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Abstract: Most exoskeletons designed to assist users in load-bearing tasks face a mechanical dilemma
in their conception. Designers may find a compromise between stiff active actuators-based archi-
tectures which are powerful but bulky and compliant actuator-based designs which are much less
assistive but less constraining for users. This article presents a new open-source simulation-based
design tool and a human-centered method that lets orthosis designers explore different device con-
figurations and evaluate some performance criteria. This framework was applied in three different
young-adult subjects. The effects of design personalization on user morphology and gait were
studied. First, an ankle–foot orthosis designed to support a 20 kg backpack was defined according
to the user’s height, weight, and walking speed. Then, a simulation of the subjects fitted with their
customized design walking at a self-selected speed on flat ground carrying this additional load was
performed. First, the results showed that the designed method inspired by natural joint stiffness
behavior provided viable personalized mechanisms. Second, significant reductions in peak joint
torque and mean joint activity were observed when comparing muscle-generated torques while the
subject was wearing the 20 kg backpack with ankle–foot orthoses on both legs or without. Finally, it
shows the value of an open-access tool for exploring the coupling of passive and active actuators to
generate lighter and more compliant designs.

Keywords: wearable; robotics; biomechanics; gait analysis; load carrying; OpenSim; MATLAB;
Simulink

1. Introduction

Carrying heavy loads remains a challenge in several tasks, particularly on uneven ground,
in industrial contexts, or at home where mechanical help (wheelbarrows, fork lifts, etc.) cannot
be used. In this context, exoskeletons could be interesting solutions. Indeed, exoskeletons are
a technological possibility that can either be an aid to prevent injuries or bring some strength
to the user. Load-carrying exoskeletons have taken different forms in the literature in recent
years. The most favored strategy is to develop a full-leg exoskeleton incorporating a structure
at back or pelvis level to adapt the load to be carried and, eventually, some remote joint
actuators [1–3]. The advantage of this solution is that it directly transfers part of the back load
to the ground, to the benefit of the leg. However, these systems require one or more actuators
per joint, as well as the corresponding power supply, which can be cumbersome. The user
may also experience discomfort when wearing this type of solution, due to the nature of the
powerful but rigid electric or hydraulic actuators, which are used in industrial robotics but
are not suitable for this application. Finally, to reduce this discomfort, the ankles of these leg
exoskeletons are usually left free of powered actuation, such as in the case of the MindWalker
exoskeleton [4] or HULC from Lockheed Martin [5].

The other strategy is to assist a single joint with a hip orthosis [6], a knee orthosis [7,8], or
an ankle orthosis [9–14]. Despite the lighter weight and lower cost of development of these
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solutions compared to a full-leg exoskeleton, the constraints faced by orthosis designers are
considerable [15–18]. Orthosis actuators must be adequately actuated to provide the necessary
support while limiting additional distal mass and adapt to natural joint kinematics. The system
should ensure high autonomy and limit its impact on the user’s walking comfort. To borrow
the term from telemanipulation, we can speak of maximizing the system’s transparency and
backdrivability. As walking is a complex, adaptive process, the joints of the leg are constantly
adapting their generations of effort and trajectories in order to move the body. This adaptation
depends on the walking context, and takes place throughout life. Numerous studies [19–22]
show that the ankles are the joints that exert the most important torque and power during the
stance phase of ground-level walking.

In [21,23–33], the authors looked at the evolution of ankle quasi-stiffness and its
factors of variation. Ankle quasi-stiffness (AQS) refers to the ankle’s ability to generate a
moment when flexed dorsally or plantarly. This stiffness is expressed in Nm/kg/rad or
Nm/kg/deg. This AQS is affected by various parameters such as age [23,24], gender [24],
and, mainly, height and weight [27,28,30]. However, within the same subject, the most
relevant parameter to study is gait speed [21,24,25,31–33]. Some authors have proposed
a model for approximating AQS that takes into account only the subject’s height and
weight, as in [30]. Others have proposed to reduce the AQS to a set of linear [21,24] and/or
non-linear [27–29] springs, whose stiffnesses vary with gait speed.

Designers of lower-limb exoskeletons or ankle orthoses who would like to design a
walking aid based on ankle effort assistance have realized that the challenge lies, above all,
in the energy compactness of this joint, which is capable of generating on average 1.2 to
1.5 Nm/kg (i.e., ∼100 Nm for a healthy adult) thanks to a few muscles and tendons in a
limited volume [15,16,22]. Overcoming these challenges to assist the ankle in generating
torque should result in significant, helpful energy savings for the user [22,34].

Solutions explored a few decades ago focused on hydraulic or pneumatic actuators
(including pneumatic artificial muscles). Despite their ability to deliver high levels of power
when required, the very nature of these actuators limited their mobility. This is less true
today; this technology has evolved and is still used (e.g., the HULC exoskeleton, a modern
ready-to-use military load-carrying full-leg hydraulic exoskeleton [5]), but the trend today
is towards the implementation of fully electric solutions, thanks to advances in portable
batteries and electric actuation technology. However, full electric motor-based designs
usually weigh too much to feel practical for users for distal joint assistance.

