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Abstract— Robotic technology and functional electrical stimu-
lation (FES) have emerged as highly effective rehabilitative tech-
niques for individuals with neuromuscular diseases, showcasting
their ability to restore motor functions. Within the proposed study,
we developed and tested a new hybrid controller combining an
upper-limb exoskeleton with FES to enhance haptic feedback when
performing task-oriented and bimanual movement, like pick-and-
place, in a virtual environment. We investigated the performance
of the proposed approach on eight unimpaired participants pro-
viding haptic feedback either only by the exoskeleton or by the
hybrid system. The hybrid control presents two different modal-
ities, assistive and resistive, to modulate the perception of the
load. FES intensity is calibrated to the subjects’ biomechanical
properties and it is adjusted in real-time according to the real-
time motion of the upper limbs. Experimental results highlighted
the ability of the hybrid control to improve kinematic performance:
in both hybrid modalities subjects reduced the target matching
error(values between 0.048+0.007 m and 0.06+0.006 m) without
affecting the normal motion smoothness (SPARC values in the
hybrid conditions range from -2.58+0.12 to -3.30+0.13). Moreover,
the resistive approach resulted in greater metabolic consumption
(1.044-0.03 W/kg), indicating a more realistic experience of lifting
a virtual object through FES that increased the perceived weight.
The innovation in our hybrid control relies on the modulation of
muscular activation during manipulation tasks, which could be
a promising approach in the clinical treatment of neuromuscular
diseases.

Index Terms— Exoskeletons, Functional Electrical Stimu-
lation, Haptics, Robotics, Upper Limb, Virtual Reality, Wear-
able Devices.

[. INTRODUCTION

Neurological diseases like Spinal Cord Injury (SCI), Multiple
Sclerosis, or Stroke, affect significantly the motor and somatosensory
systems, leading to physical disabilities and reduced muscle strength
[11, [2], [3], [4]. Strong emphasis is placed on the rehabilitation of
the upper limb motor functions to boost independence in performing
Activities of Daily Life (ADLs) and promote social reintegration [5].
As a result, there is a considerable demand for efficient rehabilitation
approaches. It has been demonstrated that intensive robotic rehabil-
itation is successful for inducing recovery after stroke and effective
for SCI [6].

Rehabilitation robotics, such as end-effector robots and exoskele-
tons, offer high precision and repeatability in training sessions,
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Fig. 1. Hybrid FES-Exoskeleton system for upper-limbs enhanced
haptic feedback and the visual scenario rendered on the 3D visor during
the pick-and-place task.

potentially establishing standardized, quantitative methodologies for
treating motor impairments in clinical settings [7].

Functional Electrical Stimulation (FES), instead, is a technique that
induces muscle contraction using electrical stimulation delivered via
either superficial or implantable electrodes, [8]. It prevents muscle at-
rophy, preserves or increases functional range of motion, strengthens
muscles and encourages cortical reorganization and neural plasticity
[9]. However, it is noted that FES can lead to quicker fatigue
compared to voluntary muscle control, and precise control of FES-
induced joint motion can be challenging due to its non-linear nature
[10].

The concept of Hybrid Systems arises as a promising approach for
rehabilitation. These hybrid systems combine both robotic technology
and FES to aid and potentially restore upper limb functions [11]. One
of the primary goals of these systems is to optimize neuroplasticity by
delivering multiple sensory input to the central nervous system [12].
FES and robotic devices collaborate to support functional movements,
enabling users to perform ADLs [13]. FES stimulates muscles, while
robots assist either by providing gravity compensation on the limb
or by actively influencing joint motions. FES can be easily included
into lightweight wearable and textile devices [14].

Early investigations into hybrid systems did not typically involve a
simultaneous activation of both systems. For instance, some studies
primarily focused on providing FES while robotic devices were
designed to assist and steady upper limb. These robotic devices
included features such as compensating gravity and immobilizing
specific degrees of freedom through the use of brakes to reduce
muscle fatigue, like in Ambrosini et al.’s and Wolf et al’s studies
[15], [16].

