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Abstract: Research has demonstrated that Taekwondo training helps to enhance the coordination
capabilities in people with developmental coordination disorders. These excellent results depend on
many factors, including the behavior of the muscular activation patterns of psychomotor exercises
during Taekwondo training. Our basic idea is to study the behavior of the muscular activation pattern
of Taekwondo training (performed by athletes) and to apply the adapted behavior of the muscular
activation pattern to other subjects with reduced coordination capabilities to enhance them, in line
with the sustainable human development goals. This paper presents a preliminary feasibility study
and a first step in this direction using a virtual simulation. First, the Taekwondo front-kick exercise
was studied and reproduced using a virtual human model in OpenSim. Second, some perturbations
were applied to the virtual human model to analyze the behavior of the muscular activation patterns.
Third, functional electrical stimulation (FES) patterns were properly simulated to reproduce the same
sequence (and value) of signals of muscular activation in another subject. The proposed methodology
was conceived on the basis of a simple example of a Taekwondo kick by using a virtual human model,
but its general application can fit all kinds of psychomotor exercises. If future works confirm the
simulation results presented in this paper with real implementation, the methodology proposed here
could be applied every time human capabilities must be increased with or without sports training
(e.g., remaining seated on a chair or lying on a bed).

Keywords: Taekwondo; sport training; muscular activation; functional electrical stimulation;
dynamic balance; human model; human–machine interaction; sustainability

1. Introduction

The transfer of energy between two or more parts of the same human body or between
the human body and the environment (or vice versa) is a very interesting and challenging
research field, and it is very difficult to implement. The authors of [1] presented an
algorithm developed for recruiting one-joint or both one- and two-joint muscles to perform
a human movement. The authors of [2] presented an exoskeleton to reduce human efforts
in lifting loads using arms. Another exoskeleton was proposed to transfer energy from a
robotic structure to the human body in order to increase human motion capabilities [3].

The transfer of energy from one subject to another is only a beautiful dream, in part
developed by using haptic interfaces [4] and tele-operated systems [5]. The idea presented
in this paper introduces a new feasible challenge in the direction of the future of transfer
energy and muscular activation from one subject (the athlete) to another (the patient).
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Recent studies have highlighted the importance of practicing sports as a complemen-
tary therapy for people suffering from neuromuscular diseases [6,7]. Different types of
sports have demonstrated the benefits of functional training in recovering motor-skill capa-
bilities [8–13]. Research in multiple disciplines has analyzed how Taekwondo’s training
and exercises could improve the restoration of healthy muscle conditions, both increasing
balance and coordination and assisting in the recovery of basic daily-life actions [14,15].
The authors of [16] studied the correlation between the speed and the impact of the target
during the frontal kick execution of traditional Taekwondo in a pilot study. The authors
observed that the speed of the kick decreases if more precision is needed for the target
impact. This result may have been obtained because if the athlete would like to have more
precision in a target impact, she/he should be more concentrated not only on the speed of
the kick but also on other aspects, such as balance control, target impact, etc.

The authors of [17] presented a dataset of movements of martial artists for kinematic
analysis, and the authors of [18] proposed a methodology applied to human actions analysis.
In our work, we did not use human subjects and performed kinematic analyses and
muscular activation using a 3D virtual human subject developed with an open-source
simulator well known in the biomechanical sector [19].

The physical limitations of sports training (e.g., patient participation in training ses-
sions and limited accessibility to hospital centers) necessitate the conception of novel
home-care engineering rehabilitation systems [20] able to support patients’ recovery and
to increase their quality of life. In this regard, efficient home therapy systems should
overcome the challenge of adapting clinical and cutting-edge technology to personal en-
vironments and autonomous applications [21]. On the ond hand, if advanced medical
engineering systems require the support and supervision of qualified clinical personnel,
home care solutions need simplified applicability to help patients, who have to use the
system autonomously or with the partial help of caregivers. This requirement implies
the development of innovative, smart, and portable systems that can be installed in the
limited space of a home environment and the intelligent functionalities (e.g., fast setup,
easy application) of which even out the inexperience of the final users (e.g., promoting
user-friendly solutions). On the other hand, the economic budget and the rent policy, which
strictly depends on the country’s regulations of (private and public) healthcare services,
should be taken into consideration [22]. A feasible home-care therapy system has to be
low-cost, and, generally speaking, it should be lent to the patient by the healthcare provider.
The proper balance of the above aspects should be the focus of the development of home-
care rehabilitation systems able to earn users’ approval (in terms of practical usability)
while guaranteeing increased patient accessibility to the service.

In line with these considerations, this paper introduces a new feasibility study of a
novel home-care functional rehabilitation system that aims to transfer the musculoskeletal
activity pattern of one subject during a psychomotor exercise to another subject. The
general idea is to analyze the execution of a psychomotor exercise, extract the human
body’s muscular and skeletal response during the movement, use this information to build
physiotherapeutic recovery protocols, and apply them during rehabilitation sessions. The
study presented in this paper is a first step forward with respect to the presented general
idea. In the next sections, we evaluate the feasibility of the idea, analyzing muscular
activation patterns (by using a virtual human model to perform tasks) and transferring
muscular activation patterns to another virtual human subject (by using an electrical
stimulation protocol).

2. Materials and Methods
2.1. Methodology

We can divide our methodology into four main functional blocks:

1. Study of functional movement;
2. Analysis of human body activation;
3. Definition of a physiotherapeutic protocol;
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4. Application of the protocol in rehabilitation sessions.

Regarding point 1., considering the results obtained in [14,15], we decided to study
the front-kick (FK) execution (a basic kick of Taekwondo practice) because it involves
a high level of coordination of different muscle groups to maintain the body’s balance
while performing the kick. Consequently, since the possibility of transferring coordinated
patterns in the form of muscle synergies has been demonstrated to positively affect the
recovery of functional tasks for stroke patients [23,24], we believe that the FK exercise is an
appropriate case study to evaluate the proposed training–rehabilitation methodology.