In the literature of recent years, to optimize device behavior, we have seen that com-
pliant actuators are an ongoing trend in exoskeleton and orthosis design, as suggested by
study [35]. With a view to reducing the weight and energy consumption of these solutions,
passive solutions are being integrated into orthoses to combine compliance, energy storage
and restitution, and a reduction in the size of active actuators. In the literature of recent
years, to optimize the behavior, we have seen authors integrating electric actuators with
fixed-stiffness elastic parts attached in series (series elastic actuators, SEAs) [4,7,36–41] or
parallel (parallel electric actuators, PEAs) [36,42], and other actuators with variable-stiffness
parts added with lots of different architectures (variable-stiffness actuators, VSAs) [43–53].
According to the authors, these three types of actuators appear to be more suitable in terms
of comfort, adaptability, and mass reduction than purely active solutions. Building on the
work in [10], some of the same authors have demonstrated that the use of an SEA and a
unidirectional PEA (following the recommendations of [54]) together with the appropriate
controller in the development of a prosthetic foot [15] provides assistance that is closer to
the behavior of a biological foot. Similarly, the subjects who tested this SEA-PEA prosthesis
were more likely to wear it than current passive solutions, perceiving less discomfort in
their gait. The performance of this prosthetic foot was very similar to that of a biological
foot in terms of compactness, weight, and power. This was achieved by breaking down
the quasi-ankle stiffness into simplified linear signals, then transposing these signals into
technological components [36]. This approach, based on the study of human biomechan-
ics, seems to have been increasingly used in recent years in the design of orthoses and
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exoskeletons given the number of published biomechanical studies involving simulations
of human-assistive device interaction, e.g., [55], or gait analyses with a view to exploiting
the results for the design of assistive devices [56–58]. In [57], the authors propose a method
using OpenSim 3.3 open-source software—for which they are part developers—to study
the dynamics of a body in motion in order to best size the mechanical components of a
customized exoskeleton to assist walking under load. In [55], the authors present their
approach to developing a closed-loop simulation of an active knee orthosis coupled to
a human subject, in order to test different brace servo strategies. This simulation uses
OpenSim® 4.2 for biomechanical simulation, Simulink 2019 for servo-control of the orthosis,
and MATLAB 2019 as a pipeline between the tools. This article lays the foundations for
a functional tool suitable for exoskeleton and orthosis design. Unfortunately, with the
complete overhaul of the OpenSim API in 2021, this tool is no longer usable today. The aim
of our study is to develop methods and tools for building a solution and assessing its value
in terms of joint assistance when executing a task (e.g., walking and carrying a backpack),
taking into account the torque and spacial constraints applying to the ankle orthosis. The
first hypothesis is that the ideal solution to assist a joint during load-bearing walks should
be personalized to the wearer anatomical needs. It should also limit discomfort in the
kinematics of walking, providing assistance only when needed, and reduce the feeling of
insecurity and discomfort when wearing a walking device. In a few words, the notions of
system transparency and “quasi joint stiffness” such as AQS are essential to the design.

Our work first focuses on the design of an ankle orthosis rather than an orthosis
for the other leg joints because the challenge of designing an effective and comfortable
load-carrying ankle orthosis still remains for exoskeletons. Through these tools, we design
a mechanism that provides the necessary moment to support the ankle torque generation
when the foot is on the ground and is as transparent as possible when the foot is in the
air and not supporting the body weight. We think it is fair to assume that a bio-inspired
design method used to generate actuators and controls for prostheses will perform better
than designs integrating standard robotic actuators and focusing on their actuator control
strategy. In this context, we ask whether it is possible to optimize the torque generation of
an orthosis through its design, or the joints of a leg exoskeleton based on the force response
of human joints. We first use existing open tools, then develop new ones and present them
here for the community.

2. Materials and Methods

The experimental data used in this study were obtained from an experiment led by
Liu et al. [59]. Details of the data acquisition protocol can be checked in this article. The use
of OpenSim 4.2 software was also proposed to exploit some of these data and to present
our own simulation. For our experiment, only the “GIL06”, “GIL08”, and “GIL11” subjects
were retained, along with their kinematics and the ground reaction forces and moments
(GRFMs) associated with their “Free” and “Slow” series. Other subjects in the group were
either too young or did not show similarities with the other subjects compared. GIL11 was
found to have age, height, weight, and free walking speed characteristics close to those of
an average young adult and was considered as the reference subject of our study. GIL06
and GIL08 were found to have almost the same characteristics as GIL11, except for the fact
that GIL08 was 9 cm taller than GIL11, and GIL06 weighed 20 kg more than GIL11. The
free and slow walking speeds of all subjects were found to be close.

2.1. Biomechanical Models

The OpenSim 4.2 software is provided with several default anatomical and muscular
models that have been tested in previous publications [60]. The data of interest in this
study concern only walking experiments in the sagittal plane.
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2.1.1. Models from Dataset

For this purpose, the OpenSim 4.2 Gait10DOF18musc model was chosen. Details and
settings of this model can be found in [61]. This armless model is fitted with 10 DOFs
(3 translations at the pelvis; in the saggital plane, 1 pin joint between the pelvis and the trunk–
head core; and 1 pin joint for each hip, knee, and ankle joint) and 18 muscles. It shows only the
degrees of freedom and muscles required to reproduce gaits recorded in the same sagittal plane.
A physical presentation of that model is displayed in Figure 1. The “Scaling” function available
in OpenSim was used to scale the default model and create new ones to the proportions of the
3 retained subjects. This was achieved using the scaling tool configuration files.

Figure 1. GUI displays of Gait10DOF18Musc models from OpenSim 4.2. From left to right: the
original model, the backpack-fitted model, and the double AFO and backpack model. Small green
dots display the local mass centers of the torso part, and the backpack if present. Bigger green dots
display the global center of mass of the models. One can notice that the augmented models show an
upward-and-backward-shifted global center of mass.

