward mechanical actuation [70]. In this study, muscle fatigue was
represented using a simplified approach based on a fixed reduction in maximal muscle force. While
this captures a general decline in force-generating capacity, it does not account for the physiological or
time-dependent characteristics of muscle fatigue. More advanced fatigue formulations could therefore
improve the realism of future simulations.

Together, these studies support the use of OpenSim-based simulations to investigate feasible stimula-
tion targets and timing, while emphasising that FES effectiveness is constrained by muscle fatigue.

Beyond performance optimisation and making walking more energy efficient, estimating joint loading
and human–exoskeleton interaction forces is also clinically relevant, particularly for individuals with SCI.
Exoskeleton-assisted walking imposes upright weight-bearing loads on a musculoskeletal system that
is often weakened by rapid post-injury bone loss below the neurological lesion [71, 72, 73, 74, 75, 76],
increasing fracture risk. Fracture incidences of up to 10% during exoskeleton-assisted gait have been
reported in individuals with SCI [67, 77, 78].

De Carvalho et al. (2025) demonstrated that OpenSim’s MocoInverse can be used to estimate internal
joint reaction forces during exoskeleton-assisted walking by tracking measured kinematics and solving
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for muscle and actuator contributions while accounting for ground reaction forces, exoskeleton torques,
and human–device interaction forces via bushing elements [67]. Although their model was based on
able-bodied muscle properties and could not be directly generalised to individuals with SCI, their work
illustrates how simulation frameworks can provide valuable insight into joint loading patterns during
exoskeleton-assisted gait.

6.2.3. Limitations of OpenSim simulations
While a refined ARGOWalker–humanmodel could provide a valuable basis for future simulation studies
in OpenSim, several limitations must be considered when interpreting simulation outcomes.

Moco simulations should be interpreted with caution, as optimisation results are highly sensitive to the
objectives defined by the user in Moco. Different objectives, such as minimising muscle effort, joint
moments, or joint loading, can yield similar kinematics while producing substantially different predicted
assistance profiles [79]. In addition, the muscle models in OpenSim do not capture SCI-specific mus-
cle physiology or the stimulation-to-force dynamics of FES, meaning that predicted activations cannot
be directly translated to realistic stimulation parameters. Finally, the mechanical constraints of ARGO-
assisted gait, including reciprocal hip coupling, restricted knee and ankle joints, and reliance on crutch
support, must be taken into account when selecting an appropriate simulation approach. Although
predictive Moco simulations respect these model constraints, they may still generate movement pat-
terns that are mathematically feasible but not realistic or achievable for an ARGO user. For this reason,
tracking-based approaches are considered more suitable for future work, as they ensure that simulated
motions remain consistent with experimentally observed and feasible ARGO gait patterns.

6.3. External technological developments
If future simulations demonstrate the potential benefit of integrating functional electrical stimulation
(FES) with the ARGO Walker, clinical implementation would be required to evaluate feasibility in prac-
tice. It is relevant to consider existing external technologies that combine mechanical assistance with
muscle activation.

An example is EvoMotion[80], the developer of the EvoMove FES system. EvoMove applies surface
electrical stimulation in combination with IMU-based motion detection to activate hip and leg muscles
during walking in individuals with walking difficulties, including individuals with incomplete spinal cord
injury. Functions such as foot clearance, limb progression, and standing stability could be supported,
either independently or in combination with orthotic devices[80]. Figure 6.2 illustrates themuscle groups
that can be targeted using this system.

Figure 6.2: Muscle groups that can be stimulated superficially using the Evomove FES system to support gait [81].

Investigating whether technologies developed by such companies could be integrated with the ARGO
Walker may represent a promising direction for future work. However, this lies beyond the scope of the
present study and would only become relevant once simulation-based findings support the theoretical
feasibility of such combined approaches.
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Conclusion

ARGO Walker–assisted walking differs fundamentally from healthy gait due to the mechanical charac-
teristics of the device. Mechanical constraints eliminate normal distal joint functions, resulting in a slow,
stability-oriented gait that relies heavily on crutch support and increased contributions from proximal
joints and the upper body.

The kinematic compensations were particularly expressed at the pelvis and trunk, with pronounced pos-
terior pelvic tilt and increased lumbar flexion observed throughout the gait cycle. This alteredmovement
strategy was accompanied by elevated joint moments, with large increases observed at the lumbar re-
gion, indicating substantially increased mechanical demands on the upper body. Joint moments were
markedly increased at the hip and knee as well. Because distal joint strategies such as knee shock
absorption and ankle push-off are limited or absent, stabilisation during weight acceptance relies on
elevated knee extension moments, while forward limb advancement depends predominantly on flexion-
directed hip moments to enable swing of a stiff lower limb.

An initial, strongly simplified OpenSim model capturing the main mechanical features of the ARGO
Walker was developed and shown to reproduce the overall movement patterns observed during walking.
However, misalignments between the human and exoskeleton were observed, indicating that further
refinement is required before the model can be used for simulation-based analyses.

Overall, this work provides an initial simplified biomechanical model of ARGO Walker–assisted gait.
With further refinement, the model may support future simulation studies to evaluate assistive strate-
gies, such as functional electrical stimulation, and to assess design adaptations aimed at improving
gait efficiency, reducing upper-body demands, and ultimately making exoskeleton-assisted walking
accessible to a broader population of individuals with spinal cord injury.
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Abstract

Background: Walking restoration remains a high priority for individuals with spinal cord injury (SCI). Orthotic
devices and exoskeletons have been developed to support walking, but often face limitations such as poor usability due
to their heavy structures and limited user-driven control. Combining Functional Electrical Stimulation (FES) with
passive or semi-passive orthoses may help overcome these limitations by actively engaging the user’s own paralyzed
muscles, potentially reducing reliance on heavy external actuators and providing additional health benefits. However,
rapid muscle fatigue remains a major challenge, requiring effective control strategies and design solutions.

Methods: In February 2025, a systematic search of seven databases (Medline ALL, Embase, Web of Science,
Cochrane Central, Scopus, IEEE Xplore, Google Scholar) was conducted for studies published after 2010 on FES
combined with passive or semi-passive orthoses for gait support in SCI. Studies were screened based on predefined
inclusion criteria. Data on orthosis design, FES parameters, and control strategies were extracted. In addition,
reported outcomes on the studies were also evaluated.

Results: Twenty-one studies met the inclusion criteria. Fifteen simulation studies investigated fully passive
FES–orthosis concepts, demonstrating that energy-storing and joint-locking mechanisms could reduce the muscle
torque needed from FES, and that optimized FES controllers may improve stimulation timing, gait-phase transitions,
and fatigue resistance. Six experimental studies tested semi-passive orthotic designs with limited actuation combined
with FES in eight individuals with SCI. These trials demonstrated synchronized FES stimulation with orthotic support,
enabling walking ranging from a few steps to six minutes, with benefits such as reduced spasticity. Limitations included
rapid fatigue, tracking errors, and limited endurance, as well as the small, laboratory-based nature of the trials.

Conclusion: Passive and semi-passive FES–orthosis systems show potential to support stepping and short walk-
ing trials in individuals with SCI. While the studies highlight promising design and control strategies, experimental
evidence remains scarce. Future work should focus on validating fatigue management approaches, refining adaptive
control algorithms, and evaluating long-term feasibility and usability in clinical and real-world rehabilitation contexts.

Keywords: Functional Electrical Stimulation, Passive Orthosis, Hybrid Exoskeleton, Gait Support, Spinal Cord
Injury.

1 Introduction

The spinal cord serves as the main pathway for trans-
mitting for motor and sensory signals between the brain
and the body. When damaged by trauma or disease, the
conduction of the signals is affected, which is known as a
condition called spinal cord injury (SCI). Paraplegia can
result from SCI and is characterized by the impairment
or loss of motor and/or sensory function in the thoracic,
lumbar or sacral segments of the spinal cord. In paraple-
gia, arm function is preserved, while the trunk, legs and
pelvic organs may be affected, depending on the level of

injury[1].

Individuals with SCI experience a wide range of sec-
ondary health conditions, including pain, spasticity, and
bladder and bowel dysfunction[2]. In addition, the seden-
tary lifestyle commonly observed in this population, due
to paralysis which contributes to their reduced mobil-
ity compared to that of the able-bodied individual[3],
further increases the risk of secondary health compli-
cations. These include cardiovascular disease[4], type
2 diabetes [5][6], pressure ulcers[7] and ultimately, re-
duced life expectancy[8]. Immobilization following SCI
also frequently leads to osteoporosis[9][10] and muscle
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atrophy[11]. Improving mobility may therefore play an
important role in maintaining health and mitigating com-
plications in this population.

The wheelchair remains the primary means of mobil-
ity for individuals with SCI and lower-limb paresis[12],
and being in a wheelchair still allows for physical activity,
particularly for the upper body, which can offer health
benefits. Nevertheless, a 2008 survey showed that walking
remains a top recovery priority, regardless of injury sever-
ity, time since injury, or age at onset for individuals with
SCI[13]. Moreover, technologies that enable individuals
with SCI to stand or walk have been shown to improve
body image and sense of well-being[14].

Rehabilitation methods, such as body weight-
supported treadmill training, orthoses, and robotic ex-
oskeletons, allow individuals with SCI to practice walking
movements in an upright position. However, current or-
thotic and exoskeletal systems still present limitations in
terms of usability, effectiveness, and accessibility.

Many wearable exoskeletons are still heavy and bulky
devices due to their rigid structures, actuators and
batteries[15], which limits their practicality in daily life.
Additionally, many systems rely on pre-defined move-
ment trajectories[15], offering limited adaptability or user-
driven control. As a result, users often become passive
participants during training, rather than active contribu-
tors to the walking motion. Current systems often do not
sufficiently engage the user’s own musculature.

