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Abstract— Combining functional electrical stimulation
(FES) and robotics may enhance recovery after stroke,
by providing neural feedback with the former while improv-
ing quality of motion and minimizing muscular fatigue
with the latter. Here, we explored whether and how FES,
robot assistance and their combination, affect users’ per-
formance, effort, fatigue and user experience. 15 healthy
participants performed a wrist flexion/extension tracking
task with FES and/or robotic assistance. Tracking per-
formance improved during the hybrid FES-robot and the
robot-only assistance conditions in comparison to no
assistance, but no improvement is observed when only
FES is used. Fatigue, muscular and voluntary effort are
estimated from electromyographic recording. Total muscle
contraction and volitional activity are lowest with robotic
assistance, whereas fatigue level do not change between
the conditions. The NASA-Task Load Index answers indi-
cate that participants found the task less mentally demand-
ing during the hybrid and robot conditions than the FES
condition. The addition of robotic assistance to FES train-
ing might thus facilitate an increased user engagement
compared to robot training and allow longer motor training
session than with FES assistance.

Index Terms— Neurorehabilitation, robotic assistance,
functional electrical stimulation.

Manuscript received 21 March 2023; revised 31 July
2023 and 11 September 2023; accepted 4 October 2023. Date of
publication 10 October 2023; date of current version 20 October 2023.
This work was supported in part by the United Kingdom Research
and Innovation (UKRI) Centre for Doctoral Training (CDT) in Artificial
Intelligence (Al) for Healthcare under Grant EP/S023283/1 and in part
by the European Commission H2020 Project ReHyb under Grant ICT
871767. (Corresponding author: Lucille Cazenave.)

This work involved human subjects or animals in its research. Approval
of all ethical and experimental procedures and protocols was granted
by the Research Ethics Committee of Imperial College London under
Approval No. 211C6935, and performed in line with the Declaration of
Helsinki.

Lucille Cazenave is with the Bioengineering Department and the UKRI
Centre for Doctoral Training in Al for Healthcare, Imperial College of
Science, Technology and Medicine, SW7 2AZ London, U.K. (e-mail:
lucille.cazenave16@imperial.ac.uk).

Martin Einenkel, Satoshi Endo, and Sandra Hirche are with
the Chair of Information-Oriented Control, Technical University of
Munich, 80333 Munich, Germany (e-mail: martin.einenkel@tum.de;
s.endo@tum.de; hirche@tum.de).

Aaron Yurkewich is with the Department of Automotive and Mecha-
tronics Engineering, Ontario Tech University, Oshawa, ON L1G 0C5,
Canada (e-mail: aaron.yurkewich@ontariotechu.ca).

Etienne Burdet is with the Bioengineering Department, Imperial Col-
lege of Science, Technology and Medicine, SW7 2AZ London, U.K.
(e-mail: e.burdet@imperial.ac.uk).

Digital Object Identifier 10.1109/TNSRE.2023.3323370

[. INTRODUCTION

TROKE is the most common neurological disorder in

adults and results in upper-limb impairments in over 70%
of post-stroke individuals [1], [2]. Rehabilitation is needed
after stroke to help reduce disabilities but current ser-
vices do not meet the patients’ expectations in many areas,
including reduction of arm impairment [3], [4] and less
than 15% of them achieve complete functional recovery of
the paretic arm at 6 months [5], [6]. There is thus a need
to provide more efficient motor training and enhance recov-
ery of upper-limb function. Technologies such as robotics
and functional electrical stimulation (FES) have thus been
introduced within the rehabilitation process to improve the
outcomes.

FES has been used in this context to assist patients during
training, by contracting the relevant muscles and stimulating
the peripheral nerves. It can also strengthen neural pathways
through orthodromic and antidromic neural activation [7].
Meta-analysis studies found that upper-limb motor function is
improved after FES-based therapy in acute and chronic stroke
patients [8], [9] and some studies also report improvements in
activities of daily living (ADLs) [10], [11].

On the other hand, rehabilitation robots have been used to
provide assistance during movement [12], [13], [14]. How-
ever, the literature suggests that upper-limb robotic-based
training only slightly improves motor functions compared
to conventional interventions [14], [15] and does not nec-
essarily translate to improvement in ADLs [14], [I5],
[16], [17].