2.1.2. Augmented Models

In order to compare the generation of joint muscular effort, particularly that of the
ankle, two new types of model were derived from the original one and can be seen in
Figure 1. Firstly, the biomechanical model of each subject was augmented with an additional
20 kg backpack load, represented by a plain parallelepiped solid with inertial parameters
(Ixx = 2.67|Iyy = 3.33|Izz = 1.73 N/mm²). The new solid was welded onto the torso of the
biomechanical model at −0.2 m in the fore-aft direction and 0.2 m in the vertical direction
from the thorax center of mass. Those two lengths corresponded to an experimental distance
measure between the torso barycenter and the 54 × 40 × 22 cm basic backpack worn by
the GIL11 model. Eventually, the characteristics and fitting of this extra load onto the basic
model could be customized. Secondly, a new model was featured with a two-part ankle–
foot orthosis (AFO) on each leg. The AFOs had non-zero mass and inertial parameters, but they
were low enough (100 g per piece, Ixx = 5.0× 10−3|Iyy = 1.25× 10−2|Izz = 1.4× 10−2 N/mm²)
not to impact the model. If required, one is free to modify these parameters to simulate
a particular design. The upper and lower parts of the AFOs are linked by a pin joint.
As OpenSim 4.2 does not support closed kinematic chains, AFO parts are linked to the
tibia and talus bones by bushing forces on each leg. These forces act like spring-damper
constraints applied between reference frames attached to their respective bodies. A virtual
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controller-based massless torque generator is declared on the pin joint of the AFOs. The
AFOs are positioned so that their axis of rotation coincides with the model’s simplified
pin joint ankle axis of rotation in the sagittal plane and bushing forces are set to transmit
torques between the AFO and the foot while keeping the AFO in place. Inspired by the
backpack implementation, a localized actuator of known mass can be declared for the
model for further research.

2.2. Simulations Workflows

The three next sections will explain how to use the framework according to each
experimental condition. Figure 2 will help the reader to locate which feature is put to use.
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Figure 2. Framework workflow and GRFM estimation method diagram used in this paper. (a) Diagram
of the entire framework, available at https://github.com/MokaMech/HJOSET (accessed on 10 august
2024). Main features are, from top to bottom: the muscle and dynamic task study through the OpenSim
4.2 tool pipeline; the GRFM estimation and quasi-stiffness cycle estimation for AQS though MATLAB;
and the Simulink-based mechanism design tool that serves as a device controller generator for the
OpenSim CMC tool. (b) Flowchart of the workflow used to estimate the GRFMs of the added 20 kg
backpack from the original recorded GRFMs. The transformation between the two signals resulted from
a time-varying ratio obtained through two CusToM simulation runs with unloaded and backpack-loaded
models, respectively. The two simulations ran from the same kinematics and tool parameters. The tilde
notation is to represent the estimation aspect of the corresponded data.

https://github.com/MokaMech/HJOSET
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2.2.1. No-Load Models

For each subject, the scaled model was used, along with the recorded inverse kine-
matics and GRFMs. Data were acquired while the subjects were walking on flat ground at
several slow (0.70 and 0.81 m/s) and free (1.11, 1.12, and 1.17 m/s) self-selected speeds.
The detailed protocol was reported in [62]. OpenSim’s Residual Reduction Algorithm
(RRA) was used to reduce the residual effort [63]. These came from the aggregate marker
data-processing errors which make the model compensate for nonphysical forces. By
altering the torso mass center of the subject-specific model, this algorithm permits the
kinematics computed from Inverse Kinematics to slightly adjust to be more consistent with
the recorded GRFM data. The RRA tool was used twice, as suggested in [57], with the
first iteration generating a corrected model with new centers of mass for each body to
reduce the residual forces, and the second iteration generating the inverse kinematics that
minimize these kinematics reconstruction errors when applied to the corrected model. The
second iteration was also used to determine joint torques by means of an inverse dynamics
calculation. The final tool in the workflow was OpenSim’s 4.2 “Computed Muscle Control”
tool [64], which used the corrected model, kinematics, joint torques, and an objective func-
tion to determine the forces generated by each of the muscles making up the model’s joint
muscle torques. With the “Gait10dof18musc” model, the ankle joint torque was derived
from the tibial anterior (TA), soleus (SOL), and gastrocnemius (GAS) muscles.

2.2.2. Load-Carrying Models and Data

The major difference compared to the previous experimental condition is that the
GRFMs were not derived from the dataset, and OpenSim 4.2 does not provide a feature
to estimate GRFMs. Instead, an open-source MATLAB toolbox named CusToM [65] was
used. The CusToM toolbox, which is designed for biomechanical modeling and is based on
the MATLAB environment and several other MATLAB toolboxes, was used to estimate
the ground reaction forces and moments (GRFMs) for each subject in the dataset and for
each walking speed. Figure 2b illustrates the workflow described below to estimate the
loaded GRFMs.

First, an equivalent biomechanical model was defined for each subject using the
raw positions of the motion capture markers Xi (see .c3d files) and the model and tool
parameters. Inverse kinematics and inverse dynamics were then calculated, and a GRFM

estimate—G̃RFM—was prescribed. The difference between the estimated GRFMs and the
recorded GRFMs was then evaluated.

As the peaks and trends of the estimated GRFMs matched those of the recorded
GRFMs, a second estimate was made using the same tool parameters and model but
with the addition of a 20 kg backpack, similar to the augmented models in OpenSim
4.2. To create this new model, a snippet of code was inserted into the main function of
CusToM to compute a new mass and center of mass for the thorax in the biomechanical
model generated by the toolbox before estimating the inverse dynamics and GRFMs. Both
GRFMs were then visualized in a spreadsheet with graphics, and the estimated GRFMs

with the backpack—G̃RFMBP—was deconvolved with the estimated GRFMs without the

backpack G̃RFM. The result was the time-varying ratio signal R(t) between the two GRFMs.
This ratio was then applied to the recorded unloaded data GRFMs, which matched the
dataset kinematics better, to obtain an estimate as if they had been equipped with a 20 kg
backpack—called GRFMBP. Since the estimated GRFMs were obtained, the same steps as
for the no-load simulations were repeated with the new data.