Functional Electrical Stimulation (FES) has been in-
troduced to help solve some of the shortcomings of me-
chanical orthoses[16]. FES is a technology which uses
electrical currents delivered through electrodes to induce
muscle contractions, thereby activating one’s own par-
alyzed muscles, which can replace the natural signal
that should be coming from the brain[17]. In combi-
nation with orthotic devices, FES can help stabilize the
body against collapse and provide the power for forward
progression[16]. Furthermore, FES may be able to im-
prove some of the physiologic problems that result from
reduced mobility[18]. Reported health benefits include im-
proving the ratio of high density and low density lipopro-
teins, reducing insulin resistance[19, 20], improving cardio-
and pulmonary fitness[21], improving muscle mass and
endurance[22], and preserving bone mass[23]. Additional
benefits include improving circulation[24], reducing the
likelihood of deep vein thrombophlebitis[25], and reduc-
ing spasticity[26].

One major limitation of FES, however, is the rapid
onset of muscle fatigue. Consequently, FES-assisted walk-
ing in individuals with paraplegia requires high metabolic
effort[27] and primarily remains experimental and for ther-
apeutic exercise[28, 29].

However, optimizing FES control strategies and refin-
ing orthosis design could help reduce muscle fatigue and
enhance the overall feasibility of these systems for thera-
peutic use.

This review provides an overview of how Functional
Electrical Stimulation (FES) has been integrated with pas-
sive and semi-passive orthoses in existing studies, focusing
on FES control strategies and design principles for orthotic
gait support in individuals with spinal cord injury. In this
context, passive orthoses refer to studies that apply FES
in combination with mechanical or reciprocating orthoses

and exoskeletons during walking, without powered actu-
ators. Semi-passive orthoses refer to orthotic devices in
which powered actuators are included as an addition to
FES, operating with an assist-as-needed approach to com-
pensate for performance loss due to muscle fatigue.
In 2012, del-Ama et al.[30] published a comprehensive re-
view covering previous work on lower-limb exoskeletons
integrated with FES, which they referred to as hybrid ex-
oskeletons. Building on that foundation, the present re-
view includes studies published from 2012 onwards, while
also including relevant articles from 2010 and 2011. These
studies are compared and categorized according to their
control strategies and orthotic designs, providing insight
into the current state of hybrid gait technologies.

2 Methods

2.1 Databases and search strategy

On February 17th, 2025, a comprehensive literature search
was conducted in the following databases: Medline ALL,
Embase, Web of Science, Cochrane Central Register
of Controlled Trials, Scopus, IEEE Xplore and Google
Scholar. The search query focused on studies researching
orthoses and exoskeletons combined with FES for individ-
uals with spinal cord injury. The search queries used for
each database are provided in Appendix A. Only stud-
ies published from 2010 onwards were reviewed in this
literature review, as a systematic review by del-Ama et
al. already provides an overview of hybrid lower-limb ex-
oskeletons from before 2012, including passive orthoses
combined with functional electrical stimulation[30].

2.2 Study selection

This review included articles specifically addressing the
application of FES in a orthotic device applied to the
lower limbs for people with spinal cord injuries. Publi-
cations identified through the search were screened for
relevance on the criteria formulated below. Screening was
performed by a single reviewer, initially based on title and
abstract, followed by an evaluation of the full text.

The formulated inclusion criteria were:
(1) Studies that apply functional electrical stimulation
(FES) in combination with mechanical and reciprocating
orthoses or exoskeletons during walking.
(2) Studies in which the orthoses are intended for individ-
uals with spinal cord injury (SCI).

The formulated exclusion criteria were:
(1)Studies done on healthy participants, patients with
stroke, cerebral palsy, or other neurological conditions
that are not SCI.
(2) Studies that use FES as a therapy for muscle condi-
tioning before walking or applied during cycling, rather
than being directly integrated with orthoses or exoskele-
tons for gait assistence.
(3) Studies using FES only in combination with walking
aids such as a walker, or similar assistive devices that do
not involve mechanical orthoses or exoskeletons.
(4) Studies where brain-computer interfaces (BCIs) are
used instead of FES to control movement.
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(5) Studies applying FES to the upper body rather than
the lower limbs.
(6) Studies where FES is exclusively used with an ankle-
foot orthosis (AFO), without involvement of the knee joint
or reciprocating or mechanical orthoses.
(7) Studies using implanted electrodes for FES or func-
tional neuromuscular stimulation (FNS) where electrodes
are surgically placed inside the body, instead of using sur-
face electrodes.
(8) Studies integrating FES with powered actuators as
the primary driving force in orthotic devices, instead of
orthoses where FES is the main driving force, potentially
supported by small actuators and following an assisted-
as-needed approach for these actuators.
(9) Studies analyzing only non-walking movements, such
as sit-to-stand transitions, stair climbing, or static balance
exercises, without including any form of gait assessment.
(10) Studies of which the full text was not available in
English.

2.3 Strategy for searching articles

As mentioned above, only studies published from 2010 on-
wards were included in the initial search. Although the
primary focus was on articles from 2012 onwards, relevant
publications from 2010 and 2011 that provide valuable in-
formation have also been incorporated into this review.

2.4 Data extraction

During the full-text review of all included studies, data
were extracted on the type of exoskeleton or orthosis used,
the muscles stimulated by FES, the applied FES param-
eters, and the control strategy for FES stimulation. De-
pending on the study type, additional parameters were col-
lected: simulation tools, energy-storing mechanisms and
joint-locking mchanisms in theoretical studies, and partic-
ipant injury characteristics and motor placement in exper-
imental studies.
Additionally, information on the study objectives and re-
ported outcomes was extracted and evaluated.

3 Results

3.1 Search results and study characteris-
tics

The study selection process is outlined in the PRISMA
flow diagram, shown in Figure 1. In total, 1,877 arti-
cles were identified through the database search. After
removing 1,341 duplicates and studies published before
2010, 535 articles remained for title and abstract screen-
ing. Subsequently, 228 articles were retrieved for full-text
review, and 215 were excluded after full-text assessment
Ultimately, 14 studies published from 2012 onwards met
the eligibility criteria for inclusion in this literature review.
Additionally, 7 relevant studies published before 2012 were
included. This resulted in a final selection of 21 articles.
The initial focus of this article was on studies involving
fully passive orthoses or exoskeletons combined with FES,
tested during walking in individuals with spinal cord in-
jury. However, no studies investigating fully passive or-
thoses in combination with FES that were tested in ex-

perimental settings on individuals with SCI were found,
which led to a broadening of the initially defined inclu-
sion criteria. This resulted in the inclusion of 21 articles,
of which 15 explored the combination of passive orthotic
devices and FES for spinal cord injury but were purely
theoretical and not tested on individuals with SCI. Six
studies investigated hybrid devices equipped with motors
or actuators, in which FES was the main driving force for
movement and the actuators primarily provided additional
support rather than serving as the main source of motion.
Only hybrid studies in which the orthosis was tested in
individuals with spinal cord injury were included.
Table 1 and table 2 enlist the extracted data from these
articles.
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Figure 1: PRISMA flow diagram of the study selection
process

3.2 Theoretical studies on fully passive
FES-orthotic devices

In the theoretical studies, fully passive orthotic devices de-
signed to support walking in individuals with spinal cord
injury were investigated, although some designs incorpo-
rated miniature servo motors for locking and unlocking
the hip and/or knee joints.

It was found that some of the included studies orig-
inated from the same research groups, leading to some
similarity and continuity across studies. Four of included
theoretical studies were authored by Sharma et al. and
five were authored by Jailani et al, which resulted in re-
lated works that build upon one another.

3.2.1 Design of passive orthotic device

Since FES in individuals with SCI can lead to rapid muscle
fatigue, as mentioned in the introduction, and the theoret-
ical studies included in this review did not, or minimally,
incorporate motors or actuators, researchers focused on
the mechanical design of the orthotic devices to reduce
muscle fatigue by providing passive support. The goal was
to reduce the physical demand on the stimulated muscles
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and support completion of the gait cycle, for which various
strategies were explored in these studies, such as energy
storage mechanisms and joint locking or control systems.
This paragraph discusses those mechanisms in more de-
tail. In table 1 the type of orthosis used in each study is
specified under the column “Exoskeleton type”.

Energy storage mechanisms Many of the included
studies incorporated springs at the knee joints to enable
passive energy storage. During FES-induced knee exten-
sion, potential energy is stored in the spring, which can
then be released to assist with knee flexion during the ini-
tial swing phase. As can be seen in Table 1, some studies
also implemented hip springs. For example, Gustafson et
al.[31] used hip springs that are charged by upper body
force and released passively to facilitate hip flexion. In
the study by Boughner et al.[32], a hip equilibrium spring
stores energy when another spring, a transfer spring, is
released. This transfer spring stores energy during quadri-
ceps activation for knee extension. The studies by Brown
et al.[33], Ullah et al.[34], and Kangude et al.[35], ex-
plored alternative energy storage mechanisms, including
gas springs, energy units, pneumatic systems and rubber
bands, to support joint movement.

Joint locking mechanisms Theoretical studies in-
cluded in this review also describe mechanisms for joint
control based on locking and unlocking of the knee and
hip joints. These mechanisms reduce the need for contin-
uous FES application, thereby minimizing muscle fatigue
and enhancing stability. They achieve this by allowing
movement in one direction while locking the joint in the
opposite direction, or by enabling selective locking in both
directions, depending on the phase of the gait cycle.

The various mechanisms used for this are mentioned in
Table 1 under the column “Joint Locking Mechanisms”.

Joint locking control The control of joint locking
mechanisms varies widely across studies, ranging from ac-
tively controlled systems with precise timing to passive or
mechanically triggered designs. This paragraph catego-
rizes the studies according to the type of control strategy
employed.