In order to perform a preliminary analysis to assess the feasibility of our system,
we decided to analyze the FK by simulating its postures using a virtual human model
designed with OpenSim [25]. Although alternative analyses can be conducted using surface
electromyographic (sEMG) sensors, inertial measurement units (IMUs), and 3D motion
capture systems (sometimes enhanced by artificial intelligence (AI) computing) [26–29] and
by acquiring bio data to directly monitor Taekwondo athletes during performance, in this
work, we preferred to focus on the simulation of the FK in order to examine the modelling
and its response in detail, to limit the subject variability during movement execution, and to
optimize the time–effort trade-off during this first preliminary analysis. Starting from these
assumptions, we simulated the human postures of the FK (point 2.), also adding external
perturbations to the static balance to study the response of the virtual muscles in restoring
the equilibrium condition.

As regards point 3. and point 4., they should be analyzed together, considering their
mutual behavior. Each rehabilitation technique follows precise physiotherapeutic protocols,
which, in turn, need to be defined and optimized for the employed rehabilitation tool.
Therefore, among the different procedures applied in functional recovery for people affected
by neuromuscular disorders, we selected functional electrical stimulation (FES) [30] as the
rehabilitative technique to effectively close the loop by providing functional restoration
of motor tasks, i.e., reproducing the same behavior of the muscular activation pattern
performed by the virtual human model in external subjects. Thanks to its extensive
employment in physiotherapeutic clinical practices [31,32] combined with benefits in terms
of quality-of-life improvements for people affected by neurodisorders [33–35], FES still
confirms its essential role in rehabilitation practice. Moreover, looking at the recent state-
of-the-art works, different FES control strategies could be implemented [36–40], making
our intent of defining dynamic FES patterns (point 3.) modulated on the variation of the
simulated muscle activation feasible, as confirmed by literature studies.

Figure 1 shows the high-level flow concept of our solution: from the left to the
right, the FK movement is analyzed during its evolution, especially focusing on the body
equilibrium phases; the human body is virtually reconstructed by using a musculoskeletal
model in OpenSim software, also adding perturbations to the balance posture; muscle
activation is obtained from the OpenSim simulation and consequently converted into FES
patterns; and a subject (patient or athlete) applies the defined pattern to elicit a functional
muscle contraction to restore or enforce the muscular structure.

Looking at the feasibility of the proposed methodology with respect to the defined
standards for home-care therapy, we can see how it adequately fits the requirements listed
above. Considering the four functional blocks (1. to 4.) of our process flow, only the last one
(i.e., application of the protocol in rehabilitation sessions) is the step that effectively takes
place in the home environment, while the other blocks (1. to 3.) are already implemented at
this stage.
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Figure 1. High-level process flow, from front-kick execution to FES pattern application.

2.2. Process Flow to Transfer Muscular Activation Pattern

Figure 2 shows the process flow developed in this paper, which can be described,
summarized, and generalized as follows:

(1) A functional training exercise is selected; in this work, the Taekwondo front kick
(FK) was considered as the reference movement, but it does not prevent the analysis
of other Taekwondo movements (e.g., side kick or roundhouse) or psychomotor
exercises related to other sports disciplines;

(2) A simulation implemented using OpenSim software [25] analyzes the phases of the
movement, including external perturbation (if needed to study the restoration of the
body balance from the equilibrium conditions), and obtains virtual muscle activation
(e.g., by using the Gait 2354 human musculoskeletal model [25]);

(3) If required, once the muscular patterns have been obtained, a further feature extrac-
tion process can be applied to obtain high-level information about the muscle activity;

(4) Control software developed in this study using the combination of MATLAB® and
Simulink® environments is implemented in order to transform the value of the
muscular activation into an FES pattern and communicate the desired command
sequence (e.g., to enable stimulation with these computed pulse parameters) to
the stimulator;

(5) An FES stimulator applies the processed stimulation patterns in order to promote the
execution of functional movement generation by inducing synergetic muscle contraction.

User control - personal computer

Training
Exercise

• front-kick
• side-kick
• roundhouse

1
Modeling and
Simulation

• Bio-mechanical
model

• external forces

2

Post-processing

• stimulator control
• FES modulation

4
Feature

Extraction

optional

3
FES

Stimulator

5

muscle activations

Figure 2. Flow chart of the proposed process for the definition of the front-kick virtual training protocol.

Since this work represents a preliminary analysis to evaluate whether the above
pipeline can effectively define and generate FES patterns starting from human model simu-
lations, we limited the application of point (5) to the virtual generation of the stimulation
profiles. Future experimental validations of this approach will be carried out by study-
ing how the stimulation performs when applied to human subjects, following the same
procedures already employed in [34,40,41].

All the above considered, if the concept proposed in this paper can be applied in a
real domain, many advantages for human safety, adaptive sports, sports, and home-care
rehabilitation can be underlined. This approach is particularly recommended when are
sport benefits are reduced by external causes like the pandemic situation [42].
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The convenience of having a virtual training system able to increase human perfor-
mance (“at home” or “alone”) without external contact with other individuals has many
advantages for the health of people in our society. Social interaction is a fundamental
aspect, and the methodology proposed in this paper may help society and the sports sector
to overcome the difficulties related to the restrictions imposed by dangerous problems like
COVID-19 [42].

2.3. Virtual Human Model: Analysis and Design

Many works report analytical studies about balance and posture, applying perturba-
tion analyses to human subjects [43–46] and evaluating how artificial dynamic balance can
be achieved for human-like robots [47–53] and biped exoskeletons [54]. Generally, every
perturbation in the human subject creates a disturbance in her/his posture, generating
instability. In response, the human brain is able to find a novel balance posture, synchro-
nizing all body parts (head, arms, trunk, legs, and feet) and skeletal muscles. Given these
considerations, this paper aims to introduce a method for the extraction of muscle activation
by simulating a simple exercise using a virtual human model (under the application of
unbalance forces) and consider how these activations could be used to control FES therapy
(Figure 2).

2.3.1. Case Study: Front Kick in Taekwondo

In this first study, we decided to analyze a basic martial arts kick: the front kick (FK).
In particular, this study focuses an Olympic martial arts sport, namely Taekwondo [55].

The sport objective of different martial arts, like Taekwondo, is to land kicks and
punches in the opponent’s scoring zones. Practitioners undergo complex training to reach
the adequate elasticity, flexibility, and leg power needed to perform these movements [56].
As underlined in [14,15], Taekwondo training increases humans’ motor capabilities, and
training in this discipline (like sports training in general) may be used to recover dynamic
balance capabilities in people with motor disorders. For this reason, the main idea of this
work is to analyze the synchronization of muscular activation in a virtual human model
during a psychomotor exercise in order to reproduce the sequence of muscular activation of
one subject in another subject. The final aim is to increase human motor capabilities. This
work is a first step in this direction, and the analysis of the virtual human model during the
front-kick exercise, including external perturbations, is shown in the following sections.