Validation of the GRFM estimation method: To evaluate the accuracy of the new
GRFM data, an error threshold based on the model weight was established. This threshold
was set to 5%, as described in [66], to determine if the signal was “good enough” for
our simulation. In addition, a visual examination of the induced center of pressure and
vector component of the new GRFMs was conducted to ensure that they behaved in the
same manner as the original GRFMs. Specifically, we checked that the center of pressure
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appeared at the same location and moved in the same direction under the feet, and that
the new GRFM vector originated from this new center of pressure and pointed towards
the corrected center of mass of the backpacked model. Based on these assessments, we
concluded that the new GRFMs estimated by this transformation method were sufficiently
accurate for our simulation.

2.2.3. AFO-Equipped Load-Carrying Models

In this model, which included both unloaded and loaded conditions with a 20 kg
backpack and AFOs on both legs, OpenSim’s CMC tool was used to determine the forces
generated by the muscles, taking into account any device assistance described in the torque
constraints file. The assistance profile was designed using a MATLAB/Simulink simulation
based on the weight-normalized joint muscle torque-generation profile as a function of
ankle position, as shown in [36]. These curves are referred to as AQS curves earlier in
this article. Using the RRA kinematics and joint torque results obtained in the unloaded
condition experiment, we plotted the AQS curves for each subject. These curves were then
used to hypothesize mechanisms of generation by manually approximating them using
passive and active components such as linear torsional springs and electric actuators (see
Figure 3).

GIL11_free Ankle Quasi-Stiffness Behavior

IC

GIL11_free AFO Mechanism Behavior

K2 + G

IC

K2

K1 
+ K2

G

K1 + K2 
   + G

           : Mechanism change    IC : foot initial contact      K1,K2 : springs      G : torque generator

Engaged    
Disengaged                        

Figure 3. Example of fitting of the reference subject GIL11 AQS profile (female, 18 years old, 63.1 kg,
1.63 m) at free speed (1.17 m/s). Reference profile is displayed on the left. Mechanism generation is
displayed on the right. It is composed of two linear springs (K1, K2) and an external torque generator
(G). The starting point at the left leg initial contact (IC) is pointed out by a red dot on the two curves.
The AFO torque profile evolved following the arrow marks. During the swing phase (from −30° to IC
clockwise), no component was enabled. Other mechanism designs can be found in Appendix A.

The Simulink project was based on a workflow that simulates a virtual mechanism
designed to implement a personalized actuation strategy. The mechanism is defined using
the components chosen from the breakdown of the subject-related AQS curves, and can be
modified to fit the strategy to be implemented.

The Simulink project takes as input the kinematics and joint torques calculated by
the RRA tool for the subject and load case under consideration. The stiffness of passive
mechanical components is defined in Nm/kg/deg and the stiffness of active components
in Nm/kg. The assistance torque provided by the active actuators and the product of
passive stiffness and ankle deviation is called “unscaled assistance” and its unit is Nm/kg.
A scaling factor in kg is applied to each component’s output to fit the mass the device is
supposed to balance. The scaling factor can be adjusted to fit the design and determine the
torque characteristics of the components implemented in the mechanism, which will be
used for the implementation of the actuation strategy during prototyping.
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The subject-specific weight-normalized torque-generation behavior of the active and
passive components during simulation is compared with its AQS curve, and the RMS error
is computed between both torque-generation profiles. To achieve this torque-generation
behavior, we implemented two parallel linear springs and a torque generator in the mech-
anism. Springs are represented according to their stiffness and their operating range
(depending on the ankle angle deviation, and on the gait phase for which they are in-
tended). The torque generator is represented by its nominal maximum torque, based on
the maximum difference between natural ankle joint torque and the torque provided by
the springs identified by the simulation. The torque generator and springs are considered
as actuated and separated, with no assumption of their body attachment. Regarding the
desired assistance strategy, one is free to implement any kind of component or change the
preset mechanism. The default mechanism design implements a PEA with two parallel
springs and an electric motor. Once the mechanism satisfies all design constraints and
objectives, the forces generated during simulation of the mechanism and scaled by the
assistance scaling factor are pasted into a file that can be interpreted by OpenSim 4.2 as a
constraint file driving the orthoses of the AFO-augmented model. The AFO models can
then be edited to integrate the retained components according to the simulation findings.

The experiment workflow concludes by running the OpenSim tools pipeline one last
time on the AFO- and backpack-augmented model. The CMC tool is used to determine the
joint muscle torque generated by the TA, SOL, and GAS muscles of each leg, assisted by
the strategy simulated in the Simulink project. The muscles’ generated torque is compared
with the RRA results from the unassisted load-bearing and no-load cases to assess the
differences in joint muscle torque generation.

From that point, performance metrics can be computed to evaluate the potential of the
estimated assistance strategies.

3. Results
3.1. AQS Profile Breakdowns

The workflow described above enabled us to create personalized assistance profiles
for each subject and their respective free and slow walking speeds. The resulting mecha-
nism was designed to systematically break down the AQS curves into passive and active
actuators, regardless of the subject or speed being considered.

3.1.1. Passive Assistance

Figure 3 shows an example of the breakdown of GIL11’s free AQS profile into a
personalized AFO mechanism, illustrating the output of the method proposed in this study.
This analysis was also performed for the other cases, which can be found in Appendix A.