Although there is evidence that FES training is beneficial
for upper-limb motor recovery, it can be uncomfortable, tiring,
and usually does not produce strong and smooth motion [18],
[19], [20], [21]. Could robotic systems be used to com-
plement FES by providing power and mitigating discomfort
and fatigue? Such hybrid system could help users perform
smooth and well controlled limb motion. They would also
provide a more complete sensorimotor experience than robotic
training alone by eliciting additional mechanoreceptors and
muscle activity through the stimulation, which may ben-
efit functional recovery. Recently, novel hybrid controllers
for upper-limb assistance have been developed, using model
predictive control to distribute the actuation between both
systems more optimally [22] and adaptive cooperative con-
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Fig. 1. Experiment description. A. Participants track a randomly moving target on-screen with wrist flexion/extension and receive four different

assistance conditions: no assistance, robot-only assistance, FES-only assistance and hybrid (robot + FES) assistance. B. Hybrid robot-FES system
(from left to right): HRX-1 wrist robotic device; FES device with 16-electrode array; EMG recording device with ground electrode and two high-density
32-channel electrode arrays; hybrid set-up where the FES anode electrode, shown as 1, is placed on the dorsal side of the wrist near the ulnar
head and the cathode electrodes array, shown as 2, are around the arm inline with the wrist flexor and extensor muscle belly with the EMG
electrodes placed distally. C. Overview of experimental protocol, where four assistance conditions were presented randomly to each participants:
no assistance, FES-only assistance, robot-only assistance and hybrid assistance. Each block represents one trial of the target tracking task.

trol where FES-induced muscle fatigue is considered in the
control loop [23], [24]. Although the results from these
developments and preliminary testings are promising, most
of these systems have not been tested with clinical popu-
lations and only report the effect of hybrid assistance on
users’ performance and motor torque reduction. Additionally,
existing systems deployed in the stroke rehabilitation environ-
ment are relying on FES as the main means of assistance
and using a robotic device only to promote gravitational
support [25], [26], [27], [28], [29], [30], [31], [32], or to
contribute to other joint motion than the one supported by
FES [25], [26], [27].

To evaluate whether a system that combines robotic assis-
tance and FES to the same joint motion can be truly useful
to clinical populations, we first need to understand how each
mode of assistance alters performance, motor behaviours,
as well as user experience in a healthy cohort. To this
end, we developed a simple one degree-of-freedom inter-
face for wrist flexion/extension that can provide FES and
robotic assistance, based on users’ performance during the
tracking of a moving target. The aim of this work was to
explore whether and how FES, robot assistance, and their
combination, alter users’ performance, their physiological
responses and their workload perception in a target track-
ing task, where continuous assistive feedback is required.
More specifically, we investigated tracking performance, qual-
ity of motion, muscular and voluntary effort, fatigue and
user experience. While we expected a general performance
improvement with assistance, we also anticipated differences
among the various modes. Here, we hypothesised that robotic
assistance could lead to reduced fatigue and tracking error
but also lower effort than FES. While we hypothesised that
the combination of these two modalities would additively
improve the tracking performance, we further explored how it
would impact the resulting motor behaviours and physiological
responses.

[I. METHODS

A. Participants

This study was approved by the Research Ethics Committee
of Imperial College London (approval number: 211C6935).
15 healthy participants (6 female) aged 27.8 £3.41 years
old were recruited for this study. The participants signed an
informed consent form and filled out a demographic question-
naire prior to participating in the experiment. 13 participants
were right handed and two were left handed as was assessed
using the Edinburgh Handedness Inventory [33].

B. Robotic Interface

The HRX-1 one degree-of-freedom wrist robotic interface
(HumanRobotiX, UK) used in the study is shown in Fig. 1B.
It is actuated by a brushless low friction motor, which deliv-
ers up to 4Nm of torque and is controlled by the Epos4
70/15 motor controller (Maxon Motors, Switzerland). Torque
measurement is provided by the embedded torque sensor
(with 0.014Nm resolution) and the user’s wrist angle is
recorded using the embedded optical encoder (0.01° reso-
lution). The hand is attached to an ergonomic handle while
the forearm is strapped to an adjustable arm support to ensure
joint alignment. The robot is programmed in Matlab and ran
at a frequency of approximately 100 Hz.

C. FES System

The CLASS V1.0 FES device 16-electrode array (Tecna-
lia Research & Innovation, Spain) was used (Fig.1B), and
controlled remotely via Bluetooth communication. A hydrogel
layer is placed on the electrodes to improve the conductivity
of the array with the skin and additional Velcro straps are
positioned around the electrodes to tighten the array around
the forearm. The anode electrode is positioned on the dor-
sal side of the wrist near the ulnar head and the cathode
array is positioned around the arm inline with the belly
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of the wrist flexor and extensor muscles for comfortable
and effective stimulation (Fig.1B). The frequency of the
stimulation is set to 35Hz and the pulse width to 300 s
as these values are used clinically [34]. The amplitude of
the stimulation varies (with 1mA resolution) during the
experiment.