Among different exercises and movements, kicks (e.g., front, side, and roundhouse)
are strictly related to the single-leg stance ability. Focusing on the FK, its balance can be
divided into four main static positions [57] (see Figure 3):

• Phase 1: From a standing position (both feet on the floor), the right knee is raised to its
flexion, with the thigh oriented approximately horizontally and ready to kick;

• Phase 2: Maintaining the knee at its highest point, the leg is completely extended to
execute the kick;

• Phase 3: The kicking leg is bent toward the body, returning to the equilibrium position
of phase 1;

• Phase 4: The right leg is lowered to the ground, reassuming the standing position.

Generally, the supporting leg is maintained stationary on the ground during the entire
kick duration, and a small rotation on the axis perpendicular to the ground is permitted for
the foot.
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Figure 3. Front-kick (FK) model: sketches of the first two phases (left) and a simplified free body
diagram of the model using only the ankle torque to maintain balance (right).

2.3.2. Physical Modeling and Dynamic Balance of the Subject

Figure 3 shows the first two phases of the FK execution when a perturbation is applied.
The position of the total center of mass (CoM) changes between the FK phases because of
the different positions of body segments, as shown in Figure 4. If the perturbation always
has the same value and the whole system is in a static condition using only the ankle torque
to maintain balance, the following equations may be written:

Fxr1 + l1m1g = M1O1 (1)

Fxr1 + l2m1g = M2O1 (2)

where r1 is the distance of the perturbation from the ground; l1, l2 represent the horizontal
distances of the CoM; g is the gravity; m1 is the total mass on the CoM; and M1O1 and M2O1
are the resultant ankle torques generated by the muscles and calculated with respect to the
ankle (point O1), respectively, for the two FK phases.

According to (1) and (2), Equation (3) is obtained, which underlines how, in the
two phases, the difference between the resultant torques of the muscular activation is
proportional to the difference in the CoM position if the same perturbation (Fx) is applied
in the two FK phases.

M1O1 − M2O1 = (l1 − l2)m1g (3)

Figure 4. Front-kick (FK) model: free body diagram of the multibody model with five links (left) and
the perturbation pattern used for muscular activation (right).

If the perturbation pattern of Fx is the same in the two phases and if it is not constant,
the calculation of the dynamic balance condition is more complex to perform. An example
of the dynamic analysis of a human model in a standing position with an external dynamic
perturbation is shown in [44,46]. In this paper, the same simplified models were used to
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adapt the CoM location shown in the two phases above. However, the resultant torques
calculated with respect to point O1 do not provide much information about muscular
activation. For this reason, a more detailed analysis was performed using a biomechanics
multibody model. In particular, the simulations were carried out using OpenSim soft-
ware due to its widespread employment in the dynamic simulation of a wide variety of
movements related to the modeling of the musculoskeletal system [25].

In the simplified free body diagram shown in Figure 3, only the ankle joint is used
to maintain balance. It is essential to underline that the simplification required to con-
sider only the ankle torque must be confirmed by a more detailed analysis of muscular
activation. Figure 4 (left) shows a more complex free body diagram in which the human
model comprises five links, each with a mass. In the case of Figure 4 (left), the unknown
resultant torques are applied to four joints (O1, O2, O3, and O4) each with different values
in phase 1 (M101, M102, M103, and M104, respectively) and phase 2 (M201, M202, M203, and
M204, respectively). In order to obtain a resultant torque in a joint, many muscles and their
activation percentages must be considered.

2.3.3. Virtual Human Model Design

The three-dimensional Gait 2354 model was chosen for our scope because it features
54 musculotendon actuators (representing the torso and the lower extremities) combined
with 23 degrees of freedom, assuming the default physique characteristics of 1.8 m height
and 75.16 kg mass [25].

The FK poses for phases 1 and 2 were reproduced in the OpenSim environment, where
perturbations were included as imbalance forces applied to the head of the left femur
(supporting leg), with their force vectors located in the XZ plane (parallel to the ground).
The orientation of the forces follows tat of the X and Z axes (both positive and negative),
therefore acting as pushing forces from four different points. The forces were generated
using a symmetrical pattern (Figure 4, right). In a 1 s simulation, the force starts increasing
its value after 0.2 s, maintains its maximal value in the 0.4 s to 0.6 s interval, and finally
decreases to zero until 0.8 s. Three different maximal force amplitudes were tested, i.e., 50 N,
100 N, and 150 N, in order to evaluate how muscle activations may differ depending on
this value.

3. Results
3.1. Muscular Activation in Virtual Human Model

Before the analysis of FK execution, a preliminary evaluation of the muscle contribu-
tions during the two-leg stance posture was performed to obtain an activation reference.
In this way, by defining a global muscle activation threshold of 30% of the previous posture,
which muscles contract as a consequence of the FK poses was determined.

Consequently, static optimization analysis was started to extract muscle activation
when perturbations were applied. The outcomes are reported in Table 1, which summarizes
the muscles featuring significant contributions in at least one case study (e.g., force magni-
tudes and orientations). For example, considering the biceps femoris long head muscle, the
table shows overthreshold activation on the left limb (l in table) during both FK-phase 1 (1)
and FK-phase 2 (2) when Z+ and X− forces are applied.

In order to provide a visual outcome of the OpenSim simulation, Figure 5 graphs
the muscle activations (reported as the relative percentage of the static two-leg activation)
associated with a force of 50 N applied along the X+ direction, during FK phase 1. Only
nine muscles (i.e., the ones listed in the [X+, l] column of Table 1) among the 54 muscles
simulated by the Gait 2354 model are activated to balance the external force, among which
just 4 present a strong activation over the defined 30% activation threshold. Based on these
results, the following analysis (for this configuration) consider the contribution of the biceps
femoris (short head), gluteus medius, iliacus, and psoas muscles. As visible, muscle activations
follow the applied perturbation pattern, each proportional to the balance activity of the



Actuators 2023, 12, 294 8 of 16

corresponding muscle (in the case of no force application, muscle activations are maintained
constant during simulation).