Active electronically controlled mechanisms: In some of
the included studies, the locking and unlocking of knee and
hip joints are actively controlled using small, motorized
components or microcontroller-based systems. For exam-
ple, Boughner et al.[32] used miniature servo motors to ac-
tively unlock wrap spring brakes that are normally locked.
The timing of locking and unlocking was coordinated with
the gait phases to optimize energy use and prevent mus-
cle fatigue. Similarly, Kangude et al.[35] applied Pulse
Width Modulation (PWM)-controlled solenoids to unlock
the wrap spring brakes of both the hip and knee joints,
that are normally locked. Each brake was controlled by a
microcontroller, with timing managed through open-loop
step cycle control executed on a netbook worn by the user.

User-triggered control : Other systems rely on mechan-
ical events or direct user input. In a study by Sharma et
al.[36], a spring clutch mechanism was used for knee joint
locking, controlled via force-sensitive resistors in the foot

or a hand-operated switch. In the study by Gustafson et
al.[31], joint locking was primarily coordinated through
the user’s upper body forces. Weight shifting and torso
uprighting mechanically triggered spring loading and re-
lease, thereby managing joint transitions during the gait
cycle. Ullah et al.[34] employed a unidirectional clutch
mechanism, where joint motion was passively restricted
based on angular velocity. When moving in the preferred
direction, no resistance torque was applied, whereas move-
ment in the locked direction generates a resistive torque
equivalent to that of a spring-damper system, effectively
preventing backward motion.

State and time-based control : Some studies employed
predefined timing schemes. The most recent included
study by Jailani et al.[37] describes the use of a finite
state controller (FSC) to manage the hip and knee brakes.
An FSC, or finite state machine, is a conceptual model
composed of a defined set of states, along with input and
output events that determine transitions between states
and trigger corresponding actions. In this study, FSC is
used not only for brake control, but also to coordinate
FES and spring engagement throughout the gait cycle.
The use of FSC for FES control is further elaborated in
the section “FES control strategies”.
Earlier studies by Jailani et al.[38, 39, 40, 41] used a timing
block to control the knee brake by sending strobe signals
at predefined moments, thereby initiating the swing phase
and re-engaging the brake to support stance. For the hip,
a state-based locking strategy is implemented in which
the hip locking occurred at the point of maximum flexion
during swing and remained fixed until the end of the swing
phase, supporting stable gait.

Finally, some studies, such as those by Huq et al.[42],
Brown et al.[33], and Sharma et al.[43], included mechan-
ical brakes in their designs but did not specify how these
were controlled.

3.2.2 FES configuration and control

This paragraph elaborates on the FES stimulation param-
eters and control strategies proposed in the included stud-
ies, providing insight into how FES was configured and
coordinated to support gait.

Targeted muscle groups and movements The
quadriceps is the most consistently targeted muscle group
across the included studies, and the only one stimulated
in all theoretical models. Some studies mention additional
specific muscles, while others refer more generally to the
stimulation of the hip and knee flexors and extensors, as
shown in Table 1 under the column “Muscles stimulated
(muscles).” In the brackets, the intended movement of the
stimulated muscles is indicated. Across all studies where
the quadriceps was stimulated, the intended movement
was knee extension, mainly required during the stance
phase. Some studies reported that quadriceps stimulation
produced more energy than needed for extension. This
excess energy was stored in the spring mechanisms of the
exoskeleton to be released later in the gait cycle, for exam-
ple, to support hip or knee flexion[33] or hip extension[35].
In some cases, it was only noted that the energy was
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stored for later use, without specifying which movement
it exactly contributed to[32, 34, 42]. Furthermore, in all
Sharma studies [36, 43, 44, 45], FES was applied to hip and
knee flexors and extensors to generate the movements re-
quired for step initiation, leg swing, and general joint mo-
tion during walking. However, the studies did not specify
in detail which exact movements each muscle contributed
to.
Some studies provide further detail on surface electrode
placement. For example, Gustafson et al.[31] describe two
large surface electrodes placed on the leg, one of which is
positioned over the quadriceps motor point near the hip
socket, and one just above the knee. Kangude et al.[35]
also report specific placements, using 2×4 inch uni-patch
electrodes positioned 6 cm proximal to the kneecap and
on the upper thigh about 2 cm from the right midline.
Only a few studies specify the number of stimulation chan-
nels. For instance, Kangude et al[35] used single-channel,
uni-phasic, charge-balanced stimulation of the quadriceps.

FES parameters This section describes the stimula-
tion parameters used across studies, such as frequency
and pulse width, that are defined prior to walking. An
overview of the parameters per study can be seen in Ta-
ble 1 under the column “FES parameters”. Not all in-
cluded studies provided details on stimulation parameters.
Specifically, Brown et al.[33] and Sharma et al.[43] did not
report these settings. Among the remaining studies, re-
porting varied: some provided specific values (stimulation
frequency)[42, 38, 39, 40, 41], others reported calculated
target torques to achieve a desired step length and cycle
time (e.g., 15 Nm by Gustafson et al.[31] and Boughner et
al.[32], and 7 Nm by Ullah et al.[34]), and some described
stimulation intensity in arbitrary units[36, 44, 45]. The
studies that reported a specific value for FES parameters,
explained how the parameter pulse width was modulated
while keeping the stimulation frequency fixed (25 Hz for
Huq et al.[42] or 33 Hz for Jailani et al.[38, 39, 40, 41]).
Studies that dynamically adjusted stimulation parameters
during walking are further discussed in the section “FES
control strategies”.

FES control strategies FES control strategies refer to
the methods used to determine when muscles are stimu-
lated during the gait cycle and how stimulation is regu-
lated or adjusted over time. These strategies range from
simple rule-based activation, such as triggering stimula-
tion when a joint angle crosses a predefined threshold, to
advanced, adaptive control systems optimized that aim to
minimize muscular fatigue and improve gait performance.
Based on the included studies, the control strategies can
be broadly categorized into feedforward control, closed-
loop control, and optimization-based control.

Feedforward control : Feedforward control involves pre-
defined rules or timings that trigger muscle stimulation
without using real-time feedback. For example, Gustafson
et al.[31] applied stimulation based on predefined thresh-
olds, e.g. when the hip reached full flexion, and thereby
initiating knee extension. This approach relies on known
gait events and fixed thresholds. Brown et al.[33] em-
ployed a similar strategy in which stimulation was trig-
gered at fixed points within the gait cycle. Ullah et

al.[34] also used a phase-based open-loop system in which
stimulation was applied during a specific phase to initi-
ate knee extension. In the study by Boughner et al.[32],
stimulation was applied only during knee extension; once
full extension was achieved, the knee joint was mechani-
cally locked and stimulation turned off to reduce muscle
fatigue. Kangude et al.[35] similarly used a step cycle
control system that followed a preprogrammed sequence
of events, without real-time adaptation based on feedback.

Closed-loop control : In contrast, closed-loop control
strategies dynamically adjust stimulation parameters in
response to sensor feedback. These systems are often more
complex but allow for greater adaptability and precision.
Huq et al.[42] tested two closed-loop strategies to regu-
late knee extension, using either a Proportional-Integral-
Derivative (PID) controller or a Fuzzy Logic Controller
(FLC). These controllers aim to adjust stimulation in real
time to ensure that joint movements follow the intended
trajectory as accurately and smoothly as possible.
The first strategy involved continuous tracking of a refer-
ence trajectory. This reference trajectory could be derived
either from the passive oscillation of the spring brake or-
thosis (SBO) or could be adapted iteratively from previ-
ous steps through a cycle-to-cycle control approach, where
stimulation patterns are refined over successive gait cycles.
The PID or FLC controller modulates the stimulation in-
tensity or stimulation pulse-width in real time based on
the difference between the actual and desired knee joint
angle trajectory.
The second strategy was a part-time closed-loop con-
troller that activated at a defined time after the start
of the swing, aiming to reach a target (e.g., full knee
extension) without following an entire trajectory. This
approach was simpler and focused on achieving a specific
target rather than continuously adapting to dynamic in-
puts. Both strategies were implemented using either PID
or FLC. Their control parameters were optimized using
Genetic Algorithms (GA). GA helped identify optimal
controller parameters to improve motion accuracy and
minimize fatigue. Results indicated that cycle-to-cycle
control was more effective at reaching target joint angles,
while FLC minimized overshoot and PID reduced muscle
fatigue.
Similarly, the studies by Jailani et al.[38, 39, 40, 41] em-
ployed PID or FLC systems to modulate stimulation pulse
width based on knee joint angle error, while keeping stim-
ulation frequency fixed. In their most recent study[37],
Jailani et al. introduced a Finite State Controller (FSC)
strategy, which was designed and implemented in MAT-
LAB Simulink and integrated with a dynamic walking
model for output analysis. The FSC manages transi-
tions between gait phases and consists of a set of states,
with transition functions that respond to input events
and trigger corresponding outputs. This event-triggered
approach coordinates the activation of brakes, FES, and
energy-storing springs, ensuring that a transaction from
one state to another only takes place if a predefined event
occurs.