In contrast, other hybrid systems allowed for the concurrent activa-
tion of joint sets, actuating some degrees of freedom with FES while
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the robot handled the remaining degrees of freedom, as presented by
Varoto et al. [17]. In many cases, these solutions incorporated FES to
stimulate hand muscles (for grasping), while the robot assisted with
arm and forearm movements like in Ajiboye et al. [18].

Recent research, however, has shifted towards shared control
systems that integrate FES and robotic support on the same single
joint, usually the elbow, providing optimized collaborative assistance
[19], [20], [21], [22]. Some of these studies focused more on
compensating robots power requirements by using FES to initiate or
to complete motion. Different approaches have been explored to assist
motion while preventing muscle fatigue. These include initiating
motion either through FES and then completing it using wearable
robots or viceversa, adjusting FES parameters (pulse width, intensity,
or frequency) to achieve the desired torque without compromising
muscle performance [23], [20], [24].

Both robotic technologies and FES can be used with Virtual Reality
(VR) systems to enhance patient’s motivation during therapy, while
providing consistent measurements of kinematics and kinetics [11],
[25]. Exoskeletons and end-effector robots provide haptic feedback
through force fields and torques applied to users’ hands and arms.
FES has been lately employed to provide haptic feedback to render,
for example, virtual walls and virtual weight perception [26] [27],
[24], [28].

So far, there are no multi-joints hybrid systems that combine
exoskeletons and FES in a shared and simultaneous actuation. Fur-
thermore, research on hybrid systems with VR remains limited. Our
group has already developed a solution integrating an elbow exosuit
with a wearable stimulator to render a load on the hand during
flexion performed in a virtual environment [24]. This approach can
offer continuous haptic feedback and stimulation to multiple muscles,
providing multisensory feedback through force fields generated by
robots and through modulation of electrical stimulation. The primary
obstacle for hybrid systems is establishing an effective shared control
between FES and exoskeleton to enhance the efficacy of the haptic
feedback. This is mainly guaranteed by a robust FES controller, which
relies not only on the control approach, but also on the number of
targeted muscles and on the correct positioning of the electrodes.

In the current study, we developed a multi-joint hybrid system
consisting of a rigid bimanual actuated exoskeleton and a FES suit,
as displayed in Fig 1. An immersive virtual environment simulated
a scenario for a functional bimanual task (i.e. pick-and-place that
involves shoulder and elbow flexion-extension). This system provided
haptic force feedback during object manipulation via robot and via
FES. The FES controller is structured in two ways: (1) motion
assistance (assistive) and (2) haptic feedback rendering (resistive).
Real-time modulation of FES intensity aimed at reducing muscle
fatigue in biceps, triceps, anterior and posterior deltoids [23]. These
modalities differ in the stimulation sequence: either agonist or antag-
onist muscles of elbow and shoulder joints.

We hypothesized that: (i) the hybrid haptic feedback approach
would result in improved kinematic performance compared to using
haptic feedback produced solely by the exoskeleton; (ii) the hybrid
mode would increase the level of effort required by the subject
to complete the task, especially in the resistive condition. To val-
idate these assumptions, hybrid controllers are compared with an
exoskeleton-alone controller by assessing metabolic expenditure and
kinematic outcomes.

Il. HYBRID SYSTEM DESIGN
A. Actuated Exoskeleton for the upper limbs
The Arm Light Exoskeleton Rehab Station ALEX-RS (Wearable

Technology, Italy) is a robotic tool designed for neuromotor rehabil-
itation of upper limbs [29], [30]. It features six degrees of freedom

(DoFs) per limb, with three at the shoulder, one at the elbow, and
two at the wrist, with only the shoulder and elbow actuated. The
exoskeleton utilizes a tendon-driven transmission system that is low in
inertia, providing back drivability and smooth motion. It covers 92%
of the upper limb workspace, has gravity and friction compensation,
and each arm is equipped with four brushless motors and four optical
incremental encoders.

For the present study, we adopted a haptic control design that we
had previously deeply tested [31]. This framework is designed to
produce bimanual force feedback at the device end-effectors (EEs)
by using the “’god-object method” through an impedance control.