Table 1. Summary of analyzed muscles from the Gait 2354 model for FK static optimization analysis
with and without perturbations.

No Force Z+ Z− X+ X−
Muscle r l r l r l r l r l
adductor magnus 1, 2
biceps femoris long head 1, 2 1, 2
biceps femoris short head 1 1, 2 1, 2 1, 2 1, 2
gemellus 1, 2
gluteus maximus 1, 2 1, 2
gluteus medius 1, 2 1, 2 1, 2 1, 2 1, 2
gracilis 1, 2 1
iliacus 1, 2 1, 2 1, 2 1, 2 1, 2
medial gastrocnemius 2
piriformis 1, 2 1, 2
pectineus 1, 2
psoas 1, 2 1, 2 1, 2 1, 2
rectus femoris 1, 2
sartorius 1, 2 1, 2 1, 2
tensor fasciae latae 1, 2 1, 2

1: FK phase 1; 2: FK phase 2.
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gemellus

activation
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Figure 5. Muscle activations during FK, phase 1, 50 N force applied along X+. The muscle responses
follow the pattern of the generated perturbation. The 30 % threshold is crossed only by the muscles
presenting strong activation during balance restoration.

The same typology results were obtained for sweeping force magnitude (0 N, 50 N,
100 N, 150 N), orientation (Z+, Z−, X+, X−) and when simulating both FK postures.

When forces are applied, the area under the curve of each activation is computed as a
proportional measure of each muscle contribution based on OpenSim results. As reported
in the matrix shown in Table 2, the iliacus and psoas contributions are collapsed into the
psoas contribution, since they represent the two muscular bellies of the ileopsoas muscle.
Afterward, the total area covered by each force intensity was calculated, and their sums
and percent conversion were considered as the resultant force for all orientations, as repre-
sented in Figure 6. The maximal activation percentage provides information about how
each muscle contributes to balance the resultant external force.
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Table 2. Simulation results for the most significant muscle activations balancing external force
during FK phase 1 in terms of area under the curve.

+ −
50 N 100 N 150 N 50 N 100 N 150 N

glueteus
medius 0 0.0108 0.0396 0.1008 0.2019 0.5036

Z biceps femoris 0 0.0035 0.0141 0.0537 0.1074 1.6170
psoas 0 0.0106 0.0379 0.0426 0.0855 1.1290

glueteus
medius 0 0 0 0.0369 0.0937 0.4962

X biceps femoris 0.0858 0.1719 0.2455 0 0 0
psoas 0.1110 0.2220 0.5567 0 0 0

50 100 150
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Figure 6. Total muscle activation (calculated as the covered positive area) for the front kick, phase 1.

3.2. Hardware and Software Considerations and Implementation of FES Control

Among the commercial and certified stimulator devices, the RehaMove® [58] matches
our intent because it features enhanced user controllability, allowing users to define complex
and time-varying FES profiles. In particular, this device permits the user to control up
to eight channels simultaneously, with the possibility of individually setting the pulse
parameters (i.e., amplitude, pulse width, and frequency) for each one, thus enabling the
stimulation of different muscles groups concurrently and, consequently, the generation
of synergistic movements. Considering our specific case, the above features are essential
for the FK stimulation. As discussed in Section 3.1 and represented, e.g., in Figure 5,
a multichannel and dynamic FES approach is fundamental to efficiently reproduce the
muscular patterns in the stimulated subject (i.e., whose intensities depend on the considered
muscle with variation over time).

Passing now to the software requirements, the control unit must comply with a biomed-
ical application’s technical specifications. In our situation, the two requirements that best
describe the system functionalities are (1) real-time FES definition and modulation of pulse
parameters from the muscle activation patterns and (2) operating software reliability to
minimize failure probability and ensure user safety. In these regards, the RehaMove® stimu-
lator can be interfaced with an external device by means of the ScienceMode 2 bidirectional
protocol [59], which, beyond the implementation of a dedicated application programming
interface (API), was developed to achieve both fast updating of the FES parameters during
the ongoing stimulation and multiple safety checks. In particular, considering the last
point, the ScienceMode 2 protocol constantly verifies the proper communication between
the stimulator and the control unit (through a watchdog approach), and the RehaMove®

itself performs skin-impedance measurements to check if the stimulation electrodes are
adequately connected to the body, instantaneously presenting an error message if the
matching condition is not verified.
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With all the above considerations in mind, we implemented our control software in the
MATLAB® and Simulink® intercommunicating environments. Starting from a third-party
library and Simulink® block [60], which provides a basic interface with the stimulator API,
we added our custom module for the definition of the FES profiles [34,40]. In particular,
by means of a lookup table (LUT) structure, we link the simulated muscle activation patterns
with the pulse features (i.e., amplitude, pulse width, and frequency), thus obtaining the
newest FES patterns every time the muscle activation groups are processed.

Figure 7 shows the structure of our Simulink® model, which is basically divided into
two main parts: the stimulator interface and the logical control block. The former is charac-
terized by three time-variable inputs for pulse characterization, i.e., stimulation current,
pulse width, and mode (which manages the timings for families of pulses), and some
prerun settings for serial communication. Linking these inputs to the MATLAB® workspace
variables, e.g., the muscle activation patterns obtained from OpenSim simulation, direct
control of the stimulation definition can be achieved. Moreover, in order to ensure online
modulation of these inputs, a logical control block was implemented. Every time the
simulation time (supervised by means of a clock object block) is equal to the user-defined
update time (depending on application; 100 ms in our case), the assertion block is enabled,
consequently pausing the simulation and running the MATLAB® custom script for the
LUT-based FES parameter update [34,40].

Logical
Control
Block

Serial Port Index: 7
Channels: 1-2

Stimulator Interface

current

pulsewidth

mode

Stimulation Current1

Workspace variables

Pulse Width2

Mode3

Clock Update time

=

Assertion

enable

function [StimC1,PW2,mode3] = updateFESparams(muscleAct)

for m = 1:size(muscleAct,1)

if muscleAct(m) ≥ 0.8

StimC = ... ; PW = ... ; mode = ...

elseif muscleAct(m) ≥ 0.6 && muscleAct(m) < 0.8
.
.
.

end
end

end

Script
Scope

Plot
data

Figure 7. Simulink® model for the online control of the RehaStim 2 FES stimulator. The stimulation
parameters are updated by running a MATLAB® script every (Update time) .