To provide assistance to the user at the correct time, the K2 spring in the personalized
AFO mechanism needs to be triggered at the moment of initial contact (IC) between the
foot and the ground, as indicated by the red dot in Figure 3. The timing of this initial
trigger varied for each subject. For example, in the case of GIL11 at free speed, the IC event
occurred when the ankle deviation reached −5.0 degrees.

Following the IC event, the load is transferred onto the user’s stance leg as they
move forward. During this phase of the gait cycle, the K2 spring is engaged and stores
potential energy, which is then released to provide assistance. The working range of the K2
spring is subject specific and, in the case of GIL11, it was triggered from −5.0° to −6.5°,
corresponding to the foot flat gait event, up to 15.0°.

In the proposed AFO mechanisms, an additional spring, K1, is included to better
match the non-linear load response of the AQS curve during the gait phase. The stiffness of
K1 is several times higher than that of K2 and is triggered after K2.

The working ranges of the springs and their corresponding angular stiffness values
for each study case can be found in Table 1.
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Table 1. Summary of mechanism characteristics for each subject and speed. The mechanisms have
been sized to relieve 20 kg from the user. User weights are expressed free of extra load. This table
lists all angular stiffness and engagement ranges for the K1 and K2 springs. The maximal torques
supplied by G in each condition are also listed. RMS errors (in Nm/kg) were computed between the
raw unscaled mechanism resulting from the AQS breakdown and the reference torque delivered by
the AQS profile over time.

Subjects Speeds
(m/s)

K2 Spring K1 Spring Torque Gen. RMSE Error
of Unscaled
Assistance
(Nm/kg)

Angular
Stiffness
(Nm/deg)

Working Range (deg) Angular
Stiffness
(Nm/deg)

Working Range (deg) Max
Torque
(Nm)Min Trigger Max from to

G6 (1.57 m,
81.9 kg)

1.11 2.87 −7.0 −4.0 12.5 7.37 2.5 12.5 13.0 0.0221

0.81 3.11 −10.0 −8.0 8.0 5.32 −1.6 8.0 6.3 0.1004

G8 (1.72 m,
61.9 kg)

1.12 0.93 −5.0 −1.2 17.0 8.36 7.0 17.0 16.0 0.0136

0.7 1.11 −5.0 −0.5 16.0 8.36 7.5 16.0 10.5 0.0112

G11 (1.63 m,
63.1 kg)

1.17 1.78 −6.5 −5.0 15.0 4.10 5.0 15.0 9.4 0.0375

0.8 2.46 −12.0 −8.0 13.0 6.06 8.0 13.0 4.1 0.0418

3.1.2. Active Assistance

The active element of the mechanism is triggered when necessary, based on the
breakdown of the AQS curve for each subject and speed. The actuation profile for the
active element, denoted as G, is determined to minimize the error between the subject’s
AQS curve and the torque generated by the AFO.

As shown in the example in Figure 3, the torque generator G is triggered during the
hysteresis feedback loop, either alone or in combination with the passive actuators K1
and K2. The maximum required torque for the active component in each condition is also
reported in Table 1. The full breakdown of the AQS curves for the passive actuators can be
found in Appendix A.

3.1.3. RMS Fitting Error

For each condition, an RMS error was computed between the unscaled assistance
torque generated by the personalized mechanism and the subject’s AQS torque over the
time simulation, which equals the elapsed time over one stride. The mean RMSE across all
mechanisms was 0.0377 ± 0.033 Nm/kg. RMS values ranged from 0.1004 for GIL06 at slow
speed to 0.0112 for GIL08 at slow speed.

RMS values for other conditions can be found in Table 1.

3.2. Device Performance Evaluation

For each subject and walking speed, the OpenSim 4.2 RRA right and left ankle torque
results for both unloaded and load-carrying conditions are plotted against the simulation
time in Figure 4. Additionally, the OpenSim CMC right and left ankle torque results
generated by the sum of the soleus (SOL), gastrocnemius (GAS), and tibialis anterior
(TA) muscles during the AFO-braced load-carrying conditions are also plotted against
their respective simulation times in the same figure. It is important to note that the
negative torque values observable in the plots are solely due to the frame orientation in the
OpenSim simulation.
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Figure 4. Right and left leg torque generation of each subject under each load condition at free and
slow speeds. This plot displays the RRA torque output of the unloaded (full line) and backpack-
carrying (dashed line) conditions against time. The torque generated by the contraction of the
SOL, GAS, and TA muscles (circled dashed line) is also plotted against time. Refer to Table 2 for
evaluation metrics.
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Table 2. Summary of the evaluation metrics of right and left leg AFO mechanisms for each subject
carrying the 20 kg backpack. User weights are expressed free of extra load. Refer to Figure 2 for time
visualization of the provided assistance.

Subjects Speeds (m/s)

Peak Torques Difference Mean Activity Saving (%)

Left Leg Right Leg Mean
Left Leg Right Leg Mean

(Nm) (%) (Nm) (%) (Nm) (%)

G6
free 16.79 −11.47 21.08 −13.09 18.93 −12.28 −12.52 −12.43 −12.47

slow 30.00 −20.06 33.73 −22.48 31.86 −21.27 −17.47 −21.70 −19.58

G8
free 40.23 −25.15 41.00 −27.08 40.62 −26.12 −22.62 −18.03 −20.33

slow 35.25 −23.27 28.74 −24.08 31.99 −23.67 −18.49 −22.96 −20.73

G11
free 5.86 −6.06 32.03 −32.52 18.95 −19.29 −15.09 −15.42 −15.26

slow 16.53 −15.78 9.06 −9.87 12.79 −12.83 −19.23 −13.21 −16.22

3.2.1. Ankle Muscle Peak Torque

Figure 4 highlights the increased torque demand on the ankles when the subjects were
carrying a 20 kg backpack and walking at the same speed as in unloaded conditions. The
major difference in the torque request occurred during the power plantar flexion event,
where the torque curves peaked.