D. EMG Recording

Muscle activity is recorded using two 32-channel EMG
electrode arrays (GR10MMO0804, OT Bioelettronica, Italy)
with a Sessantaquattro amplifier (OT Bioelettronica, Italy)
(Fig. 1B). We used two electrode arrays that covered the
forearm proximally to the FES electrodes (Fig.1B), which
recorded the activity in muscles such as the extensor carpi
radialis longus, the extensor digitorum, the flexor carpi
radialis and the flexor digitorum superficialis. The EMG
data is sampled at 2000Hz and stored on a PC for
analysis.

E. Experiment Task

The participants tracked a moving target on a com-
puter monitor placed in front of them using wrist flex-
ion/extension movements of the right hand while being
assisted by a robot or FES (Fig. 1A). The target trajectory was
defined as:

g*(1) = 38.6° sin[2.0308(:1)] sin[1.0927¢:H)] (1)

where 1+ =1t + 1y, t is the elapsed time and fy is the starting
time. g* is the target angle. The target was programmed and
updated in Matlab and 7y € {0, 3.094, 14.375} s was randomly
selected every trial to minimise prediction of the target tra-
jectory by the participants. Participants were instructed to
track the target as accurately as possible and told that they
may feel haptic interaction from the robot and/or electrical
stimulation.

F. FES and EMG Calibration

An FES calibration was performed at the start of the
experiment. Two cathode electrodes within the cathode array
are selected to generate the flexion movements and two
other cathode electrodes for the extension movements. The
electrode location and corresponding maximum stimulation
are selected individually for the flexion and extension side,
such that the stimulation is comfortable and the generated
movement covers the participant’s full range of motion. The
FES amplitude is capped at the maximum comfortable stim-
ulation determined by the user for the flexion s7'“* and
extension movements s,'“*. The torque generated by each of
these stimulation amplitudes while the participant is relaxed
is also recorded as t/'** and t'**. The minimum FES
amplitude is defined as the participant’s sensory threshold
through self-report, individually for the flexor stimulation s}”i"
and the extensor stimulation 57", We assume a linear mapping
between the stimulation amplitude sy and s, and the produced
torque 7y and 7, for amplitudes above s}’”" and sJ"" for the

flexion and extension movements respectively [35] such that:

() = agsp(t)  T(r) = o5 5.(0) 2
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with the linear coefficient oy defined as:
gmax _ smin

s = d maxf 3)

An EMG calibration was then performed to obtain a mea-
sure of effort, by linearly regressing muscle activity with
torque produced during isometric contraction. During this
calibration, participants were asked to resist each of the four
increasing torque levels: {0.4,0.8,1.2, 1.7} Nm during 2.5s
in flexion and extension at the fixed angle q = 30°. This
was repeated four times with a 3s rest in between to prevent
fatigue.

G. Control of Robot-FES System

The task considered in this study is a continuous tar-
get tracking task with a pseudo-random trajectory, that
requires continous assistive feedback. Therefore, the torque
exerted on the wrist flexion/extension by the robot is
described as:

u(t) =Kre(t) e(t)=qt)—q*@) 4)

where e(t) is the tracking error between the participant’s
trajectory ¢ and the target trajectory ¢*. The robot control
stiffness K, = 0.0097 Nm/° corresponds to a soft-middle
interaction stiffness [13]. It has been selected after prelimi-
nary testings in order to observe tracking improvement with
assistance, while preventing slacking.

The stimulation amplitude provided to the wrist flexor or
extensor is described as:

o) [se(t) = —Ke(t) + s™" e(t) <0

min (5)
sp(t) = Kse(t) + 5% e(t) >0

where s, (t) refers to an extensor muscle stimulation and s ()
a flexor muscle stimulation. K; (in mA/°) is the FES
control stiffness and is the same for the extensor and
flexor stimulation in order to match the robot assistance
behaviour. It is defined from the linear mapping o between
the FES amplitude and torque ranges of the flexor as
it was found to be more comfortable during preliminary
tests:

K = a5 K, (6)

The four assistance conditions of the experiment are defined
as follows: {hybrid, robot (se = 0,57 = 0), FES (4, = 0),
no assistance (se = 0,5y = 0 and u, = 0)}. In the hybrid
condition, participants receive the same robot assistance as in
the robot condition as well as the same FES assistance as in
the FES condition.