In our specific LUT implementation, the MATLAB® script, which is recalled by the
assertion block, can be defined ad hoc depending on the user’s requirement, making this
solution suitable and general for different configurations and applications.

4. Discussion
FES: Application Definition and Discussion

Now that the software pipeline and architecture (from the OpenSim simulation to
the RehaMove® FES communication) have been described, this section discusses the FES
application possibilities of this approach. As introduced in Section 1, this analysis was
restricted to evaluating whether the muscular information process flow is suitable to gener-
ate appropriate FES patterns. For this reason, this preliminary experimental investigation
was conducted by simulating the FES definition process but excluding the real application
of FES pulses on human subjects, which will be left to future works. Although a complete
and more detailed description of the performance of the approach requires additional
confirmations, some generalizations can be considered and discussed.
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Therefore, depending on the extracted features (i.e., raw muscular patterns vs. post-
processed features), the model proposed in this paper can fit two different FES real-case scenarios:

1. The stimulation parameters are defined in the beginning setup phase and do not
change during the ongoing simulation. This situation is generally applied when
unique data representing the entire history of muscle activation, e.g., the measure of
total area (Figure 6), are available;

2. The stimulation parameters are continuously updated during the ongoing stimulation
on the basis of the variation of muscle activation information over time (e.g., Figure 5).

In order to provide an application example, the graphical panel in Figure 8 represents
the simulation current amplitude of the pulses inherent to gluteus medius, biceps femoris,
and tensor fascia lateae muscles (obtained from the Simulink® model using a scope block,
Figure 7) related to a 1 s stimulation duration (to be consistent with the perturbation timing).
In [61], the tensor fascia lateae muscle was proposed for stimulation instead of the psoas
muscle due to its major accessibility and participants’ comfort during the FES application,
while maintaining a good hip flexion motion. The definition of the proper stimulation
current (minimum and maximum values) for the three cited muscles depends on different
subjects’ body conditions (e.g., age, muscle mass, fiber conductivity, and fat layer) [62];
however, without any loss of generality, 0 mA to 40 mA was set as a suitable range, since
these current values, if correctly applied, allow such muscles to adequately contract [63].

As shown in the graphs in Figure 8a–c, the predefined stimulation parameters are di-
rectly proportional to the activation state of muscles and, consequently, to the applied force.
In this case, a constant stimulation current is injected through muscle fibers, promoting the
proper muscle-body contraction for at least 1 s (i.e., the simulation time).

In the other case, when the modulation of the FES parameters is directly obtained by
the time-varying muscle activation coefficients, current profiles present the waveforms as
reported in Figure 8d,e. This configuration enhances the adaptability of pulse amplitude
with respect to the previous case, since the FES current evolves similarly to the force path
(i.e., 0 s to 0.2 s, almost constant; 0.2 s to 0.4 s, increasing; 0.4 s to 0.6 s, maximal value; 0.6 s
to 0.8 s, decreasing; and 0.8 s to 1 s, constant). It is interesting to notice that during the null-
force phase, the stimulation current is proportional to the muscle activation that maintains
the single-leg stance.

As introduced, this first work focuses on a preliminary study of the definition of a
processing pipeline that applies the FES practice by using the simulation results related to
martial arts exercises in general and Taekwondo as a particular case. Therefore, despite the
simplicity of the movement (i.e., front kick) reported herein, the proposed approach may
be an adequate solution to accomplish this task. However, evolving from this simulation
method to the real scenario involving healthy and pathological subjects will allow us to
evaluate and validate the proposed system. Moreover, more complex exercises (e.g., a se-
quence of different kicks), which are associated more detailed simulations, will permit us
to enrich and improve the martial arts–FES relationship.

To the best of our knowledge, no other studies have been reported in the literature
on the subject presented in this paper. However, some references related to this study can
be found in [64,65], underlining the need for, usefulness, importance, and applicability of
our proposed approach. Many steps must be performed to pass from an idea to a clinical
application (i.e., ethical procedures, analysis, design, development, implementation, etc.).
After performing these and many other steps, clinical tests can be performed. Many
processes should be implemented before evaluating the impact of clinical tests. These
complex and long phases may be more important if a simulation confirms the initial
hypotheses before starting the process. This is our case. We did not perform experiments
on humans, and only on a virtual human model used in open-source software [65], which
helps us to validate the feasibility of our idea. This software has been used many times to
compare clinical experiments with human model simulations. Our idea/approach seems
feasible from the virtual point of view. This is the first step, but the research must be
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improved in clinical situations. The next step will be performed after a positive evaluation
in simulation as reported in this paper. We are not able to evaluate the clinical impact in
this paper, but begin by proposing a first hypothesis with respect to a new era of clinical
tests. If our hypothesis is confirmed in a real context, our idea may result in a breakthrough
procedure able to increase the quality of life of patients with reduced mobility. This could
have a great impact on our society, enabling physical exercises and sport in human subjects
with different pathology to maintain physical health.
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Figure 8. Stimulation pulse current amplitude modulation. Graphs (a–c) represent the static FES
definition when the pattern is determined considering unique measurement information, i.e., the total
area under the curve (Figure 6) for different amplitudes of the external force during FK poses. Current
values are initialized before the stimulation session and remain unchanged during the execution. An
increase in the force module corresponds to an increase in the current injected through the electrodes
in order to obtain a static balance. On the other hand, graphs (d,e) show how online current
modulation is achievable when the FES parameter definition is directly based on muscle activation.
In this way, the features of the pulses follow the profile of the applied force. A significant variation of
the current values can be observed during the 0.2 s to 0.8 s application of force (proportional to each
muscle activation), while the static balance is clearly visible from 0 s to 0.2 s and from 0.8 s to 1 s.

5. Conclusions

This paper presents a preliminary virtual study of the feasibility of transferring muscu-
lar activation patterns of the front-kick exercise using functional electrical stimulation (FES).
By using OpenSim as a virtual simulator, we extracted the static balance muscle activation
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of a virtual human model during the main phases of a front kick. The simulation results
and their processing were used to define and modulate the FES patterns during the ongoing
(simulation) stimulation. The FES application requires a minimal hardware setup to work:
an FES stimulator, which usually needs to be situated near the user in order to connect the
stimulation cable to the electrodes and which preloads all protocol profiles needed for the
rehabilitation session, as well as space to move the body freely during stimulation, making
this system portable and suitable for use outside of the clinical environment. As regards
the prestimulation setup, the subject, with the help of a second person (if required), needs
to place the stimulation electrodes on the skin surface (above the muscles of interest) and to
configure the stimulator in the proper modality. The guidelines to successfully accomplish
this task can be provided to the users with a short training session before releasing the
system at home.