In all conditions, wearing subject-specific AFOs on both legs helped the subjects to
reduce the mean peak torque request to transport the load, with a mean value of around
−19.24 ± 5.6676%. It is worth noting that, in the GIL06 and GIL08 cases at slow speed,
where the subjects were wearing a backpack and an AFO on the right leg, the designed
mechanism allowed the users to output less torque during the early load transfer phase than
that requested in the unloaded condition. The values of this reduction for each condition
can be found in Table 2.

3.2.2. Ankle Muscle Activity

The way the assistance was supplied is also noticeable in Figure 4. One can notice
that the reduction in the requested torque in the third condition is pretty well distributed
across the duration of the simulation. The more the gap between the torques requested by
the models in the first and second conditions widened, the more the assistance provided
by the AFO was noticeable, making the muscle ankle torque curve of the third condition
try to stick to the unloaded condition curves. The mean reduction in muscle ankle torques
requested during the second and third conditions across all subjects on both legs was about
−17.43 ± 3.31%. The maximum reduction occurred for GIL08 at slow speed, −20.73%,
whereas the minimum saving was attributed to GIL06 at free speed, −12.47%. Every value
of the reduction for each subject and condition can be found in Table 2.

4. Discussion

This paper presented a human-centered orthosis design methodology. This method
has been explored as an aid for the design of task- and user-specific devices. Defining a
configurable framework to evaluate this approach was the main objective. The second one
was to assess if this tool outputted technically viable, and eventually personalized, solutions.
As far as we can say, from this work, these two objectives have been reached, since the
presented framework allows designers to explore different assistance strategies and their
realizations according to a set of constraints given a certain task. Thanks to this tool, a
bio-inspired design of an AFO has been reproduced with similar assistive components to
those seen in [15]. Moreover, a similar approach could be applied to other joints.

4.1. Results Interpretation

Using the tool presented in Section 2.2, the effects of an ankle orthosis were determined
for the reference user GIL11. The effects of variations in walking speed on the ideal orthosis
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assistance profile were also studied. In addition, the selection of other users walking at
similar speeds but with different height and weight characteristics allowed us to compare
the impact of these three parameters—height, total weight, and walking speed—on their
gait pattern and the associated ankle quasi-stiffness.

In all these cases, the assistance provided by AFOs sized to relieve 20 kg of the user’s
weight, corresponding to the weight of the backpack, made the user achieve a significant
saving in joint torque. This saving was all the more notable for GIL06 at slow speed and for
GIL08 at slow and free speeds since it was close to a 20% saving. This value is encouraging,
as the AFO-declared mass is only 200 g, and thus it leads us to think that remotely actuated
AFOs which are lighter than in situ actuated ones should bring better assistance to the
ankle joint.

When AFOs were worn by subjects GIL06 and GIL11 at slow speeds, as well as GIL08,
under load-bearing conditions, it was possible for them to achieve a muscular effort almost
similar to that in the unloaded case during walking, except in the vicinity of plantar flexion,
where the work of the joint is greatest. In some rare cases, the assistance provided by the
AFOs overrode the weight shift and saved more torque than necessary, allowing the wearer
to exert less joint torque than in the unloaded condition.

The AFO’s assistance to the user during walking was based on their gait profiles in
unloaded conditions, taking into account a walking speed independent of the additional
weight. This approach allowed for the AFO’s power to be sized in a scalable fashion
based on the mass to be relieved. Passive elements such as springs were found to be
ideally suited to this challenge. The method presented in this study highlights the fact
that the use of an active torque generator is only necessary if the contribution of passive
elements is insufficient. By providing only the missing work between the reference and the
spring-based torque, the power required by the torque generator could be reduced.

For example, in the case of GIL11 at normal speed, a Maxon(Sachseln, Switzerland)
RE50 200 W motor [67] and GP52 gearbox (53:1), with a total weight of 1.870 kg, could
relieve 20 kg from the subject using a 24 Nm torque generator. The AQS breakdown method
suggested the same task could be achieved with an RE40 150 W motor and its GP42 (53:1)
gearbox from the same manufacturer, delivering a maximum torque of 10.1 Nm, paired
with two compression springs, K1 [68] and K2 [69], and lever arms compact enough to be
implemented in the mechanism (respective stiffness, lever length, and mass are K1 = 3.14
daN/mm, L1 = 50 mm, and m1 = 0.024 kg|K2 = 8.7 daN/mm, L2 = 80 mm, m2 = 0.049 kg)
Spring references are taken from the Vanel(Birkirkara, Malta) manufacturer catalog. The
new total actuator mass weight is 1.013 kg, i.e., 46% less than the previous solution.

The proposed method in this study involves the identification and simulation of a
mechanism based on the subjects’ AQS profiles, with the aim of fitting as closely as possible
to their support needs while also respecting the designer’s constraints. The root mean
square (RMS) error observed for each mechanism generation was acceptable, with a value
of less than 0.05, except for in the case of GIL08 at slow speed. In this particular case, the
error slightly exceeded the value of 0.1, which may be attributed to the fact that the design
of the mechanism allowed for a result that exceeded the simple compensation of 20 kg on
the right leg, resulting in a greater error compared with the reference signal.