Optimization-based control : A third group of studies
applied optimization-based control, in which stimulation
profiles, joint trajectories and arm reaction forces are com-
puted using mathematical models and cost functions. In
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a series of simulation studies by Sharma et al.[36, 44, 45],
stimulation intensity was modeled as abstract, time-
varying inputs for each agonist-antagonist muscle pair.
Only one muscle from each agonist-antagonist pair was
stimulated at a time to reduce co-activation and delay
fatigue. In the optimization framework that used MAT-
LAB’s fmincon optimization tool, for each step, stimula-
tion and force profiles were defined at discrete time points,
and linear interpolation was used to create smooth, con-
tinuous trajectories across the gait cycle. In this opti-
mization tool, a cost function minimized excessive mus-
cle activation, arm reaction forces, and deviations from
a target gait trajectory. The total cost function, or ob-
jective function, was distributed across three gait phases:
initial double support (DSP), single support (SSP), and
final DSP, and was defined as:
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,where where ui (where i ∈ {hf , he, kf , ke}) are the mus-
cle stimulation variables of hip flexors, hip extensors, knee
flexors, knee extensors, Fw is arm reaction force, and t0,
t1, t2 and tf define the start and end points of each gait
phase, respectively.
Biomechanical constraints ensured realistic joint angles,
swing leg clearance, and step durations. Active stimula-
tion was only applied during the SSP, while the orthosis
provided stability during stance. This framework aimed
to generate energy-efficient, fatigue-minimizing gait pat-
terns suitable for FES-assisted walking in individuals with
spinal cord injury.

Lastly, the remaining study by Sharma et al.[43] does
not propose an explicit FES control strategy but addresses
the sensor limitation by introducing a nonlinear state-
dependent coefficient (SDC) estimator for robust real-time
estimation of lower-limb angles using noisy intertial mea-
surement unit (IMU) data. The resulting kinematic esti-
mates can enhance the accuracy and timing of FES appli-
cation and thereby support the implementation of other
various control strategies.

3.2.3 Aims and simulation outcomes of the stud-
ies

The theoretical studies mainly focused on two aspects: im-
proving exoskeleton design and developing advanced FES
control strategies to support gait after SCI. Some studies
focused on redesigning exoskeletons to be lighter, improve
joint control[33], and enable standing or stepping[31], of-
ten incorporating energy-storing or joint-locking mecha-
nisms. Others targeted the reduction of muscle torque re-
quirements, for example by adapting step size while main-
taining toe clearance[34]. Other studies concentrated on
advanced control strategies, as described in previous sec-
tions, with the goal of optimizing stimulation timing, gait
trajectories, and robustness. Across these approaches, re-
curring aims were the reduction of muscle fatigue, lowering
of metabolic energy cost, and the achievement of stable
gait patterns.
Simulation outcomes generally suggested that the pro-
posed concepts could be technically feasible. Studies en-
sured in their models that predicted torques and step
lengths remained within achievable ranges, and studies in-
dicated that quadriceps torque could be reduced through
adapted step size[34] or the use of energy-storing mecha-
nisms. Optimized controllers and algorithms were shown

to produce gait trajectories, improve gait-phase transi-
tions, and reduce both muscle activations and reliance
on upper-body effort. Some studies also reported design-
specific findings, such as springs that best matched ref-
erence trajectories[38] or control methods that achieved
smoother knee movements[37] and more accurate timing
of knee flexion[38]. However, details about overall gait
quality were mostly not provided, since none of the studies
have yet been experimentally validated. The conclusions
consistently emphasized that these results remain limited
to simulations.
The studies suggest that although many approaches
demonstrated improvements compared to earlier models
or concepts, further development and prototype testing
are required to validate whether the predicted benefits can
translate into functional gait in practice.

3.3 Experimental studies on semi-passive
FES-orthotic devices

During the literature search, it was noted that many re-
cent studies integrated motor or actuator support into the
orthotic devices to compensate for muscle fatigue. There-
fore, such studies were considered for inclusion, provided
that the motor or actuator served only as an addition to
FES, rather than being the primary source of gait gen-
eration. The additional motor or actuator support was
provided only to compensate for performance loss due to
muscle fatigue as a result of applying FES. Only studies
that were tested on participants with spinal cord injury
were included.
It was found that several of the included studies origi-
nated from the same research groups, resulting in notice-
able similarities and continuity across publications. For
instance, in the two studies by Iyer et al.[46] and Sun et
al.[47], all three researchers Iyer, Sun, and Lambeth were
involved. In the most recent study from 2024, authored
by Lambeth et al.[48], both Iyer and Sharma contributed.
Notably, Sharma had also been involved in the 2018 study
by Alibeji et al.[49] This overlap in authors reflects some
continuity in research focus and methodology across these
studies.

3.3.1 Motor placement

In four of the six included experimental studies, mo-
tors were placed bidirectionally at the hip and knee
joints[48, 46, 47, 49]. In the study by del-Ama et al.[50],
active actuators were placed only at the knee joints as
the Kinesis orthosis, a bilateral knee-ankle-foot-orthosis
(KAFO), does not include actuation at the hips. In the
2012 study by Kurokawa et al.[51], actuators were posi-
tioned at the ankle and hip joints, with no motorized as-
sistance at the knees. The specific joint movements sup-
ported by the motors are described in the section ”Tar-
geted muscle groups and movements”. Alongside mo-
tor assistance and FES, most studies also used additional
walking aids, such as a walker or crutches, to provide trunk
stability and balance support.

3.3.2 FES configuration

Targeted muscle groups and movements Among
the four studies with bidirectional motors at the hip and
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knee, three tested the device only on the left leg, with
FES applied to the quadriceps of that leg[46, 47, 48].The
intended effect of FES was to support knee extension while
reducing motor torque demand. In these setups, the con-
tralateral leg was fully driven by motors, and in the stim-
ulated leg, hip and knee flexion and extension were also
assisted by the motors to minimize quadriceps fatigue.
The remaining study with bidirectional motors at both
hip and knee joints applied FES to quadriceps and ham-
strings on both sides [49]. This configuration aimed to gen-
erate knee flexion and extension, with torque distributed
between motors and FES. In the study by Kurokawa et
al.[51], multiple lower limb muscles were stimulated: the
gastrocnemius and soleus (triceps surae) during late stance
to produce ankle plantarflexion for push-off and to assist
knee flexion at the start of swing; the tibialis anterior and
extensor digitorum longus during swing to generate ankle
dorsiflexion for foot clearance; and the quadriceps dur-
ing stance for knee stabilization. In addition to FES, a
servo-motor at the hip provided forward progression, and
an ankle actuator supported push-off when muscle perfor-
mance declined.In this study, no powered knee joints were
included, so stance stability relied on the mechanical sup-
port of the orthosis, while walking trials were conducted
within parallel bars for additional balance assistance. In
the study by del-Ama et al.[50], which used a KAFO, the
quadriceps and knee flexors were stimulated by FES to
generate knee flexion and extension. Actuators at the knee
joints were placed to assist these movements.

FES parameters In half of the experimental studies,
a separate pre-walking experiment was conducted before
the walking tests were performed[50, 46, 47]. In the study
by del-Ama et al.[50], a stimulation test was performed
to evaluate the muscular response and to familiarize the
patient with the stimulation. Similarly, Iyer et al.[46]
and Sun et al.[47] conducted seated knee extension ex-
periments prior to the overground walking trials. In the
study by Iyer et al.[46], this test was used to examine
the controller’s performance under fatigue and to validate
its adaptive behavior prior to walking. In contrast, the
aim of the seated test in the study by Sun et al.[47] was
to investigate FES-induced muscle fatigue and to validate
ultrasound-based fatigue measurements.
This section focuses specifically on the FES parameters
used during the walking experiments. As summarized in
Table 2, only three studies, by Lambeth et al.[48], Al-
ibeji et al.[49], and Kurokawa et al.[51], reported their
stimulation parameters of FES for overground walking.
Alibeji et al.[49] and Kurokawa et al.[51] both provided
specific information on the FES parameters used during
walking, which can be seen in Table 2. In the study by
Lambeth et al.[48], the stimulation amplitude was adap-
tively scaled using a normalized controller input within a
subject-specific amplitude range. The minimum and max-
imum values of this range were determined per participant
but not reported. Other FES parameters, such as fre-
quency and pulse width, were also not specified in this
study.

3.3.3 FES and motor control strategies

Between the studies, the control strategies vary widely
between them. This paragraph categorizes the studies
according to the type of control strategy employed.

Model Predictive Control : Model Predictive Control
(MPC) is a control technique which uses a mathematical
model to predict future system behavior and determines
optimal control actions. In three of the included studies
that use MPC, it is used to calculate the optimal distri-
bution of effort between the electrical motor and FES.
Two out of the three studies that use MPC, from Lambeth
et al.[48] and Iyer et al.[46], used ultrasound (US) imaging
for fatigue measurements. However, the results of the ul-
trasound images were only used for real-time adjustments
of the hybrid control in one of the two studies.
In the study by Lambeth et al.[48], ultrasound images were
collected before and after each trial to quantify quadri-
ceps fatigue progression. These measurements were used
to evaluate fatigue progression but did not inform the con-
trol strategy during the experiment itself. Instead, during
walking, fatigue was estimated using a musculoskeletal
model within the Model Predictive Control (MPC) frame-
work. This model incorporates real-time data on joint
position, velocity, and muscle activation, and the fatigue
estimates are derived from predefined model parameters.
In this study, the MPC cost function prioritized position
and velocity tracking over fatigue compensation, leading
to increased FES dosage over time as muscle efficiency
decreased.
For enhancing stability during walking, a RISE (Robust
Integral of the Sign of the Error) controller is used, which
is a feedback controller that corrects for tracking errors
and unexpected disturbances in real time, ensuring a
smooth knee movement. In the study by Lambeth et
al.[48], the importance of fatigue tracking is demon-
strated, suggesting that future implementations should
place greater emphasis on real-time fatigue adaptation to
improve muscle recovery and reduce power consumption.
In the other study by Iyer et al.[46], real-time ultrasound
imaging was used to monitor FES-related muscle contrac-
tility and fatigue, due to direct visualization of muscle
fibers. Changes in muscle strain served as biomarkers of
FES-induced fatigue. To integrate these measurements
into the control strategy, a sample-data observer (SDO)
structure is proposed, which incorporates the real-time
US measurement into a pre-existing mathematical fatigue
model. This is embedded within a MPC framework, al-
lowing the hybrid exoskeleton to adjust FES intensity and
motor torque based on muscle fatigue during each stride.
In the experiment in this study, the MPC algorithm was
implemented on the left knee during knee flexion and ex-
tension of the swing phase, while the right knee and both
hips were controlled by a RISE controller.
The remaining study, from Sun et al.[47], applied tube-
based nonlinear MPC, which maintains system trajecto-
ries within a bounded region, combined with a Lyapunov-
based terminal controller to ensure feasibility and stability
even when muscle reaction changes or FES becomes less
effective. Additionally, a nonlinear feedback controller
was included to handle discrepancies between actual and
desired knee joint angles. In this study, the control strat-

7



egy is also optimized based on fatigue, which is estimated
using a predictive model. Unlike the studies by Lambeth
et al.[48] and Iyer et al.[46], fatigue was not measured in
the muscles but estimated based on literature.