B. FES stimulator

The FES stimulator, named Teslasuit® (VR Electronics Ltd,
London, UK), is a wearable full-body suit divided in jacket and
trousers. The suit delivers electrical stimulation to the user through
up to 80 channels, consisting in pair of shaped electrodes placed
on anatomically suitable locations. The jacket component of the suit
contains 62 electrodes controlled via Wi-Fi.

C. Hybrid System

The hybrid system (Fig 1), merging exoskeleton and FES, operates
in accordance with the real-time motion, recorded by the encoders of
the exoskeleton. The two technologies are interconnected by the high-
level controller, which detects the manipulation of virtual objects in
the virtual environment. The FES stimulator is connected to the haptic
interface implemented for the exoskeleton through the Teslasuit SDKs
for Unity 3D (Unity Software Inc., Copenhagen, Denmark, version
2020.2.13).

D. Virtual Scenario

The virtual scenario, rendered via Unity 3D software, was re-
sponsible for providing hybrid haptic interaction with the rendered
virtual objects during a pick-and-place task. The scenario (Fig 1)
was comprised of a virtual room with a table (starting position), a
moving shelf (target), and a virtual object (VO). The end-effectors of
the exoskeleton were represented by two blue spheres, able to deform
proportionally upon the interaction with VO.

[1l. REAL-TIME ADAPTIVE CONTROLLER

The controller (Fig 2) consisted of two layers: the Exoskeleton
controller, which was designed to provide stable force feedback via
motor actuation, and the FES controller, which delivered electrical
stimulation to superficial muscles of the upper limbs regulating
its timing and intensity calibrated by means of a biomechanical
model. A high-level controller, Virtual Haptic Unit, was responsible
of detecting collision events between EEs and VO enabling both
exoskeleton and FES actions during bimanual manipulation of the
VO.

A. Virtual Haptic Unit - VHU

The high-level controller, named Virtual Haptic Unit (VHU), was
developed via C# and Unity3D. Its purpose was to visually represent
the virtual scenario and handle the computations for haptic rendering
according to the user’s movements and manipulations in the virtual
environment. At a rate of 200 Hz, VHU detected the virtual collision
between the exoskeleton EEs and the VO. The haptic response was
designed to prevent the user from penetrating the VO, employing the
“god-object algorithm” [32]. According to this method, each hand
was represented by three main spheres:
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Real-time control. a) The real-time control framework of the hybrid system consists of two main controllers interconnected by the VHU

module: the Exoskeleton Controller and the FES Controller. The VHU is the high-level controller that detects and measures the penetration of
the end-effectors (EEs) into the virtual object (VO), providing information in real-time of the manipulation of the VO. The Exoskeleton Controller
is a low-level controller providing torque exo to the user through the impedance controller. The FES Controller modulates the electrical intensity
Im to send to each muscle, based on the real-time upper-limbs movement (elbow and shoulder angle) according to a predefined biomechanical
model. The Hybrid System can be either resistive (RSexo+FEs) Or assistive (ASexo+FES). They differ in the stimulation sequence, involving

either antagonist or agonist muscles.

End-Effector (EE): This sphere, not visible in the virtual envi-
ronment, corresponded to the real EE’s position in the virtual
scenario.

God Object (GO): Also invisible, the GO represented the ideal
EE position constrained to the surface of the manipulated VO.
Visual Sphere (VS): A visible sphere fed back to the user either
the EE position (when no interaction with VO is detected)
or the GO position (during collision of EE and VO). This
sphere provided visual information of the contact force, its shape
deformed, squeezing onto the surface of the VO proportionally
to the applied forces and, therefore, to the distance between EE
and GO.

These spheres were used for various computations, such as determin-
ing interaction forces through an Impedance Controller and indicating
position within the virtual environment. Detailed explanations can be
found in a previous study [31] and in the following section, while in
Fig 2 top left we provided a visual representation of the god-object
algorithm.