The results obtained using the proposed method in this study should be compared
with those presented in [15]. The authors of that study also chose to implement two
springs of different stiffness and an electric torque generator in their prostheses, with the
characteristics and roles of these elements in the mechanism identified using AQS curves.
The GIL11 gait pattern at free speed used in this study was similar to the ‘generic’ case
walking at a speed of 1.25 m/s used by the authors to identify their system. The results of
our method showed similarities in the behavior and roles of the selected actuators when
implementing the mechanism as compared to the results presented in [15]. However, our
results also indicated that, for the same individual, different walking speeds could result
in different mechanisms, with variations in the use of actuators and their characteristics.
Table 1 shows that the intra-personal variation in the stiffness of the passive mechanical
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elements was not negligible, but was less than the interpersonal variation. Additionally,
the operating range of the passive elements and the maximum torque required by the
motor could also vary within the same individual, depending on their walking speed, and
between individuals, based on their morphology.

Some authors, such as those of [27], suggest that the quasi-stiffness of the ankle
between the ground contact phase and power plantar flexion is non-linear. Our observation
of the AQS curves also supported this trend, and our method assumes that such stiffness can
be implemented in the design of the AFO. As a result, the design of the AFO is likely to be
more complex, integrating several passive elements with linear stiffness, as well as a motor.
However, the use of simulation in conjunction with this method of exploring assistance
design allows for the testing of different architectures, such as a simpler mechanism with
just one non-linear spring or two linear springs. This approach enables a compromise
between performance and simplicity to be explored.

If the designer wishes to develop a solution able to assist the three subjects of this study
with a single mechanism while trying to retain the personalized nature of the assistance,
VSAs might be an appropriate concept to consider. Nevertheless, the multitude of possible
designs for VSAs, as illustrated by the state of the art, show that defining an ideal solution
is no easy task. Even though the authors of these articles, such as [43], clearly indicated
that they were dedicating their VSA to an orthosis and their embedded constraints at the
end of a limb, the weight and torque delivered by these prototypes did not live up to
their expectations.

It is important to note that torque efficiency with respect to a reference is not the sole
objective to be pursued by designers. As illustrated by the GIL11 case study, reducing
mass is also a crucial objective in enhancing device wearability. It is important to note
that added masses can significantly impact the subject’s gait and posture. In their study,
Vijayan et al. [70] found that adding up to 1.13 kg, 2.5 kg, and 7.25 kg around the ankle
joint, knee joint, and pelvis, respectively, did not significantly impede gait in young and
healthy subjects. These findings could be considered useful guidelines that complement
our work.

Using this tool and the proposed design method, the designer can explore the quasi-
stiffness of one or more joints, which refers to the generation of joint effort required to
achieve a reference trajectory for a specific task, such as loaded walking. In [58], the
authors presented another application of OpenSim 4.0 software for designing orthoses or
exoskeletons based on the results of inverse dynamics from motion capture data, which
may be a quick and cost-effective way to size the device assistance needs. It is also
worth using OpenSim’s CMC tool, as in [57,59], where ideal joint assistance is defined to
explore its characteristics. However, our tool is unique in that it provides an open-loop
system for the identification, design, and parameterization of the mechanical behavior
and desired controls of the assistance in great detail during the design phase. In fact, it
uses the MATLAB/Simulink template project to provide guides and tools for configuring
the assistance according to the torque profiles to be achieved. In this way, the internal
division between passive and active actuators enables a detailed analysis of assistance for
the two types of actuation. Combined with OpenSim AFO and/or backpack custom models,
designers can test and evaluate their system architecture in the OpenSim environment.
Following the initial execution of the framework to ascertain the optimal mechanical design
from the subject, it is advised to undertake a second run of the workflow with more
comprehensive modeled components attached to OpenSim biomechanical models. This
approach, particularly the incorporation of added mass distribution in close proximity
to the desired prototype, is instrumental in refining the forecasted outcomes. We gave
the HULC and Mindwalker examples in introduction as efficient yet passive ankle joint
lower-limb exoskeletons. The proposed methodology can be effectively applied to existing
lower-limb assistance devices by fitting them onto a default model. This allows for the
exploration of mechanism variants or the addition of actuation for other joints, which can
then be evaluated in terms of the resulting new incomes. In essence, defining an average
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quasi-passive ankle joint mechanism using this framework would facilitate further weight
reduction and enhance gait energy efficiency ([57], Figure 1). To our knowledge, no other
up-to-date open-source software provides this kind of end-to-end design support.

4.2. Study Limitations

While the tool presented in this article has several advantages and unique features, it is
important to acknowledge its limitations. One such limitation is related to the estimation of
ground reaction forces and moments (GRFMs) using the CusToM toolbox. The approximation
method used for GRFM estimation instead of the straight application of the CusToM workflow
involves a discrepancy in parameterization between the biomechanical models reported in
OpenSim 4.2 and those in the CusToM toolbox. Nevertheless, these discrepancies are less
than 5% of the load-carrying model weights. As such, it under- or over-evaluates the extra
torque generation by up to ±2.5% in the load-bearing case, or the assumed performances of
the design when comparing the ankle torque generation between cases 1 and 3. However, it is
worth noting that the authors of the CusToM toolbox have published recent papers that attest
to the effectiveness of their work in estimating GRFM data [71].

Additionally, the current implementation of the tool only allows for the design of
AFOs for a single subject at a time. This may limit its usefulness for researchers or clinicians
who need to design assistive devices for multiple subjects in a timely manner. Finally,
the tool has only been tested and validated on a limited number of subjects and walking
conditions. Further testing and validation on a larger and more diverse population, as
well as in different walking scenarios, are necessary to establish the generalizability and
robustness of the tool (Figure 4).