Finite State Machine: Two studies, of del-Ama et
al.[30] and Alibeji et al.[49], used Finite State Machine
(FSM) for the control strategy, which divides the gait cy-
cle into gait phases and activates the appropriate control
rules for each phase.
In the study by Alibeji et al.[49], a Finite-State Machine
is used to determine which trajectories and synergy ac-
tivations, muscle coordination patterns, of the gait cycle
is used, that is, either half right step state, full left step,
or full right step. Between these active states, a standby
state is activated by default, in which the motors at the
joints hold their positions and the synergy activations
are set to zero. Within each active state, an extended,
adaptive synergy-based controller with dynamic postural
synergies is used to distribute the control effect to the
hybrid actuation structure, FES and the motors.
These dynamic postural synergies are artificially generated
through an optimization process. Each time-invariant syn-
ergy is designed to produce a specific lower-limb posture,
for example hip extension or knee flexion. A synergy rep-
resents a fixed combination of muscle activations that work
together to achieve a functional action. When several of
these postural synergies are combined using time-varying
activation weights, the controller is able to reconstruct
smooth, coordinated walking movements, particularly for
generating the swing phase of gait.
To address several challenges inherent to a hybrid FES-
exoskeleton system, additional control mechanisms were
incorporated. A Dynamic Surface Control (DSC) scheme
was used to improve robustness in the presence of model
uncertainties and mixed actuator dynamics. An elec-
tromechanical delay (EMD) compensation term was added
to correct for the time lag between FES activation and
muscle force generation, ensuring better timing. Addition-
ally, a model-based fatigue estimate scaled the feedforward
control to reduce reliance on fatigued muscles and shift
effort to the exoskeleton motors. It is important to note
that in this study by Alibeji et al., the clinical overground
walking trial was conducted only with FES in combination
with a walker, supported by a separate theoretical sim-
ulation study with a powered exoskeleton model. Thus,
both a physical experiment and a theoretical experiment
were performed separately.
In the study of del-Ama et al.[50], the control strategy
is managed by a Finite State Machine that synchronizes
FES and robotic actuation during the different phases of
the gait cycle. During stance phase, a high stiffness is
applied by the exoskeleton through a stiffness modulation
strategy, stabilizing the knee. In the swing phase, stiffness

is reduced to promote knee flexion driven by FES. Force
sensing resistors are used to monitor floor contact, which
in dicates the beginning of the stance phase, while custom
force sensors measure interaction torques, which repre-
sents the force exchange between FES and the exoskele-
ton. As muscle fatigue develops, muscle performance
decreases, leading to an increase in interaction torque.
A muscle fatigue estimator, based on these interaction
torque measurements, can trigger a fatigue compensa-
tion strategy by reducing the FES stimulation rate and
increasing robotic assistance. This adaptive control pri-
oritizes muscle activation while providing robotic support
when muscles cannot achieve the target flexion angle for
effective swing of the leg.

Predefined gait patterns with real-time feedback : The
control strategy of the study from Kurokawa et al.[51] is
based on a predefined gait pattern with real-time feedback.
To maintain synchronization with the predefined gait cy-
cle, foot switches detect events within the stride cycle,
triggering adjustments in stimulation timing to match the
expected walking pattern. Additionally, real-time feed-
back is obtained through the M-wave, an electrical re-
sponse measured directly from the muscles, which is used
to monitor muscle output and adjust FES intensity when
necessary.

3.3.4 Aims and experimental outcomes of the
studies

Two of the six studies focused primarily on quadriceps
fatigue and how this could be integrated into the con-
trol strategy [48, 46]. Lambeth et al.[48] concluded that
their model predictive control approach did not sufficiently
prioritize fatigue, resulting in fatigue. Iyer et al.[46] re-
ported short walking trials of about 10 steps in which
their ultrasound-based control strategy was implemented,
demonstrating feasibility but without extensive gait out-
comes. The remaining studies tested different hybrid con-
trol strategies in walking trials. Sun et al.[47] confirmed
walking feasibility with their tube-based NMPC approach,
although issues such as early heel contact and tracking er-
rors were observed. Alibeji et al.[49] demonstrated quasi-
static walking with well-timed stimulation and minimal
fatigue, but provided limited detail on walking perfor-
mance. Del-Ama et al.[50] reported that their participant
successfully completed a six-minute walking test without
adverse effects, indicating tolerability of the hybrid co-
operative control strategy. Finally, Kurokawa et al.[51]
showed that after three months of training, walking time
improved from less than five to more than five minutes,
with reduced effort and fewer spasticity episodes. They
emphasized, however, that continuous monitoring of fa-
tigue is required to further improve gait quality, which
was not described in detail.
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Article Exoskeleton Type Simulation Tool Energy Storing Mecha-
nism

Joint Locking
Mechanisms

Muscles
Stimulated
(movement)

FES Parameters FES Control Strategy

Gustafson 2024 [31]
Pseudo-passive
exoskeleton

CREO Parametric Knee and hip springs Knee and hip brakes Quadriceps(knee
extension)

τstim=15 Nm Feedforward control

Brown 2022 [33]
Energy-storing
exoskeleton (ESE)

N.A. Gas springs Bidirectional clutch
mechanisms for knee
and hip

Quadriceps(knee
extension)

N.R. Feedforward control

Ullah 2020 [34] Energy storing orthosis
(ESO)

Simscape Multi-
body

Energy units at hip and
knee

Unidirectional clutch
mechanisms for knee
and hip

Quadriceps(knee
extension)

τstim=7 Nm Feedforward control

Boughner 2014 [32] ESO SimMechanics and
MATLAB

Hip, knee and energy
transfer spring

Knee and hip wrap
spring brakes

Quadriceps(knee
extension)

τstim=15 Nm Feedforward control

Sharma 2014 [43] Orthosis CVX convex op-
timization MAT-
LAB toolbox

N.A. Knee brake Hip and knee
flexors and ex-
tensors(hip and
knee flexion and
extension)

N.R. N.A.

Sharma 2014 [36] Knee-ankle-foot ortho-
sis (KAFO)

N.A. N.A. Inbuilt spring clutch
mechanism for knee

Hip and knee
flexors and ex-
tensors(hip and
knee flexion and
extension)

In arbitrary units Optimization-based con-
trol

Huq 2012 [42] Spring brake orthosis
(SBO)

vN4D and MAT-
LAB/Simulink

Knee spring Knee brake Quadriceps(knee
extension)

PW modulation with
f=25Hz

Closed-loop control

Sharma 2012 [44] KAFO Optimization tool-
box MATLAB

N.A. Knee brake Hip and knee
flexors and ex-
tensors(hip and
knee flexion and
extension)

In arbitrary units Optimization-based con-
trol

Sharma 2011 [45] KAFO MATLAB Opti-
mization

N.A. Knee brake Hip and knee
flexors and ex-
tensors(hip and
knee flexion and
extension)

In arbitrary units Optimization-based con-
trol

Jailani 2011 [37] SBO Vn4D and MAT-
LAB/Simulink

Knee spring Knee and hip brake Quadriceps(knee
extension)

N.R. Closed-loop control

Jailani 2011 [38] SBO Vn4D and MAT-
LAB/Simulink

Knee spring Knee and hip brake Quadriceps(knee
extension)

PW modulation with
f=33Hz

Closed-loop control

Jailani 2010 [39] SBO Vn4D and MAT-
LAB/Simulink

Knee spring Knee and hip brake Quadriceps(knee
extension)

PW modulation with
f=33Hz

Closed-loop control

Jailani 2010 [40] SBO Vn4D and MAT-
LAB/Simulink

Knee spring Knee and hip brake Quadriceps(knee
extension)

PW modulation with
f=33Hz

Closed-loop control

Jailani 2010 [41] SBO Vn4D and MAT-
LAB/Simulink

Knee spring Knee and hip brake Quadriceps(knee
extension)

PW modulation with
f=33Hz

Closed-loop control

Kangude 2010 [35] ESO N.A. Pneumatic system and
rubber bands

Hip and knee brakes Quadriceps(knee
extension)

N.R. Feedforward control

Table 1: Data extraction of theoretical studies on fully passive FES-orthotic devices
Notes: N.A.=not applicable, N.R.=not reported, PW=pulse width, τstim = stimulation torque generated by FES, f = stimulating frequency
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Article Aim of study Outcomes Conclusions

Gustafson 2024 [31] Simulate an exoskeleton using upper-body input and FES of
the quadriceps with energy storage.

Required torques are within achievable range; Step lengths
275–450 mm and speeds of 0.18–0.23 m/s.

Can enable standing and stepping exercise in simulation after
SCI; performance is comparable to powered exoskeletons.

Brown 2022 [33] Redesign a FES-exoskeleton for lighter weight and improve
joint control, enabling standing and walking.