This conceptualized system could improve the restoration of functional motor tasks for
subjects affected by neuromuscular disorders (e.g., development coordination disorders), in
addition to solving the subject–participation difficulties encountered during rehabilitative
sessions. Furthermore, the proposed virtual training system may also be used to increase the
muscle performance of people without disabilities and practicing other sports. The study
presented in this paper is a first step forward in the direction of virtual sport and, proposing
a useful application for the society of the future. Many clinical implementations should
be applied to validate the hypothesis presented in this paper, but a first feasibility step is
simulated with our study. We performed a virtual analysis using a virtual model that is used
in biomechanical sector to reproduce human behavior; however, clinical protocols should
be performed to validate our approach. Future works should be oriented to demonstrate
system functionality in real-case scenarios involving healthy and pathological individuals,
with a complete and detailed validation of the approach proposed in this paper.
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17. Szczęsna, A.; Błaszczyszyn, M.; Pawlyta, M. Motion capture dataset of selected techniques in beginner and advanced Kyokushin
karate athletes. Sci. Data 2021, 8, 13. [CrossRef]

18. Hachaj, T.; Piekarczyk, M.; Ogiela, M.R. Human Actions Analysis: Templates Generation, Matching and Visualization Applied to
Motion Capture of Highly-Skilled Karate Athletes. Sensors 2017, 17, 2590. [CrossRef]

19. SimTK. OpenSim. Available online: https://simtk.org/projects/opensim/ (accessed on 29 March 2023).
20. Manjunatha, H.; Pareek, S.; Jujjavarapu, S.S.; Ghobadi, M.; Kesavadas, T.; Esfahani, E.T. Upper limb home-based robotic

rehabilitation during COVID-19 outbreak. Front. Robot. AI 2021, 8, 612834. [CrossRef]
21. Muscolo, G.G.; Di Pede, F.; Solero, L.; Nicolì, A.; Russo, A.; Fiorini, P.; Canosa, A. Conceptual design of a biped-wheeled wearable

machine for ALS patients. J. Neurol. 2023, 270, 3632–3636.
22. Curioni, C.; Silva, A.C.; Damião, J.; Castro, A.; Huang, M.; Barroso, T.; Araujo, D.; Guerra, R. The Cost-Effectiveness of Homecare

Services for Adults and Older Adults: A Systematic Review. Int. J. Environ. Res. Public Health 2023, 20, 3373. [CrossRef]
23. Hong, Y.N.G.; Ballekere, A.N.; Fregly, B.J.; Roh, J. Are Muscle Synergies Useful for Stroke Rehabilitation? Curr. Opin. Biomed. Eng.

2021, 19, 100315. [CrossRef] [PubMed]
24. Niu, C.M.; Bao, Y.; Zhuang, C.; Li, S.; Wang, T.; Cui, L.; Lan, N. Synergy-Based FES for Post-Stroke Rehabilitation of Upper-Limb

Motor Functions. IEEE Trans. Neural Syst. Rehabil. Eng. 2019, 27, 256–264. [CrossRef]
25. Delp, S.L.; Anderson, F.C.; Arnold, A.S.; Loan, P.; Habib, A.; John, C.T.; Thelen, D.G. OpenSim: Open-source software to create

and analyze dynamic simulations of movement. IEEE Trans. Biomed. Eng. 2007, 54, 1940–1950. [CrossRef]
26. Moreira, P.V.; Goethel, M.F.; Gonçalves, M. Neuromuscular performance of Bandal Chagui: Comparison of subelite and elite

taekwondo athletes. J. Electromyogr. Kinesiol. 2016, 30, 55–65. [CrossRef]
27. Xiao, S.; Cheng, S. Three-dimensional Image Analysis of Taekwondo Athletes’ Roundhouse Kick Technique Based on Deep

Learning. In Proceedings of the 2022 International Conference on Artificial Intelligence and Autonomous Robot Systems (AIARS),
Bristol, UK, 29–31 July 2022; pp. 251–254. [CrossRef] [PubMed]

28. Peng, Z.F.; Ji, B.; Li, L.H.; Dong, D.L. Analysis on the Characteristics of Muscle Exertion in Electromyogram During Downward
Kick–Take Ten Elite Male Tea Kwon Do Athletes in China as Examples. IERI Procedia 2012, 2, 222–227. [CrossRef]

29. Valdés-Badilla, P.; BarramuoMedina, M.; Valenzuela, R.A.; Herrera-Valenzuela, T.; Guzmán-Muñoz, E.; Gutiérrez, M.P.; Gutiérrez-
García, C.; Salazar, C.M. Differences in the electromyography activity of a roundhouse kick between novice and advanced
taekwondo athletes. Ido Movement for Culture. J. Martial Arts Anthropol. 2018, 18, 31–38. [CrossRef]

30. Marquez-Chin, C.; Popovic, M.R.P. Functional electrical stimulation therapy for restoration of motor function after spinal cord
injury and stroke: A review. Biomed. Eng. Online 2020, 19, 34.

http://dx.doi.org/10.1017/S0263574720000624
http://dx.doi.org/10.1109/TMRB.2023.3261102
http://dx.doi.org/10.1007/s10072-020-04345-1
http://dx.doi.org/10.1002/14651858.CD003907.pub5
http://dx.doi.org/10.3389/fphys.2019.00645
http://dx.doi.org/10.1001/jamaneurol.2017.3517
http://dx.doi.org/10.11114/jets.v5i8.2555
http://dx.doi.org/10.1515/ijdhd-2013-0037
http://dx.doi.org/10.1016/j.humov.2011.11.003
http://www.ncbi.nlm.nih.gov/pubmed/22221468
http://dx.doi.org/10.1016/j.rehab.2019.04.004
http://www.ncbi.nlm.nih.gov/pubmed/31078706
http://dx.doi.org/10.1016/j.ridd.2013.01.025
http://www.ncbi.nlm.nih.gov/pubmed/23474997
http://dx.doi.org/10.1038/s41598-018-28738-7
http://www.ncbi.nlm.nih.gov/pubmed/29985447
http://dx.doi.org/10.16926/par.2016.04.07
http://dx.doi.org/10.1038/s41597-021-00801-5
http://dx.doi.org/10.3390/s17112590
https://simtk.org/projects/opensim/
http://dx.doi.org/10.3389/frobt.2021.612834
http://dx.doi.org/10.1007/s00415-023-11678-2
http://dx.doi.org/10.3390/ijerph20043373
http://www.ncbi.nlm.nih.gov/pubmed/36834068
http://dx.doi.org/10.1016/j.cobme.2021.100315
http://dx.doi.org/10.1109/TNSRE.2019.2891004
http://dx.doi.org/10.1109/TBME.2007.901024
http://dx.doi.org/10.1016/j.jelekin.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27299474
http://dx.doi.org/10.1109/AIARS57204.2022.00063
http://dx.doi.org/10.1016/j.ieri.2012.06.079