The second data-related limitation lies in the difficulty of finding motion capture data
for which the exact tread velocities are known, as well as the GFRMs available with the
kinematics. The dataset presented in [59] would have been suitable for this work, but,
unfortunately, the format and availability of the data made it impossible to exploit today.
The only dataset found that could be used was that of [57]. Nevertheless, the recordings
did not allow us to study the motion of each leg over a complete stride. As a result, the
AQS profiles of each subject resulted from a fusion of part of the kinematics of each leg,
including defects with respect to the average gait kinematics of each subject, which may
have introduced discrepancies in the sizing of the AFO and therefore in the gait assistance
visible in Figure 4.

In addition, an estimation of the reduction in muscle-generated torque induced by
wearing an AFO was only provided by this method. This estimation may lack precision
compared to ground tests due to the coupling of several simulation results and manual
approximation of designs. Despite every precaution being taken to define an elastic
coupling between the AFO and the subject’s limbs in simulation, the mechanical stresses
located at these points during a physical test with a prototype and the dynamic behavior of
the mechanical elements are not comparable with the estimated results. To simplify this
simulation implementation, user training effects, changes in kinematics and/or walking
speeds [70], or unwanted load transfer to another joint [72] due to the assistance were not
implemented in this framework as it stands. The conclusions from [72] on gait disturbance
while wearing joint devices are relevant and must be kept in mind by orthosis designers.
However, these results may be carefully transposed to our work as the AFO design may
vary. Attention should also be focused on the way in which OpenSim 4.2 software manages
joint-assistance-induced kinematic changes. In [57], the authors showed that assisting
ankle plantar flexion with an ideal spring-based AFO involving the same power we used
has limited effects on other joints’ torque generation in young healthy subjects. Thus, as
the authors of [70] concluded in their work on the non-significant change in gait while
carrying additional weights from devices on lower limbs up to a limit, we may rightfully
suppose the kinematic is still good enough to evaluate assisting strategies with ankle
devices defined in similar conditions without impeding other joints. All these aspects
have already been partially reported in [57] and should be taken into account when testing
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prototypes. Nevertheless, this work can be considered both useful and interesting for the
design community, as it is available in an open-access repository and provides access to
goal-oriented tools to help designers make choices before they commit to long test and
trial cycles.

5. Conclusions

Through this simulation and method, we think we managed to find a way to define a
helpful device-generation tool focusing on the subjects. Orthoses designers willing to tackle
the issues of personalizing their devices to a specific task and fitting its assistive power to a
number of subjects may gain an idea of the pros and cons of their design. They are free to
add any plugins or functions that could enhance the possibilities of this work. Future plans
for this simulation are to use it to explore different actuation strategies like motor-only- and
spring-only-based assistance on flat walking tasks, and eventually other ambulation tasks.
The next steps that would be helpful involve coming up with a variable-stiffness actuator
presenting advantages and able to configure itself and match a subject’s AQS profile as well
as possible. A supplementary experiment involving test subjects and a prototype should
verify the trends forecasted by the simulation.

Author Contributions: Conceptualization, T.M.; methodology, T.M.; software, T.M.; validation, T.M.;
formal analysis, T.M.; investigation, T.M.; resources, T.M. and F.G.; data curation, T.M.; writing—
original draft preparation, T.M.; writing—review and editing, T.M., F.G., and B.W.; visualization,
T.M.; supervision, B.W.; project administration, F.G.; funding acquisition, F.G. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The original data presented in the study are openly available in the
HJOSET repository at https://github.com/MokaMech/HJOSET (accessed on 10 August 2024).

Acknowledgments: The authors would like to thank C. Pontonnier and A. Schuster from Rennes
University (France) for having taken the time to troubleshoot our issues using their ‘CusToM’
MATLAB toolbox.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

AFO Ankle–Foot Orthosis
AQS Ankle Quasi-Stiffness
CMC Computed Muscle Control
GAS Gastrocnemius Muscle
GRFM Ground Reaction Forces and Moments
RRA Residual Reduction Algorithm
SEA Series Elastic Actuator
SOL Soleus Muscle
TA Tibial Anterior Muscle
PEA Parallel Elastic Actuator
VSA Variable-Stiffness Actuator

https://github.com/MokaMech/HJOSET


Electronics 2024, 13, 4164 16 of 21

Appendix A. Subjects’ AFO Torque-Generation Profiles
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Figure A1. Fitting of the original AQS of reference subject GIL11 (female, 18 years old, 63.1 kg,
1.63 m) at free and slow speeds (1.17 and 0.80 m/s) with linear springs (K1, K2) and an external
torque generator (G). The starting point at the left leg initial contact is pointed out by a red dot on the
2 rights curves. The AFO torque profile evolved following the arrow marks. During the swing phase
(from −30° to IC clockwise), no component was enabled.
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Figure A2. Fitting of the original AQS of GIL08 (female, 14.5 years old, 61.9 kg, 1.72 m) at free and
slow speeds (1.12 and 0.70 m/s). GIL08 is taller than the reference GIL11 subject. Mechanism is based
on linear springs (K1, K2) and an external torque generator (G). The starting point at left leg initial
contact is pointed out by a red dot on the 2 rights curves. The AFO torque profile evolved following
the arrow marks. During the swing phase (from −15° to IC clockwise), no component was enabled.
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Figure A3. Fitting of the original AQS of GIL06 (female, 14.1 years old, 83.1 kg, 1.57 m) at free
speed (1.17 m/s). GIL08 weighed more than the reference subject GIL11 but was the same height.
Mechanism is based on linear springs (K1, K2) and an external torque generator (G). The starting
point at left leg initial contact is pointed out by a red dot on the 2 rights curves. The AFO torque
profile evolved following the arrow marks. During the swing phase (from −20° to IC clockwise), no
component was enabled.
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