40% weight reduction of exoskeleton (estimated now to be
10.2 kg); hip and knee movement range meets intended de-
sign; joint torques are not tested.

The new design is expected to reduce muscle fatigue and de-
vice weight. Joint lock design is still in development.

Ullah 2020 [34] Reducing torque required from the quadriceps by reducing the
step size while maintaining the condition of toe clearance.

Estimated quadriceps torque requirement is reduced from 23
Nm to 7 Nm for a 49 cm step length.

Smaller step sizes can lower FES torque demands while pre-
serving toe clearance.

Boughner 2014 [32] Determine the feasibility of a new exoskeleton design, focusing
on the novel hip and knee joint mechanisms, to guide further
development.

Design and static analysis met specifications for size, weight,
and required locking torque. Predicted step cycle time of 2.7
s with 15 Nm quadriceps torque.

Concept seems feasible for accomplishing gait.

Sharma 2014 [43] Develop a nonlinear estimation algorithm for estimating lower
limb segment angles during walking in a FES-exoskeleton.

SDC-based estimator (IMU-based) showed improved perfor-
mance compared to an EKF-like estimator, with faster con-
vergence; robust to model uncertainties and IMU noise/bias.

The proposed SDC-based nonlinear estimator can accurately
estimate lower limb segment angles in simulation and may be
useful for controlling hybrid FES–orthosis systems.

Sharma 2014 [36] Determine optimal control inputs, joint trajectories, step
length and walking speed for an FES–orthosis walking system,
using dynamic optimization without relying on able-bodied
gait data.

Optimal step length 0.43–0.46 m; steady-state angular ve-
locity 0.25–0.35 rad/s. Absence of dorsiflexion led to 20°
hip/knee flexion overshoot and higher hip torques vs. able-
bodied gait.

The models yielded optimal gait parameters and showed devi-
ations from able-bodied gait. The frameworkmay guide stimu-
lation profiles or serve as reference trajectories for closed-loop
control.

Huq 2012 [42] To develop closed-loop control schemes for FES-induced knee
extension in SBO, and to evaluate their ability to minimize
muscle fatigue using GA and MOGA optimization.

Cycle-to-cycle control achieved full extension. PID: smoother
stimulation, leading to reduced fatigue. FLC: accurate track-
ing. Part-time closed-loop also effective.

The control approaches are feasible for controlling FES-
induced knee extension. FLC offers better accuracy, PID re-
duces muscle fatigue.

Sharma 2012 [44] Develop a walking model for FES-orthosis walking that incor-
porates a finite double support phase and use this model to
design new optimal gait trajectories that reduce muscle fa-
tigue and metabolic energy consumption.

The new model produced convergent optimal gait trajectories
after 3 steps, with reduced muscle activations and arm reac-
tion forces.

A finite DSP model combined with a single support model
generated stable and efficient hybrid FES–brace gait patterns
in simulation. It can guide the design of gait strategies aimed
at reducing muscle fatigue and metabolic cost, potentially.

Sharma 2011 [45] Develop a walking model for a FES-based KAFO to design gait
trajectories that reduce muscle fatigue and lower metabolic
energy consumption.

Simulations of 10 steps produced feasible gait trajectories with
minimizing both muscle activations and upper-body effort.

The model can generate efficient gait patterns for hybrid
FES–brace walking without relying on able-bodied gait data.
This approach is promising for control strategies that limit
fatigue and energy cost.

Jailani 2011 [37] Improve a SBO-FES-assisted walking system by implement-
ing FSC to automatically manage the transitions between gait
phases.

FSC improved timing of knee and hip brakes. Knee trajecto-
ries and stimulation profiles between FSC and manual control
showed similarities, but FSC ensured more consistent and ac-
curate gait phase transitions.

FSC ensured accurate timing with gait phase switching. The
method is simple, practical for implementation, and robust
to disturbances. FSC may be integrated with FLC in future
applications to regulate knee extension.

Jailani 2010 [41] To replace the withdrawal reflex and aiming for stable gait and
reduced muscle torque demands compared to walking without
SBO.

Simulations showed PID enabled correct timing of quadriceps
stimulation. Quadriceps torque is reduced by 11.5% and ham-
string torque is eliminated vs. walking without SBO.

SBO replaces withdrawal reflex through spring–brake mech-
anism for hip and knee flexion. PID control achieved stable
gait with reduced muscle torque compared to walking without
SBO.

Kangude 2010 [35] To design and bench-test a prototype of a FES-integrated
ESO, aiming to reduce muscle fatigue and improve stability.

Bench tests showed brakes exceeded target torque (60 vs. 40
Nm) and pneumatic storage matched predictions (9.6 J vs. 10
J). Pre-clinical test (1 T12 SCI) confirmed safe standing, good
fit, and torque within design limits.

The prototype is mechanically feasible, meets key design goals,
and is safe for standing. Slightly reduced energy storage due
to brace deformation, but suitable for future walking trials.

Table 2: Summary extraction of theoretical studies on fully passive FES-orthotic devices
Notes: SDC=state-dependent coefficient, IMU=intertial measurement unit, EKF=extended Kalman filter, SBO=spring brake orthosis, GA=genetic algorithm, MOGA=multi-objective generatic

algorithm, FLC=fuzzy logic controller, PID=proportional-integral-derivative controller, KAFO=knee-ankle-foot orthosis, FSC=finite state controller, ESO=energy-storing orthosis.
Three earlier studies by Jailani et al.[38, 39, 40] were not included in this table, as they preceded and largely overlapped in aims and outcomes with the 2011 study by Jailani et al.[38].
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Article Exoskeleton Type Subjects
Muscles
Stimulated
(movement)

Motor placement FES Parameters FES Control Strat-
egy

Lambeth 2024 [48] INDEGO, Ekso Bion-
ics

1 subject with SCI Quadriceps(knee exten-
sion)

Bidirectional motors at
hip and knee joints

Subject-specific
range for FES
amplitude

Model Predictive Con-
trol

Iyer 2024 [46] INDEGO (Ohio, USA) 2 subjects with SCI Quadriceps(knee exten-
sion)

Bidirectional motors at
hip and knee joints

N.R. Model Predictive Con-
trol

Sun 2023 [47] INDEGO, Ekso Bion-
ics

1 subject with iSCI
(T10, AIS C)

Quadriceps(knee exten-
sion)

Bidirectional motors at
hip and knee joints

N.R. Model Predictive Con-
trol

Alibeji 2018 [49] N.R. 1 subject with iSCI
(T10, AIS A)

Quadriceps and ham-
strings(knee flexion and
extension)

Bidirectional motors at
hip and knee joints

f=35Hz,
tp=400 µs

Finite State Machine

Del-Ama 2015 [50] Kinesis: bilateral
KAFO

1 subject with iSCI
(L4, AIS D)

Quadriceps and ham-
strings(knee flexion and
extension)

Active actuators at
knee hinges

N.R. Finite State Machine

Kurokawa 2012 [51] Custom-built walking
assistive system

2 subjects with
iSCI (C5)

Gastrocnemius,
soleus(ankle plantair-
flexion and knee flexion),
tibialis anterior, extensor
digitorum longus(ankle
dorsiflexion) and quadri-
ceps(knee extension)

Actuator at ankle and
hip

fburst=5kHz,
ts=2.4 ms, f=20
Hz

Predefined gait pat-
terns with real-time
feedback

Table 3: Data extraction of experimental studies on semi-passive FES-orthotic devices

Notes: AIS=ASIA (American Spinal Injury Association) Impairment Scale, iSCI=incomplete SCI, N.A.=not applicable, N.R.=not reported,fburst = burst frequency, f = stimulating frequency, ts =
stimulating duration, tp = pulse width.
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Article Aim of study Outcomes Conclusions

Lambeth 2024 [48] To evaluate quadriceps fatigue in a hybrid
exoskeleton with MPC, comparing FES-only
(with exoskeleton), exoskeleton-only, and hy-
brid conditions.

Muscle efficiency increased in exoskeleton-only
(+0.218), but decreased in FES-only (–0.250) and
hybrid MPC (–0.281), showing hybrid fatigue compa-
rable to FES-only. Hybrid MPC increased FES use by
33%, closely linked to declining efficiency (R2=0.96).
Hybrid-MPC reduced mean motor torque by 9.6%
compared to exoskeleton-only.

Hybrid MPC maintained joint performance but
prioritized movement over fatigue, leading to fa-
tigue comparable to FES-only. Future control
should better account for fatigue.

Iyer 2024 [46] To test real-time ultrasound of quadriceps
strain for detecting FES-induced fatigue and
use this to optimize shared control by adjust-
ing FES–motor allocation during walking.

Ultrasound fatigue estimates differed <7% from dy-
namometer (golden standard). The ultrasound feed-
back made MPC more sensitive to fatigue, reducing
FES dosage, increasing motor support, and lowering
power use while maintaining knee tracking.

Real-time ultrasound fatigue detection was val-
idated and integrated into MPC for hybrid con-
trol. Shown in continuous leg extension and
walking (≥ 10 steps/trial). Walking quality not
reported.

Sun 2023 [47] To develop a robust NMPC strategy for limb
tracking and fatigue regulation in a hybrid
exoskeleton, by optimally distributing FES-
motor effort.

NMPC maintained knee tracking by shifting effort
from FES to motor as fatigue increased. In post-
fatigue trials, FES dropped ∼29% and motor rose
∼13%. Walking feasibility was shown, but SCI par-
ticipant had higher tracking errors due to insufficient
hip motor torque, causing early heel contact.

Tube-based NMPC redistributed control to
manage fatigue and reduce FES use, potentially
delaying fatigue in longer use. Walking feasibil-
ity was confirmed, though insufficient hip motor
torque leaded to early heel contact and higher
tracking errors.