H. Protocol

The experimental protocol is outlined in Fig. IC. The exper-
iment started with an FES and EMG calibration as detailed
in Section II-F. This EMG calibration was also carried out
at the end of the experiment to examine potential changes in
muscle activity due to fatigue. The participants first completed
ten trials of the trajectory tracking task without assistance.
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They then completed four blocks of the trajectory tracking
task, each block using one of four conditions of assis-
tance: {hybrid, robot, FES and no assistance}. The conditions
were presented in random order, with each block containing
15 trials consisting of 15s of target tracking and a 3 s rest.
Each block was followed by a questionnaire (see Appendix)
that evaluated the workload with the NASA-TLX ten-point
ordinal Likert Scale [36] and the comfort and usefulness
of the stimulation and robot torques using five-point ordi-
nal Likert Scale questions [37]. Subsequently, a block of
five trajectory tracking trials with no assistance was per-
formed, including a first washout trial and four evaluation
trials.

I. Performance Analyses

Task performance was quantified by the Root Mean Square
Error (RMSE) [°] between the target trajectory ¢*(z) and

the participant’s trajectory q(t): ,/%fOTe(t)2 dt, T = 15s.

Other metrics were used to quantify the participant’s perfor-
mance more specifically. The time delay [s], tracking error
due to a temporal shift between the target’s and partici-
pant’s trajectories, was calculated using the cross-correlation
between the two trajectories. Smoothness, quantified with
the SPARC (Spectral Arc Length) metric, was also explored
as it is a marker of the quality of sensorimotor control,
often impaired after stroke [38]. Understanding how each
assistance condition affects motion smoothness in healthy indi-
viduals is relevant for later application to stroke rehabilitation,
where smoothness is linked with functional recovery [39].
A SPARC value closer to zero corresponds to a smoother
motion.

J. Effort and Fatigue

Fatigue and effort during the task were estimated using
recorded EMG signals of the flexor and extensor muscles
from the participants. Mains noise was attenuated using a
Notch filter (Matlab function iirnotch with notch at 50 Hz).
A low-pass and high-pass second order Butterworth filters
(with cut-off frequencies f. = 10Hz and f,. = 500 Hz, respec-
tively) were applied in the forward and reverse directions.
The EMG signal was rectified and the envelope was obtained
using a low-pass second order Butterworth filter with cut-off
frequency f. = SHz. The channel on the extensor and flexor
arrays with the highest envelope amplitude during the EMG
calibration were used for the following analyses. For both
time-domain effort metrics, the torque-normalised EMG signal
was used. The torque-muscle activity relationship was obtained
by linearly regressing the envelope of the fully-rectified EMG
during the EMG calibration procedure with the corresponding
torque.

Fatigue was estimated by computing the median frequency
of the filtered EMG signal [40]. A decrease in EMG median
frequency corresponds to an increase in fatigue. The EMG
frequency during the EMG calibration at the start and end
of the experiment, and across conditions were compared.
For the latter, the median frequency was averaged for the
last four trials of the previous and following evaluation

blocks and their difference was taken to quantify fatigue
changes.

For the muscular effort metric, the EMG signal containing
both the FES-induced muscle activity, i.e. the evoked M-wave,
and the volitional activity were considered. Although the
evoked M-wave is not a voluntary contribution, it is resulting
in the recruitment of motor units leading to muscle contraction,
as with volition. We used a Hampel filter, where outliers away
by 1.5 standard deviations from the median of 30 surrounding
samples are replaced by that median; this filtered the FES
artefacts. The envelope of the signal was obtained and the total
effort was evaluated from the mean amplitude of the envelope
of the torque-normalised EMG signal, averaged across trials.
Muscular effort levels during the EMG calibration at the start
and end of the experiment were compared as well as during
each training condition.

The volitional contribution was also considered as it can
inform about the effect of each modality on user engagement,
which is relevant for stroke rehabilitation. Adaptive filters
can be used to filter the EMG corrupted by the FES artifact
and the M-wave contribution [35], [41], [42]. In this work,
we used an adaptive filter designed for EMG-based torque
estimation under stimulation of wrist flexor and extensor with
the same setup as here [35]. The torque-normalised EMG was
obtained from the envelope of this signal, and averaged across
trials.