B. Exoskeleton Controller

The low-level controller, running at 1kHz, was developed on
a second dedicated workstation to provide force feedback during
interactions with the VO by means of an Impedance Controller.
Feedback forces (Fgg) were computed considering the penetration of
the EE spheres into the VO by means of a mass-spring-damp model:
a virtual elastic component was proportional to the distance between
the EE spheres and GO spheres, whereas a virtual viscous term was
proportional to the mutual velocity of the two spheres during motion.

The computed force values Fg g, one per EE, were sent back to the
device at each exoskeleton arm via a shared memory communication
protocol. Subsequently, the Torque Computation module converted
forces into joint torques ( ) for each motor by using the transpose
of the Jacobian.

C. FES controller

The FES controller delivered electrical stimulation to superficial
arm muscles for elbow and shoulder flexion-extension. Its function
was enabled during bimanual manipulation of the VO and its intensity
was modulated according to the upper limb kinematics and the
estimated muscular activation.

We employed a rectangular biphasic waveform with frequency set
at 60 Hz, pulse width limited to 350 s, and the intensity (lp)
determined through a calibration procedure conducted prior to the
experiment for each participant. The aim of the calibration was to
detect the minimum intensity at which the user could detect the
slightest signal, whereas the maximum was determined based on the
user’s subjective tolerance.

We assumed that injecting an appropriate level of current, that
mimics normal muscle activity, makes it possible to deliver a mod-
ulated stimulation pattern. In this way it can be perceived as a
realistic contraction and helps in mitigating muscle fatigue [23]. This
is why we performed a modulation of FES intensity by means of a
biomechanical model, a similar approach as in Sierotowicz et al. [33].

The biomechanics of the upper limbs motion was analyzed by
means of a bimanual MOBL musculoskeletal model compatible with
OpenSim version 3.2 [34]. The model was scaled on subjects to adjust
the dimensions and properties of the model’s components to estimate
muscular activation according to the upper limb motion.

Such an estimation was performed by means of Static Optimiza-
tion, an extension of the inverse dynamics provided by OpenSim
[35], [36]. It offers quantitative estimation of muscle activation
levels, ranging from 0 to 1, for several muscle groups involved in
a given task. In the context of this research, Static Optimization
has been employed for two main reasons. Firstly, it has been a
valuable tool to identify which of the numerous muscles groups
are predominantly engaged in the bimanual pick-and-place task.
Secondly, we obtained a quantitative relationship between human
motion and muscle activation level.

More specifically, the Static Optimization tool determines the
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muscle activation that minimize the sum of squared muscle activation
while satisfying the task of generating the desired joint moment j.

kmF (F; Im; Vm)IFm:j: )

m=1

where kKm is the activation level of muscle m at each time instance
of the movement, f(Fr%; Im;Vm) represents the estimated muscle
force constrained respectively by its force-length-velocity properties
of muscle M, rm is the moment arm of muscle m about the j* joint
axis.

The optimization involves minimizing the energy cost function J:

[kan; @)

m=1

that is a weighted sum of squared muscle activation levels km, nor-
malized values between 0 and 1, respectively meaning “no muscular
activity” and “complete muscular activation”. Through this estimation
we identified the muscles groups predominantly engaged in the task:
the long head of the biceps, the long head of the triceps, anterior and
posterior deltoids. See Fig 2-right side for a visual representation of
km used in FES modulation.

Consequently, we obtained Cm(Qj), the relationship between km and
the angular trajectories of the corresponding joints (biceps and triceps
refer to the elbow angle g1 while anterior and posterior deltoids refer
to shoulder angle q2):

Cm(Qi) = aamdi + a3m0s + azm@? + aim@i +aom;  (3)

where coefficients aam, 83m, @2m, a1m and apom are specific for
each muscle.