Actuators 2023, 12, 294 15 of 16

31. Da Cunha, M.J.; Rech, K.D.; Salazar, A.P.; Pagnussat, A.S. Functional electrical stimulation of the peroneal nerve improves
post-stroke gait speed when combined with physiotherapy. Syst. Rev.-Meta-Anal. Ann. Phys. Rehabil. Med. 2021, 64, 101388.
[CrossRef]

32. Khan, F.; Rathore, C.; Kate, M.; Joy, J.; Zachariah, G.; Vincent, P.C.; Radhakrishnan, K. The comparative efficacy of theta burst
stimulation or functional electrical stimulation when combined with physical therapy after stroke: A randomized controlled trial.
Clin. Rehabil. 2019, 33, 693–703. [CrossRef]

33. Kapadia, N.; Moineau, B.; Popovic, M.R. Functional Electrical Stimulation Therapy for Retraining Reaching and Grasping After
Spinal Cord Injury and Stroke. Front. Neurosci. 2020, 14, 718. [CrossRef]

34. Prestia, A.; Rossi, F.; Mongardi, A.; Ros, P.M.; Roch, M.R.; Martina, M.; Demarchi, D. Motion Analysis for Experimental Evaluation
of an Event-Driven FES System. IEEE Trans. Biomed. Circuits Syst. 2022, 16, 3–14. [CrossRef] [PubMed]

35. Sousa, A.S.P.; Moreira, J.; Silva, C.; Mesquita, I.; Macedo, R.; Silva, A.; Santos, R. Usability of Functional Electrical Stimulation in
Upper Limb Rehabilitation in Post-Stroke Patients: A Narrative Review. Sensors 2022, 22, 1409. [CrossRef] [PubMed]

36. Carrere, L.C.; Escher, L.; Tabernig, C. A Wireless BCI-FES Based on Motor Intent for Lower Limb Rehabilitation. In VIII Latin
American Conference on Biomedical Engineering and XLII National Conference on Biomedical Engineering; Díaz, C.A., González, C.C.,
Leber, E.L., Vélez, H.A., Puente, N.P., Flores, D.L., Andrade, A.O., Galván, H.A., Martínez, F., García, R., et al., Eds.; CLAIB 2019.
IFMBE Proceedings; Springer: Cham, Switzerland, 2020; Volume 75. [CrossRef]

37. Cheung, V.C.K.; Niu, C.M.; Li, S.; Xie, Q.; Lan, N. A Novel FES Strategy for Poststroke Rehabilitation Based on the Natural
Organization of Neuromuscular Control. IEEE Rev. Biomed. Eng. 2019, 12, 154–167. [CrossRef]

38. Jung, J.; Lee, D.-W.; Son, Y.; Kim, B.; Gu, J.; Shin, H.C. Volitional EMG Controlled Wearable FES System for Lower Limb
Rehabilitation. In Proceedings of the 2021 43rd Annual International Conference of the IEEE Engineering in Medicine and Biology
Society (EMBC), Guadalajara, Mexico, 1–5 November 2021; pp. 7099–7102. [CrossRef] [PubMed]

39. Ye, G.; Grabke, E.P.; Pakosh, M.; Furlan, J.C.; Masani, K. Clinical Benefits and System Design of FES-Rowing Exercise for
Rehabilitation of Individuals with Spinal Cord Injury: A Systematic Review. Arch. Phys. Med. Rehabil. 2021, 102, 1595–1605.
[CrossRef]

40. Rossi, F.; Ros, P.M.; Rosales, R.M.; Demarchi, D. Embedded bio-mimetic system for functional electrical stimulation controlled by
event-driven sEMG. Sensors 2020, 20, 1535. [CrossRef] [PubMed]

41. Rossi, F.; Ros, P.M.; Cecchini, S.; Crema, A.; Micera, S.; Demarchi, D. An Event-Driven Closed-Loop System for Real-Time FES
Control. In Proceedings of the 2019 26th IEEE International Conference on Electronics, Circuits and Systems (ICECS), Genoa,
Italy, 27–29 November 2019; pp. 867–870. [CrossRef]

42. Adams, M.W.; Périard, J.D. Returning to sport following COVID-19: Considerations for heat acclimatization in secondary school
athletics. Sports Med. 2020, 50, 1555–1557. [CrossRef]

43. Bayon, C.; Emmens, A.R.; Maarten Afschrift, T.; Van Wouwe, A.; Keemink, Q.L.; Kooij, H.V.D.; Asseldonk, E.H.F.V. Can
momentum-based control predict human balance recovery strategies? IEEE Trans. Neural Syst. Rehabil. Eng. 2020, 28, 2015–2024.
[CrossRef]

44. Ferraresi, C.; Maffiodo, D.; Franco, W.; Muscolo, G.G.; Benedictis, C.D.; Paterna, M.; Pica, O.W. Hardware-in-the-loop equipment
for the development of an automatic perturbator for clinical evaluation of human balance control. Appl. Sci. 2020, 10, 8886.
[CrossRef]

45. Shashank, G.; Nardone, A.; Schieppati, M.. Human balance in response to continuous, predictable translations of the support
base: Integration of sensory information, adaptation to perturbations, and the effect of age, neuropathy and Parkinson’s disease.
Appl. Sci. 2019, 9, 5310. [CrossRef]