K. Statistical Analysis

For the comparison of performance metrics, effort, fatigue
levels and questionnaire answers between the conditions,
we used a one-way repeated measures ANOVA or a
non-parametric Friedman test when the data was not normally
distributed. A one-sample Shapiro-Wilk test was used to
test the null hypothesis that the data comes from a normal
distribution. Post-hoc paired sample t-tests or paired Wilcoxon
sign-rank tests were used for comparisons of performance
metrics, effort and fatigue levels and questionnaire answers
between each condition, controlling for the family-wise error
rate with Bonferroni-Holm correction. For the comparison of
the fatigue level before and after the experiment, a paired
Wilcoxon sign-rank test was used as data was not normally
distributed. Similarly, for questions comparing the FES and
hybrid conditions, and the hybrid and robot conditions, paired
Wilcoxon sign-rank tests were used. For the statistical analysis
of performance, effort and fatigue metrics, the average across
trials in one condition was calculated for each participant.
In the box plot figures, the whisker lines above and below
the box indicate the 1.5 interquartile range. Outliers are
displayed by a red + sign. Comparisons not shown are not
significant.

[11. RESULTS
A. Performance Results

The assistance condition affects participants’ tracking per-
formance (F(3,56) = 20.38, p < 0.001). RMSE is smaller
with hybrid or robot assistance relative to the no assistance and
FES conditions (all p < 0.001) (Fig.2A). There is no signifi-
cant difference between hybrid assistance and robot assistance
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Fig. 2. Performance, motor adaptation and quality of motion metrics during the tracking task with four different assistance conditions. (A) Tracking
performance indicated by the Root Mean Square Error (RMSE). (B) Smoothness of participant’s trajectory, evaluated using Spectral Arc Length
(SPARC) [38]. A SPARC value closer to zero corresponds to a smoother motion. (C) Time Delay indicates the temporal shift between the target’s
and participant’s trajectories. * : p < 0.05, % : p < 0.01, % % x : p < 0.001. Comparisons not shown are not significant.
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Fig. 3. Voluntary effort (A,B), muscular effort (C,D) and changes in
muscle fatigue (E,F) during the tracking task assisted with four different
assistance conditions. The effort metrics are estimated as the mean
envelope amplitude of the torque-normalised EMG signal. Fatigue is
obtained from the median frequency of the EMG signal, a decrease in
frequency indicates increased fatigue. (A) Voluntary effort in the flexor
muscles. (B) Voluntary effort in the extensor muscles. (C) Total muscular
effort in the flexor muscles (including M-wave contribution). (D) Total
muscular effort in the extensor muscles (including M-wave contribution).
(E) Fatigue changes in the flexor muscles. (F) Fatigue changes in the
extensor muscles. * : p < 0.05,*x : p < 0.01,x** : p < 0.001.

Comparisons not shown are not significant.

(p = 0.74). The effect of assistance condition on smooth-
ness was also investigated (F(3,56) = 3.82, p = 0.015)
and results indicate that FES assistance leads to decreased
smoothness compared to the hybrid condition (p < 0.05) but
other differences are not significant (all p > 0.075) (Fig.2B).
The hybrid and robot assistance also reduce time delays
compared to none and FES conditions (all p < 0.01) and
there is no statistical difference between the hybrid and the
robot conditions (p = 0.93) (Fig.2C). When investigating

performance improvement on evaluation trials before and after
each assistance condition, we do not find statistical differences
(F(3,56) =0.37, p = 0.77) (Appendix, Fig.6).

B. Effort and Fatigue

The EMG recording for one participant was corrupted and
thus EMG-based metrics are reported as N = 14. When com-
paring the total level of muscle activity in the flexor muscles
during the assisted tracking task (X2(3) = 37.46, p < 0.001)
(Fig. 3C), we find that it is lower with robot assistance
compared to all other assistance conditions (p < 0.001 with
FES and hybrid and p < 0.05 with none). Higher muscular
effort is observed in the FES and hybrid assistance com-
pared to no assistance, with higher muscle activity in the
hybrid condition (p < 0.05 with FES). Similar trends are
found for the extensor muscles (x2(3) = 24.26, p < 0.001)
(Fig. 3D), although there is no statistical difference between
the robot and no assistance conditions (p 0.90) and
total muscle activity is highest in the hybrid condition
(p < 0.001 with FES).

Regarding the voluntary effort (Fig. 3A, B), similar trends
are found in the flexor muscle (x2(3) = 25.00, p < 0.001),
where higher volition is observed in the FES and hybrid
assistance conditions, while these differences are not present
in the extensor muscle (X2(3) = 16.54, p < 0.001). The
voluntary contribution is similar in the FES and hybrid con-
ditions for both flexor (p 0.46) and extensor muscles
(p = 0.53). In the robot condition, the volitional contrac-
tion is lowest (p < 0.05 with none in flexor and extensor
muscles).