Alibeji 2018 [49] To develop and test a muscle synergy–inspired
control strategy to coordinate FES and ex-
oskeleton motors, for multi-joint gait.

In simulation and in a participant with incomplete
SCI, synergy-based control improved tracking and re-
duced motor energy use vs. motor-only. Walking trials
with a simplified synergy-based version, showed well-
timed stimulation; minimal fatigue due to preserved
voluntary control.

Synergy-based control coordinated FES and mo-
tors for quasi-static walking, addressing redun-
dancy, actuator dynamics, electromechanical
muscle delay, and fatigue. Simulation and ex-
periment confirmed feasibility for hybrid neuro-
prostheses.

Del-Ama 2015 [50] To assess feasibility of hybrid cooperative con-
trol in the exoskeleton, adapting FES and
robotic assistance to manage fatigue, elec-
tromechanical delays, and pathological gait.

The participant completed the 6MWT without ad-
verse effects. After one day of training, he could oper-
ate Kinesis. The hybrid controller compensated for
limited left-knee extension and excessive right-knee
flexion during stance, and fatigue detection adapted
stimulation intensity effectively.

The cooperative control was well tolerated and
compensated bilateral pathological gait patterns
by autonomously increasing knee flexor stimula-
tion and robotic stiffness.

Kurokawa 2012 [51] To assess quasi-passive reciprocal FES walking
and evaluate M-wave based force feedback for
stabilising muscle output and address fatigue.

In the subject, FES improved ankle dorsiflexion and
foot clearance, due to increased hip and knee flexion.
After 3 months’ training, walking time improved from
<5 to >5 min with less effort; spasticity episodes re-
duced.

Quasi-passive FES walking was feasible; selec-
tive soleus/gastrocnemius stimulation improved
gait. M-wave feedback showed potential for fa-
tigue management, but continuous monitoring
of fatigue is needed to fully address fatigue in
clinical use.

Table 4: Summary extraction of experimental studies on semi-passive FES-orthotic devices
Notes: MPC=model predictive control, NMPC=non-linear model predictive control, 6MWT=6-minute walking test
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4 Discussion

4.1 Summary of results

This review provides an overview of the different design
concepts and control strategies proposed in studies that in-
tegrate FES with passive or semi-passive orthotic devices
to support gait in individuals with SCI. Fully passive or-
thoses relying solely on FES remain theoretical and have
not been clinically tested. In contrast, hybrid systems
combining FES with actuators show some preliminary re-
sults in small trials, suggesting they might help maintain
gait patterns while also compensating for muscle fatigue.

4.1.1 Mechanical design

The studies focusing on fully passive orthotic devices were
all theoretical and addressed mechanical design strategies
to minimize the reliance on FES and thereby reduce the
likelihood of rapid muscle fatigue. To achieve this, two key
design features were frequently explored: energy storage
mechanisms and joint locking systems.
For energy storage, the most common approach involved
integrating springs at the knee and hip joints. These
springs store energy during muscle-induced extension and
release it to facilitate and assist flexion during the swing
phase. This passive support helps reduce the activation
needed from the stimulated muscles.
Regarding joint locking and unlocking, various mecha-
nisms were proposed that allow the joints to move freely
in one direction while locking them in the opposite di-
rection during specific phases of the gait cycle, such as
during stance, to provide stability and minimize unnec-
essary muscle activation. Correct timing of locking and
unlocking is critical to ensure safe and effective support
throughout the gait cycle.
To control these locking systems, the reviewed studies
described three main approaches. First, actively con-
trolled mechanisms, where small servo motors, PWM-
controlled solenoids, or microcontrollers are used to oper-
ate the brakes electronically. Second, user-triggered con-
trol, where the locks are engaged or disengaged based on
user actions such as pressing a hand switch, shifting upper
body weight, or changes in joint angular velocity. Third,
state- and time-based control, in which predefined timing
schemes or a Finite State Controller (FSC) coordinate the
activation of brakes in sync with the gait phases.
While these mechanical strategies present promising ways
to support gait with minimal stimulation from FES, none
have been validated in walking trials with individuals with
SCI.

4.1.2 FES configuration and control strategies

In addition to mechanical design, effective FES configu-
ration and control are essential to synchronize muscle ac-
tivation with orthosis mechanics and to manage muscle
fatigue.

FES parameters Among the included studies, various
FES parameter settings were described. However, the way
these were reported differed widely, making comparisons
challenging. Some studies specified target joint torques

to be generated by FES, others provided stimulation in-
tensities in arbitrary units, and a few reported detailed
parameters such as frequency and pulse width. In the ex-
perimental studies, explicit parameter reporting was also
inconsistent, with some studies describing subject-specific
ranges and others providing specific values.

FES control strategies With respect to control strate-
gies, three categories are distinguished in this review for
theoretical studies and the hybrid systems separately, so
six categories in total.
FES control strategies in theoretical studies: In the the-
oretical studies, control strategies were generally cate-
gorized as feedforward control, closed-loop control, or
optimization-based control. Feedforward control involved
predefined thresholds or fixed events within the gait cy-
cle to trigger muscle stimulation, often implemented as
a preprogrammed sequence without real-time adaptation.
Closed-loop control strategies, on the other hand, dynam-
ically adjusted stimulation parameters in response to sen-
sor feedback using Proportional-Integral-Derivative (PID)
controllers, Fuzzy Logic Controllers (FLC), Genetic Al-
gorithms (GA), or Finite State Controllers (FSC). These
approaches aimed to improve tracking accuracy and adapt
stimulation to variations in joint motion. Optimization-
based control relied on mathematical models and cost
functions to compute optimal stimulation profiles, joint
trajectories, and arm reaction forces aimed at producing
energy-efficient, fatigue-minimizing gait patterns.
FES control strategies in experimental studies: For the hy-
brid systems, three categories were identified. Model Pre-
dictive Control (MPC)is a technique that uses a mathe-
matical model to predict future system behavior and com-
pute optimal distributions of effort between FES and mo-
tor assistance. In some studies, ultrasound imaging was
incorporated to estimate muscle fatigue, with one study
using these measurements in real time to adjust control
actions, while another used ultrasound to quantify fatigue
progression for later analysis, and in which they applied
a predictive model estimating fatigue progression. A sec-
ond control strategy employed in experimental studies was
the use of a Finite State Machine (FSM), which divides
the gait cycle into phases and activates appropriate con-
trol rules to coordinate FES and motor engagement ac-
cordingly. Finally, one study implemented predefined gait
patterns combined with real-time feedback, where muscle
output was monitored through M-wave measurements.

4.2 Interpretation and practical implica-
tions

When interpreting the reviewed studies, it becomes clear
that integrating FES with passive or semi-passive or-
thoses appears technically feasible, but the evidence re-
mains at an early stage. Theoretical studies primar-
ily explored design concepts and control strategies in
simulation. These models demonstrated that energy-
storing mechanisms, joint-locking systems, and advanced
control approaches could reduce muscle torque demands
[33, 41, 42, 44, 45] and generate more optimal gait trajec-
tories [44, 45]. Optimization- and control-based methods
further showed potential to improve stimulation timing,
enable smoother gait-phase transitions [37], and reduce
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muscle fatigue [37, 42]. Although these results suggest
feasibility, they were all derived from models, leaving their
clinical results uncertain. Experimental studies confirmed
that integrating FES with semi-passive orthoses is feasible
in practice, but under specific and controlled conditions.
In some studies, participants were able to complete short
walking trials, ranging from about 10 steps to six min-
utes, demonstrating that stimulation could be synchro-
nized with orthotic support to enable repeated stepping.
Some clinically relevant outcomes were also reported, such
as successful completion of a six-minute walk test without
adverse effects using the Kinesis hybrid cooperative con-
trol strategy [50], and reductions in effort and spasticity
after three months of training two to three times per week,
after which walking duration increased from less than five
to more than five minutes using their developed hybrid
FES walking system [51]. At the same time, several limi-
tations were consistently observed, including rapid muscle
fatigue that was not sufficiently prioritized in the control
strategy [48], tracking errors [47], limited endurance, and
the frequent absence of detailed gait quality assessments.
Moreover, most studies involved single participants, very
short walking distances, and highly controlled laboratory
environments, limiting the generalizability of the findings
to rehabilitation practice. Compared to the earlier re-
view by del-Ama et al. in 2012[30], recent research has
made progress in refining control strategies and addressing
fatigue-related challenges, but robust clinical evidence re-
mains limited. The reviewed studies indicate that FES can
contribute meaningfully to gait when combined with me-
chanical support, particularly in generating knee extension
with FES, while orthotic structures provide stability dur-
ing stance. However, the translation from promising sim-
ulations and proof-of-concept trials to robust clinical ap-
plications remains hindered by muscle fatigue, small sam-
ple sizes, and the complexity of coordinating stimulation
with mechanical assistance. Future research should there-
fore prioritize larger-scale experimental validation, includ-
ing systematic assessments of gait quality, endurance, and
long-term usability. If these challenges are addressed,
combining FES with lightweight orthotic devices may offer
a cost-effective and accessible alternative to fully powered
exoskeletons, with the additional benefit of promoting ac-
tive muscle engagement.

4.3 Strengths and limitations

A key strength of this review is its comprehensive and sys-
tematic search strategy across multiple databases, which
ensured broad coverage and systematic screening of rele-
vant literature and an up-to-date overview of the field. In
addition, by focusing specifically on studies that integrate
FES with passive or semi-passive orthotic devices for gait
support in individuals with SCI, this review covers a clear
and clinically relevant niche that has been less studied
than fully powered exoskeletons.
However, there are also some limitations to consider. Some
potentially relevant studies have been excluded, such as
those investigating hybrid exoskeletons that combine FES
with motorized components but do not explicitly apply a
muscle-first approach. Similarly, studies involving healthy
participants or purely theoretical work on muscle-first sys-
tems were not included, even though they might offer use-

ful technical insights. Another limitation is that all study
selection and data extraction were performed by a single
reviewer, which may introduce a risk of selection bias or
overlooked details. Finally, the heterogeneity among the
included studies, in terms of control strategies, the re-
porting of FES parameters, and experimental conditions,
makes it difficult to directly compare outcomes or to de-
termine which specific strategies might hold the greatest
potential for improving gait in individuals with SCI.

4.4 Future recommendations

Future research should focus on conducting clinical tri-
als with SCI participants to evaluate the feasibility, us-
ability, and practical limitations of FES-assisted pas-
sive and hybrid orthotic systems, particularly regarding
muscle fatigue. Several studies emphasize the disadvan-
tages of FES, such as limited control over muscle activa-
tion and rapid fatigue of muscles, which have motivated
the development of hybrid systems in these studies with
motorized components to address these challenges more
effectively[52, 53, 54].
In a review by Karimi et al.[55], several additional prac-
tical limitations of current hybrid exoskeletons are high-
lighted, including difficulties in optimally placing elec-
trodes, inconsistent stimulation, and the time-consuming
process of donning and doffing orthoses with the electrodes
attached. Cross-stimulation of unintended muscle groups
has also been reported. These considerations underline the
importance of assessing whether newly proposed systems
overcome these issues and of testing such improvements
under realistic conditions.
Additionally, emerging technologies such as brain-
computer interfaces (BCIs), spinal cord stimulation, arti-
ficial intelligence applications and other neuromodulation
approaches are increasingly being explored to support gait
rehabilitation for individuals with SCI. Some of these tech-
niques are already being combined with FES. For exam-
ple in a study by King et al.[56], an electroencephalogram
(EEG)-based BCI is developed to control a FES system
for overground walking and assessed in an individual with
paraplegia due to SCI. A recent review by Tao et al.[57]
further highlights the progress of AI research, discussing
intelligent robots and limb exoskeletons for rehabilitation
training, as well as the integration of BCIs, neuromodu-
lation, and noninvasive electrical stimulation with AI for
motor function recovery.
Exploring these innovations alongside FES could broaden
the field and offer new opportunities to improve walking
function and independence for people with SCI.
Future work should focus on integrating emerging con-
trol techniques, intelligent sensing, and powered actuation
where needed, to balance muscle engagement and external
assistance optimally.

5 Conclusion

This review summarized existing concepts that integrate
Functional Electrical Stimulation (FES) with passive and
semi-passive orthotic devices for gait support in individ-
uals with spinal cord injury (SCI). The included studies
illustrate a range of design principles and control strate-
gies aimed at reducing muscle torque demands, mitigating
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fatigue, and enabling functional stepping. Fully passive
FES–orthosis systems remain limited to theoretical mod-
els, which consistently suggest technical feasibility but lack
experimental validation. Approaches that combine FES
with actuators have been tested in small pilot studies,
showing that synchronization of stimulation with mechan-
ical support is possible and can enable short walking trials,
from a few steps to functional tests such as the six-minute
walk test. These findings indicate that FES can meaning-
fully contribute to gait generation, particularly supporting
knee extension with FES, while orthotic structures provide
stance stability.
At the same time, challenges remain. Muscle fatigue, lim-
ited endurance, the complexity of coordinating stimula-
tion with mechanical assistance, as well as the small and
laboratory-based nature of existing trials, currently hinder
translation to clinical practice. To move towards clinical
translation, larger-scale trials and improving adaptive con-
trol strategies must be prioritized. FES-assisted orthotic
devices could then offer a cost-effective and more acces-
sible alternative to fully powered exoskeletons, combining
functional gait support with the added benefit of promot-
ing active muscle engagement and additional physical and
mental health benefits.
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Appendix A: Search queries per database

Medline

(Exoskeleton Device / OR Orthotic Devices / OR (exoskeleton* OR orthos* OR orthotic*).ab,ti,kw.) AND (Elec-
tric Stimulation Therapy / OR ((electr* ADJ3 (stimulat* OR therap*)) OR electrostimulat* OR fes OR elec-
trotherap*).ab,ti,kw.) AND (Gait / OR Walking / OR Walking Speed / OR Mobility Limitation / OR Locomotion
/ OR Psychomotor Performance / OR (gait* OR walking OR locomot* OR functional* OR mobiliz* OR ambulat*
OR (motor* ADJ3 performan*) OR treadmill* OR kinematic*).ab,ti,kw. OR (fes).ti.) AND (Spinal Cord Injuries
/ OR Paraplegia / OR Quadriplegia / OR ((spinal-cord ADJ3 (trauma* OR injur*)) OR paraplegi* OR tetrapleg*
OR quadripleg* OR ((Lower-Limb* OR Lower-extremit* OR leg OR legs) ADJ3 Paraly*)).ab,ti,kw.) NOT (news OR
congres* OR abstract* OR book* OR chapter* OR dissertation abstract*).pt. NOT (exp animals/ NOT humans/)
AND english.la.

Embase

(exoskeleton/de OR ’exoskeleton (rehabilitation)’/exp OR orthosis/de OR ’hip-knee-ankle-foot orthosis’/de OR ’knee-
ankle-foot orthosis’/de OR ’knee orthosis’/de OR ’leg orthosis’/de OR ’walking orthosis’/de OR ’gait orthosis’/de OR
orthotics/de OR (exoskeleton* OR orthos* OR orthotic*):Ab,ti,kw) AND (’functional electrical stimulation’/de OR
electrostimulation/de OR electrotherapy/de OR ’gait rehabilitation electrical stimulation system’/de OR ((electr*
NEAR/3 (stimulat* OR therap*)) OR electrostimulat* OR fes OR electrotherap*):ab,ti,kw) AND (gait/de OR walk-
ing/de OR ’walking speed’/de OR treadmill/de OR ’walking difficulty’/de OR ’gait orthosis’/de OR ’functional electri-
cal stimulation’/de OR locomotion/de OR mobilization/de OR ’motor performance’/de OR kinematics/de OR (gait*
OR walking OR locomot* OR functional* OR mobiliz* OR ambulat* OR (motor* NEAR/3 performan*) OR tread-
mill* OR kinematic*):ab,ti,kw OR (fes):ti) AND (’spinal cord injury’/exp OR paraplegia/exp OR quadriplegia/de OR
((spinal-cord NEAR/3 (trauma* OR injur*)) OR paraplegi* OR tetrapleg* OR quadripleg* OR ((Lower-Limb* OR
Lower-extremit* OR leg OR legs) NEAR/3 Paraly*)):Ab,ti,kw) NOT [conference abstract]/lim NOT ([animals]/lim
NOT [humans]/lim) AND [english]/lim

Web of science

(TS=(exoskeleton* OR orthos* OR orthotic*)) AND (TS=((electr* NEAR/2 (stimulat* OR therap*)) OR electros-
timulat* OR fes OR electrotherap*)) AND (TS=(gait* OR walking OR locomot* OR functional* OR mobiliz* OR
ambulat* OR (motor* NEAR/2 performan*) OR treadmill* OR kinematic*) OR TI=(fes)) AND (TS=((spinal-cord
NEAR/2 (trauma* OR injur*)) OR paraplegi* OR tetrapleg* OR quadripleg* OR ((Lower-Limb* OR Lower-extremit*
OR leg OR legs) NEAR/2 Paraly*))) NOT DT=(Meeting Abstract OR Meeting Summary) AND LA=(English)

Cochrane

((exoskeleton* OR orthos* OR orthotic*):Ab,ti,kw) AND (((electr* NEAR/3 (stimulat* OR therap*)) OR electros-
timulat* OR fes OR electrotherap*):ab,ti,kw) AND ((gait* OR walking OR locomot* OR functional* OR mobiliz* OR
ambulat* OR (motor* NEAR/3 performan*) OR treadmill* OR kinematic*):ab,ti,kw OR (fes):ti) AND (((spinal-cord
NEAR/3 (trauma* OR injur*)) OR paraplegi* OR tetrapleg* OR quadripleg* OR ((Lower-Limb* OR Lower-extremit*
OR leg OR legs) NEAR/3 Paraly*)):Ab,ti,kw)
(”conference abstract”:kw OR Trial registry record:pt)
#1 NOT #2

Scopus

(TITLE-ABS-KEY(exoskeleton* OR orthos* OR orthotic*)) AND (TITLE-ABS-KEY((electr* W/2 (stimulat* OR
therap*)) OR electrostimulat* OR fes OR electrotherap*)) AND (TITLE-ABS-KEY(gait* OR walking OR loco-
mot* OR functional* OR mobiliz* OR ambulat* OR (motor* W/2 performan*) OR treadmill* OR kinematic*) OR
TITLE(fes)) AND (TITLE-ABS-KEY((spinal-cord W/2 (trauma* OR injur*)) OR paraplegi* OR tetrapleg* OR
quadripleg* OR ((Lower-Limb* OR Lower-extremit* OR leg OR legs) W/2 Paraly*))) AND NOT DOCTYPE(ab)
AND LANGUAGE(English)

IEEE xplore

(exoskeleton OR orthosis OR orthotic) AND (”electrical stimulation” OR ”electro therapy” OR electrostimulatation
OR electrotherapy) AND (gait OR walking OR locomotion OR functional) AND (”spinal-cord trauma” OR ”spinal-
cord injury” OR paraplegia OR tetraplegia OR quadriplegia )
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Google scholar

exoskeleton—orthosis—orthotic ’electrical stimulation—therapy’—electrostimulatation—electrotherapy gait—walking—locomotion—functional
’spinal-cord trauma—injury’—paraplegia—tetraplegia—quadriplegia
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