46. Ferraresi, C.; De Benedictis, C.; Muscolo, G.G.; Pica, O.W.; Genovese, M.; Maffiodo, D.; Franco, W.; Paterna, M.; Roatta, S.; Dvir, Z.
Development of an Automatic Perturbator for Dynamic Posturographic Analysis. In New Trends in Medical and Service Robotics;
Rauter, G., Cattin, P.C., Zam, A., Riener, R., Carbone, G., Pisla, D., Eds.; MESROB 2020. Mechanisms and Machine Science;
Springer: Cham, Switzerland, 2021; Volume 93. https://doi.org/10.1007/978-3-030-58104-6_31

47. Berninger, T.F.C.; Sygulla, F.; Fuderer, S.; Rixen, D.J. Experimental Analysis of Structural Vibration Problems of a Biped
Walking Robot. In Proceedings of the 2020 IEEE International Conference on Robotics and Automation (ICRA), Paris, France,
31 May–31 August 2020; pp. 8726–8731. [CrossRef]

48. Muscolo, G.G.; Recchiuto, C.T.; Molfino, R. Dynamic balance optimization in biped robots: Physical modeling, implementation
and tests using an innovative formula. Robotica 2015, 33, 2083–2099. [CrossRef]

49. Eduardo, C.; García, M.J.G.; Castejon, C.; Meneses, J.; Gismeros, R. Dynamic modeling of the dissipative contact and friction
forces of a passive biped-walking robot. Appl. Sci. 2020, 10, 2342. [CrossRef]

50. Muscolo, G.G.; Caldwell, D.; Cannella, F. Calculation of the center of mass position of each link of multibody biped robots. Appl.
Sci. 2017, 7, 724. https://doi.org/10.3390/app7070724

51. Muscolo, G.G.; Recchiuto, C.T. Flexible structure and wheeled feet to simplify biped locomotion of humanoid robots. Int. J.
Humanoid Robot. 2017, 14, 1650030. [CrossRef]

52. Lisitano, D.; Bonisoli, E.; Recchiuto, C.T.; Muscolo, G.G. Dynamic Balance of the Head in a Flexible Legged Robot for Efficient
Biped Locomotion. Appl. Sci. 2021, 11, 2945. [CrossRef]

53. Maiorino, A.; Muscolo, G.G. Biped Robots with Compliant Joints for Walking and Running Performance Growing. Front. Mech.
Eng. 2020, 6, 11. [CrossRef]

http://dx.doi.org/10.1186/s12938-020-00773-4
http://dx.doi.org/10.1016/j.rehab.2020.03.012
http://dx.doi.org/10.1177/0269215518820896
http://dx.doi.org/10.3389/fnins.2020.00718
http://www.ncbi.nlm.nih.gov/pubmed/32742254
http://dx.doi.org/10.1109/TBCAS.2021.3137027
http://www.ncbi.nlm.nih.gov/pubmed/34932485
http://dx.doi.org/10.3390/s22041409
http://dx.doi.org/10.1007/978-3-030-30648-9_151
http://dx.doi.org/10.1109/RBME.2018.2874132
http://www.ncbi.nlm.nih.gov/pubmed/30307876
http://dx.doi.org/10.1109/EMBC46164.2021.9629852
http://dx.doi.org/10.1016/j.apmr.2021.01.075
http://www.ncbi.nlm.nih.gov/pubmed/33556345
http://dx.doi.org/10.3390/s20051535
http://dx.doi.org/10.1109/ICECS46596.2019.8965153
http://dx.doi.org/10.1007/s40279-020-01301-z
http://dx.doi.org/10.1109/TNSRE.2020.3005455
http://dx.doi.org/10.3390/app10248886
https://doi.org/10.1007/978-3-030-58104-6_31
http://dx.doi.org/10.1007/978-3-030-58104-6_31
http://dx.doi.org/10.1109/ICRA40945.2020.9197282
http://dx.doi.org/10.1017/S0263574714001301
https://doi.org/10.3390/app7070724
http://dx.doi.org/10.3390/app7070724
http://dx.doi.org/10.1142/S0219843616500304
http://dx.doi.org/10.3390/app11072945


Actuators 2023, 12, 294 16 of 16

54. Trono, G.; Nicolì, A.; Muscolo, G.G. Sustainable Compliant Physical Interaction in a Biped-Wheeled Wearable Machine. Front.
Mech. Eng. 2020, 6, 581626. [CrossRef]

55. World Taekwondo. Available online: http://www.worldtaekwondo.org/ (accessed on 10 February 2022). [CrossRef]
56. Muscolo, G.G.; Recchiuto, C.T. TPT a novel taekwondo personal trainer robot. Robot. Auton. Syst. 2016, 83, 150–157. https:

//doi.org/10.1016/j.robot.2016.05.009
57. Sørensen, H.; Zacho, M.; Simonsen, E.; Dyhre-Poulsen, P.; Klausen, K. Dynamics of the martial arts high front kick. J. Sports Sci.

1996, 14, 483–495. [CrossRef]
58. HASOMED GmbH. RehaMove®—Motion Training with Functional Electrical Stimulation (FES). Available online: https://

hasomed.de/en/products/rehamove/ (accessed on 29 March 2023). [CrossRef]
59. Kuberski, B. ScienceMode2—Description and Protocol. Hasomed GmbH, PaulEckeStraße, 1, 39114 Magdeburg, Germany. 2012.

Available online: www.hasomed.de (accessed on 5 April 2023).
60. HasomeD GmbH. Simulink Interface for Real-Time Control of the RehaStim2 Stimulator Using the ScienceMode2 Protocol.

Hasomed GmbH, PaulEckeStraße, 1, 39114 Magdeburg, Germany. Available online: www.hasomed.de (accessed on 5 April 2023).
61. Ito, T.; Tsubahara, A.; Seno, Y.; Tokuhiro, H.; Watanabe, S. Consideration of ways to generate hip flexion torque by using electrical

stimulation: Measurement of torque and the degree of pain. Jpn. J. Compr. Rehabil. Sci. 2011, 2, 31–35.
62. Lynch, C.L.; Popovic, M.R. Functional electrical stimulation. IEEE Control. Syst. Mag. 2008, 28, 40–50. [CrossRef]
63. HASOMED GmbH. RehaMove® Functional Electrical Stimulation-FES Applications. 2015. Available online: https://hasomed.

de/en/products/rehamove/ (accessed on 29 March 2023).
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