Regarding fatigue, we observe that the median frequency
of the flexor muscle activity increases in the none and
robot conditions, suggesting muscle recovery and does not
change after the FES and hybrid condition when looking
at the mean (Fig. 3E). These differences are not as clear
in the extensor muscles (Fig. 3F). The comparison of the
change in muscle fatigue between conditions is not statis-
tically different for the flexor (x2(3) = 5.40, p = 0.15)
or the extensor (x2(3) = 7.71, p 0.052)). No statis-
tical differences are found when comparing muscle fatigue
before and after the experiment during the EMG calibration
(Appendix, Fig. 7).
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Fig. 4. Answers to the 10-point NASA-TLX questionnaires on perceived
workload after the trajectory tracking task with four different assistance
conditions, with answers from very low (1) to very high (10). % : p < 0.05.
Comparisons not shown are not significant.

C. Questionnaire Answers

The answers to the NASA-TLX questions are shown
in Fig. 4. The assistance type affected participants’ mental
demand (XZ(S) = 16.18, p = 0.001) (Fig. 4A). It is lower
in the robot and the hybrid conditions in comparison with
the no assistance and FES assistance conditions (p < 0.05).
Participants also perceived the lowest physical demand in the
robot condition, but this difference is statistically significant
only with respect to the FES condition (p < 0.05) (Fig. 4B).
Moreover, participants indicated that their effort was lowest in
the robot and hybrid conditions and the latter is significantly
different from the FES condition (p < 0.05) (Fig. 4D).
Their frustration level during the assisted task was lower
in the hybrid and robot assistance conditions than in the
FES condition but differences are not statistically significant
(x2(3) =7.68, p = 0.053) (Fig. 4E). The responses to the
statement “The electrical stimulation was comfortable” are
similar in the hybrid and FES conditions (p = 0.94) but
participants thought that their performance increased thanks
to the stimulation with the hybrid assistance but not with
FES only, although this difference is not statistically signif-
icant (p = 0.57) (Fig. 5). The robotic forces were rated
as comfortable and useful in both the hybrid and robot
conditions.

IV. DISCUSSION

Literature suggests that adding FES to robotic assistance
could improve motor recovery during stroke rehabilitation.
However, there is a need to understand how FES and robotic
assistance alter performance, physiological measures and sub-
jective experience, such that the benefits of these modalities

can be fully exploited for clinical applications. This work
thus used a simple wrist flexion/extension interface to explore
these aspects in healthy participants in a target tracking
task, requiring continuous assistance FES and robot assistance
proportional to the tracking error.

Performance and quality of motion increases when robotic
assistance is present. Tracking performance is higher when
participants receive hybrid and robot assistance compared to
no assistance or FES assistance. Hybrid assistance does not
improve tracking performance more than robot assistance.
We find that the assistance modes improve tracking perfor-
mance except the FES assistance alone. However, it is not
disturbing participants’ performance, even though we used a
simple controller. On the other hand, we expected that the
additive effect of FES and robotic assistance would further
improve performance, even though the goal of the hybrid con-
troller was not focused on improving tracking performance but
rather made simple to investigate the effects of assistance. The
stimulation thus does not seem to contribute to performance
improvement in the hybrid condition. These observations could
be extended to the use of more advanced strategies, where
the goal is to optimise for control objectives such as tracking
performance or learning. However, few studies have tested
other strategies to assist users in ADLs, such as shared
control approaches, where the action of one modality has
knowledge of the other, and similarly they did not always
find performance improvements in the hybrid compared to the
robot-only condition [22], [23].

In this work, we additionally investigated the effect of each
modality and their combination on various quality of motion
metrics. We found that participants’ movements are smoother
with the hybrid assistance than with the FES assistance and
there is no significant difference in movement smoothness
in the hybrid, robot and no assistance conditions. We see
similar trends for other objective metrics, such as time delay
and under/overshoot. Adding FES to a robotic-based assistive
device thus does not impede motion quality in our experiment,
even though the controller used is simple and does not account
for the delay between the trigger of the stimulation and the
resulting muscle contraction (e.g. 10-140ms [7], [43]). It is
useful to understand how smoothness is affected by different
assistive modalities as it captures motor control abilities which
are affected in stroke population, and is linked with functional
recovery [39], [44]. Furthermore, this analysis can then be
used as a reference to later interpret data from stroke patients
performing similar tasks with these assistance modes. In the
hybrid context, it can also be used to inform on the assisted
motion quality and as an indicator of possible counteract-
ing effects between the stimulation and robot torque [45].
As no difference was found in participants’ smoothness
during the no-assistance and hybrid conditions, it seems
that the electromechanical delay did not affect participants’
motion.

Total muscular effort is higher when stimulation is applied
while it does not induce more fatigue, and voluntary effort
is lowest in the robot-only condition. The amount of mus-
cular effort, quantified by the total level of muscle activity,
both from the stimulation-induced M-wave and the voluntary
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contribution, is generally higher in the conditions with elec-
trical stimulation (FES and hybrid) compared to the other
two conditions; this is due to the M-wave contribution of the
stimulation. Although it is common to disregard the M-wave
and only investigate the voluntary contribution, we chose to
also explore the total EMG activity as the stimulation also
leads to the activation of motor units and thus affects the
characteristics of the muscles [46].

We also observe that voluntary effort is lowest in the robot
condition. This suggests the potential value of integrating FES
assistance into robotic-based therapy as it leads to increased
total muscle contraction but also higher voluntary contribution,
thus enhancing user engagement which could potentially pro-
mote recovery in stroke patients. Additionally it could prevent
slacking that seems to occur here when robot-only assistance
is provided. On the other hand, we find that the total muscular
effort is higher in the hybrid than in the FES condition.
This could be due to the electromechanical delay between
the stimulation and the resulting muscle contraction, which
is not present when a robotic torque is applied to the handle.
In some cases the stimulation could lead to overshooting of
the trajectory although the target is already moving towards
the other direction. Although we do not see a difference in
performance and smoothness between the robot and hybrid
condition, it might be that the two assisting systems are
counteracting each other, which could cause increased muscle
activity level for the user to drive the handle in the desired
direction. Similarly, the higher voluntary contribution of the
flexor muscles in the hybrid and FES conditions could be a
consequence of a counteraction between the user’s intention
and the delayed contraction resulting from the stimulation.
These trends were observed in another hybrid training study
with stroke patients where EMG activation levels in the
flexors and extensors were lower with FES compared to
hybrid assistance [47]. Models of the muscle response to
electrical stimulation are available and could be incorporated
as a feedforward element to the existing controller to ensure
muscle contraction resulting from FES occurs in a similar
time range as the robotic torque assistance for the motion to
be produced [48], [49], [50], [51]. Recent works have also
targeted the development of controllers to reduce the effect
of the electromechanical delay of the stimulation [52], [53],
which would lead to a better alignment of the motion
resulting from the two actuation systems. However, these
approaches for delay compensation are not considering the
time-varying nature of the electromechanical delay [43], and
are applied to cyclic gait motion or to the tracking of

pre-determined trajectories, hence they would not be suitable
for this pseudo-random tracking task.

Regarding fatigue, there are no significant changes before
and after the experiment in the flexor and extensor muscles.
Neither do we find that the FES and hybrid conditions lead
to higher fatigue than the other conditions when investigating
fatigue changes for each condition individually. Although FES
is commonly described as fatiguing, we do not find such trends
in these healthy participants who performed a task that is
not physically demanding — average rating below 4 for all
conditions in the 10-point NASA-TLX questionnaire. This
could be in part due to the dynamic nature of the task,
which did not require sustained stimulation, as well as the
relatively short duration of each trial and training block. FES is
also mostly used and evaluated in clinical populations, where
rehabilitation activities that make use of FES assistance can
require higher stimulation amplitudes and training duration
than these able-bodied individuals were prescribed. Moreover,
the response to stimulation amplitudes and duration might be
different in healthy participants who already have the capacity
to move and stroke patients who may have weakness and lack
the ability to contract their muscles as intended.

Mental demand is rated as lowest in the hybrid and robot
conditions. The NASA-TLX questionnaire answers also indi-
cate that in this study, participants did not feel more frustrated
when training with FES or hybrid assistance compared to
robot or no assistance. The electrical stimulation was rated
as comfortable on average but participants perceived that
the stimulation in the hybrid assistance was more useful
in improving their performance than in the FES condi-
tion. This finding resonates with the tracking error results,
where performance in the hybrid condition is higher than
in the FES condition, although this increase might not be
due to the stimulation directly. Robot-assisted training is
perceived as the least physically demanding, but is only
significantly different to FES-assisted training, whereas the
effort is perceived significantly lower in hybrid than FES
conditions. Indeed, the effort rating could be considered by
users as a compound of mental and physical demand [54],
and here mental demand is rated lower in the hybrid and robot
conditions.

These answers only partly translate to the physiological
differences on voluntary effort that we observe, where in
the flexor muscles, we do find differences between most
conditions. Although previous studies have found relationships
between task difficulty, NASA-TLX ratings and muscle
activity amplitude, these were investigated in more demanding
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and tiring tasks such as repairing a pump gearbox [55],
controlling traffic density [56], and performing surgical pro-
cedures [57]. For instance in the repair task, the complex
task resulted in significantly higher physical demand rat-
ings and EMG levels compared to the simple task, with
a significant correlation between these two metrics [55].
The average physical demand rating of this task was higher
than 6, whereas our target tracking task was rated below
4 on average in all conditions. The absence of consistent
findings between physical demand ratings and EMG levels
in our work could be explained by the low demand of the
target tracking task we investigated. The results from the
subjective workload assessment motivate the use of hybrid
assistance for motor training: although total muscle activity
level is higher than with FES assistance, perceived effort
is lower, which could lead to longer and more enjoyable
training. On the other hand, hybrid and robot assistance
are rated as less mentally demanding than FES and they
are not significantly different from each other. The trends
observed in these answers seem to follow those of the
tracking performance, which suggests that they could be
related. This is in agreement with previous motor task stud-
ies investigating the relationship between mental load and
motor performance [58], [59]. This indicates that using hybrid
assistance could reduce mental demand, thus enhancing user
experience.

V. CONCLUSION

The present study explores how FES and robot assistance
and their combination affects performance, effort, fatigue and
user experience in a wrist target tracking task. The results
suggest that the addition of the two modalities in a hybrid
device reduces mental demand while increases performance
compared to FES assistance only and could prevent slacking,
occuring during robot-only training. Future work will aim at
testing the efficacy of this hybrid device in stroke patients,
where training benefits of hybrid rehabilitation technologies
could be observed.

APPENDIX |
ADDITIONAL FIGURES
See Figs. Fig. 6 and Fig. 7

APPENDIX Il
QUESTIONNAIRE
o What is your level of muscle fatigue? (1 = fatigued;
10 = not fatigued)
o« What is your level of mental fatigue? (I = fatigued;
10 = not fatigued)
« How mentally demanding was the task? (1 = very low;

10 = very high)

« How physically demanding was the task? (1 = very low;
10 = very high)

o How hurried or rushed was the pace of the task?
(1 = very low; 10 = very high)

o How successful were you in accomplishing what you
were asked to do? (1 = very bad; 10 = very good)

%4,

15| L

After None After FES After Robot After Hybrid

Fig. 6. Motor adaptation during the tracking task with four different
assistance conditions. Tracking performance improvement indicates the
difference in participant’s tracking performance before and after train-
ing; a positive result indicates that they are performing better after
training.

A 160 Pre-Experiment B 200 Pre-Experiment
Post-Experiment Post-Experiment
o 140 =
g E1e0 . .
_ = - T, T
g 120 } g T 1T s
g - [ - 3 120 [ [ ]
g 100 ! I ! T g |1
© I3 ! 1 T o g |
i P i K
5 8 ﬁ § 8000 H i B
5 g i
3 Tl 1 T b5 1 . 1
60F 1 1 N
= 1 7. ! = 40
I
o}, . L. : : ;
0 -
fery Low Low Medium High Very Low Low Medium High

Torque Torque Torque Torque Torque Torque Torque Torque

Fig. 7. Muscle fatigue was evaluated during the EMG calibration at the
start and end of the experiment, where participants had to track four
different levels of torque. Fatigue is calculated as the median frequency
of the EMG signal, a decrease in frequency indicates an increased
fatigue. Level of fatigue for (A) the flexor muscles and (B) the extensor
muscles.

« How hard did you have to work to accomplish your level
of performance? (1 = very low; 10 = very high)

« How insecure, discouraged, irritated, stressed,
annoyed were you? (1 = very low; 10 = very high)

o The forces were comfortable. (from ‘strongly disagree’
to ‘strongly agree’)

o The forces improved my performance. (from ‘strongly
disagree’ to ‘strongly agree’)

o The electrical stimulation was comfortable.
‘strongly disagree’ to ‘strongly agree’)

o The electrical stimulation improved my performance.
(from ‘strongly disagree’ to ‘strongly agree’).

and

(from
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