In the current hybrid control, modulation consisted of multiplying
FES intensity lp(t), provided by the calibration procedure, with
Cm(ai):

Im(t) = Cm(qi) lo: )

The task was structured into two phases, lift and drop: after

grabbing the VO from the starting position, the user proceeded
flexing elbows and shoulders joints to reach the height of the target.
This action predominantly activated biceps and anterior deltoids (lift
phase). Then, when the user aimed to place the VO on the target,
extensions of the elbows and shoulders involved triceps and posterior
deltoids activations (drop phase).
The FES controller was designed to deliver stimulation according
to the motion phase. In our control approach, the motion phase
was detected by analyzing the sign of the first derivative of the
angular trajectory of the elbow joint qol(t), tracked by the exoskeleton
encoders. A positive value (qol(t) > 0) indicated an elbow flexion
(lift phase), whereas a negative value (qg(t) < 0) corresponded to an
elbow extension (drop phase).

We designed two modalities to provide FES during the virtual
pick-and-place task:

Resistive Stimulation (RS): this mode was designed to increase
weight perception. FES was targeted to antagonist muscles.
Assistive Stimulation (AS): it was intended for supporting mus-
cular activity. FES was directed towards agonist muscles.

It is worth to mention that our FES controller defines four functions
(Equation 3) to modulate FES intensity for each muscle. However,
they do not differ according to the modality. In RS mode, for example,
the controller activates the triceps to the same extent as the biceps
by employing Cyjceps, as well as the posterior deltoids stimulation
is modulated by CantDeltoids-

D. Hybrid controller

The multi-joint hybrid controller integrated the Exoskeleton con-
troller and FES controller in a parallel structure (Fig 2). The Ex-
oskeleton controller was operated using the Unity graphic engine
within the ”VHU” module, which detected collisions between the
EEs and the VO. This event allowed for simultaneous force feedback
to the EEs and the application of electrical stimulation to the corre-
sponding muscles. This process generated either augmented haptic
rendering or human motion assistance, depending on the chosen
modality.

IV. EXPERIMENTS
A. Subjects

The experiment involved a group of eight healthy and right-
handed participants naive to the task (seven females and one male,
24.6 3.0 years old, 166 5.3 cm height, and 57.7 6.2 kg weight).
All participants had no history of musculoskeletal or neurological
diseases. Before beginning the experiments, all participants signed
informed consent forms. The experimental protocol was approved
by Heidelberg University Institutional Review Board (S-287/2020):
the study was conducted following the ethical standards of the 2013
Declaration of Helsinki. The experiments were conducted at the Aries
Lab of Heidelberg University.

B. Experimental protocol

Participants were instructed to take a seat at the exoskeleton
workstation (ALEx-RS), to wear the FES stimulator (Teslasuit), and
the 3D visor (Oculus Rift S). The Teslasuit must be worn at least
20 minutes before the task to obtain the proper fitting between the
suit electrodes and the skin. To collect data on metabolic energy
expenditure, we utilized a portable metabolic analyzer (K5-Cosmed,
Rome, Italy). To establish the average metabolic cost at rest, subjects
were required to engage a four-minute breathing session before
starting the experiment. The net metabolic cost was computed by
subtracting the metabolic data recorded at rest from the data obtained
during each experimental session. As illustrated in Fig. 1, the task
involved grabbing and lifting the VO from the table (Starting position)
and placing it on the moving shelf (target). It is important to mention
that, in all conditions, the hybrid system exploited the exoskeleton
controller to provide haptic feedback during the manipulation of the
VO as well as the weight of the VO itself. On top, the FES changed
across the different conditions, as explained as follows.

The experiment included three conditions, proposed to subjects in
a random order:

Assistive Stimulation (ASgxo+FEs): combined use of biman-
ual exoskeleton and FES stimulator components. FES was
applied to the agonist muscles during movement to assist motion
during the task;

Resistive Stimulation (RSgxo+FEs): combined use of biman-
ual exoskeleton and FES stimulator. The stimulated muscles
were the antagonists to resist the motion by generating opposite
physiological joint torques: subjects ~ perception of the load was
increased.

No Stimulation (N Sgx): only exoskeleton was used to generate
the haptic force feedback.

Each target-set consisted of nine repetitions of the pick-and-
place task at the three possible shelf heights (high, middle, low).
Each condition (ASgxo+FES, RSExo+FES, and NSgyg) was
performed on different days to prevent participants from experiencing
muscular fatigue. In each condition one had a total of 11 target-sets,
broken down as follows:






