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Abstract
Objective. The incidence of stroke rising, leading to an increased demand for rehabilitation
services. Literature has consistently shown that early and intensive rehabilitation is beneficial for
stroke patients. Robot-assisted devices have been extensively studied in this context, as they have
the potential to increase the frequency of therapy sessions and thereby the intensity. Robot-assisted
systems can be combined with electrical stimulation (ES) to further enhance muscle activation and
patient compliance. The objective of this study was to review the effectiveness of ES combined with
all types of robot-assisted technology for lower extremity rehabilitation in stroke patients.
Approach. A thorough search of peer-reviewed articles was conducted. The quality of the included
studies was assessed using a modified version of the Downs and Black checklist. Relevant
information regarding the interventions, devices, study populations, and more was extracted from
the selected articles.Main results. A total of 26 articles were included in the review, with 23 of them
scoring at least fair on the methodological quality. The analyzed devices could be categorized into
two main groups: cycling combined with ES and robots combined with ES. Overall, all the studies
demonstrated improvements in body function and structure, as well as activity level, as per the
International Classification of Functioning, Disability, and Health model. Half of the studies in this
review showed superiority of training with the combination of robot and ES over robot training
alone or over conventional treatment. Significance. The combination of robot-assisted technology
with ES is gaining increasing interest in stroke rehabilitation. However, the studies identified in this
review present challenges in terms of comparability due to variations in outcome measures and
intervention protocols. Future research should focus on actively involving and engaging patients in
executing movements and strive for standardization in outcome values and intervention protocols.

1. Introduction

Stroke is one of the leading causes of disability in
adults. At the beginning of the 21st century, around
1.1 million people in the European Union (EU)
suffered from a new stroke every year, and currently
approximately 6 million people in the EU are stroke
survivors. The incidence of stroke events is expected
to increase to approximately 1.5 million in 2025, due
to the aging population [1]. Therefore, the demand
for rehabilitation will increase as well.

Most people survive the initial injury, but exper-
ience longer term residual problems, e.g. motor
impairments and limitations in daily activities
[2]. These daily life problems are frequently
caused through hemiparesis of the arm and/or leg.
Hemiparesis encompasses weakness, motor abnor-
malities, and spasticity of one of the limbs [3]. The
motor impairment significantly influences the quality
of life of a stroke patient. Therefore, stroke rehabil-
itation mainly focuses on restoring and maintaining
function for use in daily activities. Previous research

© 2024 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1741-2552/ad377c
https://crossmark.crossref.org/dialog/?doi=10.1088/1741-2552/ad377c&domain=pdf&date_stamp=2024-4-3
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-6543-354X
mailto:c.j.h.rikhof@utwente.nl


J. Neural Eng. 21 (2024) 021001 C J H Rikhof et al

indicates that early intensive and task-specific rehab-
ilitation is beneficial for stroke patients [4, 5].

To provide high-intensity rehabilitation with
decreasing availability of healthcare professionals,
robot-assisted devices are researched extensively. Due
to the rapid evolution of technology, robot-assisted
systems are increasingly used in the rehabilitation
of stroke patients [6]. The increase in popularity of
robot-assisted neurorehabilitation is caused by easy
deployment and high measurement reliability [3]. In
stroke rehabilitation, robot-assisted devices are fre-
quently used to execute specific motor coordination
exercises, with a high frequency of repetitions or for
a long duration. Particularly in addition to physical
therapy, robot assistance can help increase the intens-
ive nature of the therapy and the likelihood of achiev-
ing independent walking after stroke [6, 7].

The compliance of patients is limited in most
robot-assisted devices [8]. Especially, active muscle
activation in bedridden or non-ambulatory patients
in gait robots can be challenging. To provide muscle
activation, also in severely affected stroke patients,
electrical stimulation (ES) of specific muscles can
be used. Clinically, ES is frequently used to improve
muscle strength, increase range of motion, and
decrease atrophy and edema [9]. Several types of
ES can be distinguished. Neuromuscular electrical
stimulation (NMES) is used to produce muscle con-
traction. Transcutaneous electrical nerve stimulation
(TENS) is frequently used for sensory stimulation,
e.g. to override pain impulses. Furthermore, func-
tional electrical stimulation (FES) is a frequently used
term and usually refers to stimulation during or to
create a functional movement [10]. Furthermore,
it is reported that ES improves motor function,
motor cortex excitability and functional cortical
reorganization [8]. A recent umbrella review showed
positive effect of FES on walking, both for orthotic
and therapeutic effects. In addition, it was more
effective than physical therapy alone [11].

The combination of robot-assisted therapy and
ES is expected to provide intensive rehabilitation with
active involvement of the stroke patients. A previ-
ous review by Anaya et al (2018) focused on these
hybrid robot-assisted rehabilitation systems [8]. It
studied the working mechanism of FES in combin-
ation with a rehabilitation robot, with a focus on
mechanical design, actuation, and control strategies.
They included studies discussing various robot-
assisted gait training devices, both passive (energy
dissipating) and active (torque generating) regard-
less whether it was tested on humans or not. In
total twenty-eight hybrid systems were evaluated.
However, only a few combinations of ES and robotic
device were tested on stroke patients. All combin-
ations were evaluated from a technical viewpoint.
They recommend including principles like ‘assist-as-
needed’ to improve functional outcomes [8].

Research into the combination of robot-assisted
devices and ES has primarily been conducted for
the upper extremity and/or only from a technical
perspective [8, 12]. There is a need to gain more
knowledge about robot-assisted devices combined
with ES with a focus on lower extremity function.
Therefore, in the current systematic review the com-
bination of robot-assisted technology and ES for
rehabilitation of the lower extremity in stroke patients
is investigated from a clinical perspective. This review
assessed the effect of any robot-assisted technology
combined with ES to identify promising rehabilita-
tion techniques and its potential to improve the lower
extremity function post-stroke.

2. Method

2.1. Search strategy
A search was conducted in electronic databases until
August 2022, without time constraints. The databases
that were used are PubMed, Scopus, Web of Science,
Cochrane Trial Register and Embase. The following
search terms or equivalents were used stroke, robot,
ES, and lower extremity. An overview of the search
strategy used in PubMed can be found in appendix A.
In addition, the reference list of the included articles
were screened for suitable articles as well.

2.2. Study selection
The in- and exclusion criteria for the study selection
can be found in table 1. We did not exclude based
on study design. In case of a mix of participants in
the study population, with at least one stroke patient,
articles were included. If possible, only the effect on
stroke patients was considered. In addition, if healthy
volunteers were also included, they were also not
taken into account. Technology was only considered
to be a robot if it applied force or replaced human
effort in assisting or executing a movement. In other
words, only cycling was not considered robot techno-
logy if it was not producing power or replace human
effort. Furthermore, articles needed to have at least
one stroke-related outcome, in order to evaluate the
effect of the device on stroke patients. Articles that
only had a technical evaluation of the device were
excluded. Two independent reviewers (CR and YF)
selected the articles, by discarding the articles that did
not meet the inclusion criteria. First based on title
and abstract screening, followed by full-text screen-
ing. Findings were discussed and in case of discrep-
ancies between the two reviewers, a third person was
consulted (GP).

2.3. Methodology quality assessment
To determine the quality of the included studies,
a modified version of the Downs & Black check-
list was applied. The original checklist can be used
for randomized and non-randomized trials and the
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Table 1. Overview of in- and exclusion criteria for the study selection.

Criteria Inclusion criteria Exclusion criteria

1 Peer-reviewed (full) papers Conference abstract, editor notes, and if only
abstract was available

2 Stroke patients All articles not including stroke patients (e.g. only
spinal cord injury, cerebral palsy, or healthy
volunteers)

3 Robot technology as part of intervention, such as:
- Assistive cycling
- Robotic gait
- Assistive technology
(Applying force/replacing human effort to assist or
execute a movement)

No robot involved

4 Electrical stimulation:
- FES
- TENS
- NMES

Brain or spinal cord stimulation (central
stimulation), transcranial magnetic stimulation, or
no stimulation

5 Lower extremity (leg and foot) Only the upper extremity involved

6 Available in English or Dutch Articles in other languages

7 Outcomes are related to stroke (e.g. gait analysis,
clinical measurement, joint forces, kinematics,
patient satisfaction etc.)

Only device-related outcomes on a technical level.

FES= Functional Electrical stimulation; TENS= Transcutaneous electrical nerve stimulation; NMES= Neuromuscular electrical

stimulation.

feasibility is shown by Downs & Black [13]. The
original checklist composed of 27 questions was
shortened to 15 questions that were applicable to the
present review (maximum quality score was 15 for
randomized trials and 14 for non-randomized tri-
als, see table 2). An explanation when a score of one
was assigned to a question and justification for the
excluded questions can be found in appendix B, in
case of unable to determine (UTD) a score of zero
was given. Considering that only randomized studies
could obtain an excellent quality level in the scoring
methodology ofDowns&Black, the following quality
levels were determined: excellent (score of 15), good
(12–14), fair (9–11) and poor (⩽8).

Quality assessment was conducted by two
independent reviewers (CR and YF). The agree-
ment between the two independent reviewers was
expressed in percentage. A consensus was achieved
between the two reviewers if needed after consult-
ing a third reviewer (GP). Based on the consensus
scores, all articles of poor quality (score below 9)
were excluded from the results.

2.4. Data extraction & analysis
The following data was extracted from each article:

• number of (stroke) patients
• subject characteristics (e.g. group averages of time
since stroke, severity, age, etc.)

• device combination

• control method
• assistance parameters (stimulation intensity, robot
force)

• study design
• intervention (sessions, time, frequency)
• outcome variables
• outcomes reported
• effect sizes for gait velocity, if possible.

Stroke severity was based on the baseline character-
istics: gait velocity, functional ambulation categor-
ies (FAC) or Fugl–Meyer assessment (FMA) lower
extremity. The severity was first based on gait velocity
and the following distinction was made: <0.4 m s−1

household ambulatory; 0.4–0.8 m s−1 limited com-
munity walker and >0.8 m s−1 community walker
[14]. If gait velocity was not measured, severity was
based on FAC, with the following distinction: FAC
0 = non-ambulatory; FAC 2–3 = dependent walker
and FAC 4–5 = independent walker. If both gait
velocity and FAC were not known, the FMA was
used to classify the severity. The following distinction
was made: <21 low mobility function and ⩾21 high
mobility function [15].

A classification of the control method for the dif-
ferent devices was made separately for robot and ES
(table 3) based on features of modalities of human-
robot interaction (HRI), adapted from the definitions
applied to HRI in Basteris et al (2014), to also include
ES [16]. Using this classification, the type of support
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Table 2.Methodology quality assessment checklist modified from Downs and Black (1998) [13]. With 15 different questions (item), the
and the scoring options.

Item Scoring options

Q1 Is the hypothesis/aim/objective of the study clearly described? 0/1
Q2 Are the main outcomes to be measured clearly described in the introduction or method section? 0/1
Q3 Are the characteristics of the patients included in the study clearly described? 0/1
Q4 Is the intervention clearly described? 0/1
Q6 Are the main findings of the study clearly described? 0/1
Q7 Does the study provide estimates of the random variability in the data for the main outcomes? 0/1
Q8 Have all important adverse events that may be consequences of the intervention been reported? 0/1
Q9 Have the characteristics of the patients lost to follow-up/during intervention been described? 0/1
Q10 Have actual probability values been reported for the main outcomes (except where the

probability value is less than 0.001)?
0/1

Q11 Were the subjects asked to participate in the study representative of the entire population from
which they were recruited?

0/1/UTD

Q16 If any of the results of the study were based on ‘data dredging’, was this made clear? 0/1/UTD
Q18 Were the statistical test used to assess the main outcome appropriate? 0/1/UTD
Q20 Were the main outcome measures used accurate (valid and reliable)? 0/1/UTD
Q23 Were study subjects randomized to intervention groups? 0/1/UTD
Q26 Were losses of patients to follow-up taken into account? 0/1/UTD

UTD= unable to determine.

that patients received via mechanical and ES assist-
ance was defined separately at first (i.e. were patients
active or passive during training, or were movements
performed against resistance, etc.), after which the
resulting type of assistance that patients received from
the combined robot+ ES system was defined.

Outcomes were divided into parameters that
measure at body function and structure level
(BFS) and activity level (ACT) of the International
Classification of Function, Disability and Health
(ICF) model [17]. In case the same device was stud-
ied in multiple articles, with the same patient(s),
with different objectives and therefore different out-
come variables and/or analysis both studies were con-
sidered as one study. This means that the patients
were only counted once, and the different outcomes
were related to the same device combination and
intervention. In addition effect sizes were calculated
for the outcome measures that was most frequently
reported, gait velocity, for changes from pre- to post-
intervention in the experimental group (time) and
for differences pre-post changes between the experi-
mental group, if possible.

To gain insight into potential patient or interven-
tion characteristics that may influence research out-
come study outcomes were compared across vari-
ous parameters. Firstly, outcomes were compared
in terms of subject characteristics (time post-stroke
and functional ability). Secondly, outcomes were
compared between more-intensive and less-intensive
training, where high-intensive training was defined as
containing more than 100 min of training per week.
Additionally, outcomes were compared between dif-
ferent controlmethods that define the type of support
the patients received via mechanical and/or ES assist-
ance (as defined in table 3).

3. Results

In total 712 unique articles were identified through
database searching, and all titles and abstracts were
screened, resulting in 98 articles. After full-text
screening 23 articles met the selection criteria. In
five articles out of the 98 a third person (GP) was
consulted. Three articles were retrieved from refer-
ences from the included studies, which resulted in 26
included studies that were analyzed. An overview of
the process can be found in figure 1.

3.1. Methodological assessment
The initial agreement on quality assessment scores
(table 4) was 97% based on the individual questions,
consensus was achieved without consulting the third
reviewer. In total three articles scored below nine and
were excluded due to poor methodological quality
[18–20]. Therefore, 23 articles were included for data
extraction, anddiscussed in the results below [21–42].

3.2. Study population
The included studies (table 5) described robot-
assisted devices combined with ES which were tested
in 442 stroke patients. Three articles were based on
overlapping study populations with previous articles
of the same authors, indicated with α, ß and δ in
table 4. The inclusion ranged between 1 (case study)
to 68 stroke patients. The mean age of all stroke
patients was 60.8 years (SD: 10.7 years) and the
time since stroke was on average 13.9 months (SD:
28.1 months). Ten of the 24 articles had participants
with severe limitations (household ambulatory walk-
ers, non-ambulatorywalkers or lowmobility) [22–24,
31–33, 38, 40, 42], six withmoderate limitations (lim-
ited community walkers) [21, 27, 29, 30, 36, 37] four
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Table 3. Features of modalities of physical human system interaction adapted from [16]. CC BY 2.0, modified to include ES, to define
control methods.

Feature Specification robot Specification ES

Passive The device is programmed to follow a desired
trajectory/force profile with a strong attractor.

Stimulation is applied following a pre-defined
pattern, regardless of movement of the
participant.

Moving
attractor

The assistance is lower than in passive control, the
robot is still attracted towards a minimum jerk or
smooth trajectory but the amount of assistance
can be modulated.

Stimulation is provided based on movement of
the participant (e.g. gait phase or crank angle)

Triggered
assistance

The subject initiates a movement without
assistance. The robot observes the on-going
performance if the task is not completed.

Stimulation is initiated by a movement/effort of
the participant and only provided if the on-going
performance is not completed. In addition, the
amplitude or timing is adapted based on the
participant’s effort.

Assistive
constant force

Force oriented towards the target or weight
support when movement is against gravity.

Not applicable

EMG-
proportional

The power of the EMG signal is used to control
the actuators and/or stimulation amplitude

The timing and/or amplitude of the stimulation is
based on the EMG signal of the participant.

Pushing force A force aligned with the movement direction
assist the subject only if there is a delay in
comparison with a scheduled motion pattern.

Stimulation (pre-defined) was provided if there
was deviation from the scheduled motion pattern.

Spring-damper
guidance

Elastic or visco-elastic force fields aim at reducing
the lateral displacement from desired trajectory

Not applicable

Tunnels Haptic feedback is provided only if error
overcomes a (large) threshold value. A tunnel can
be seen like a lateral spring-damper system plus a
dead band zone.

Not applicable

Spring against
movement

The device opposes movements through an elastic
force-field pulling back to the start position.

Not applicable

Damper against
movement

The device generates a force opposing the
movement based on current velocity. Although
this increases the effort of the subject, it also
stabilizes the movement by damping oscillations

Not applicable

Not clear The information in the article was not sufficient
to allow for classification.

The information in the article was not sufficient
to allow for classification

EMG= electromyography and ES= electrical stimulation.

with mild limitations (high mobility) [25, 34, 39,
41]. One article had an experimental group that had
high mobility and a control group with low mobility
[35]. For three articles it was unable to determine
the limitation of the included study population as
they did not measure any of the three baseline char-
acteristics (gait velocity, FAC or FMA) [26, 28, 43].
Of the 23 studies analyzed, twelve (52%) included
patients in the (sub)acute phase (within 6 months
of the stroke event), involving in total 314 patients
(71%). Nine studies used ES-cycling as the interven-
tion and three used RAGT + ES. The other studies
(48%) included chronic stroke patients (>6 months
after stroke), involving 128 patients (29%). Five of
those studies used ES-cycling as intervention, six art-
icles used RAGT+ ES and one article used ankle plat-
form combined with ES (ankle+ES).

3.3. Study design
Three of the articles employed a cross-sectional
design, involving 26 participants. In contrast, 20
articles utilized a longitudinal design, with mul-
tiple measurements taken over time, involving 416

participants. The articles with a longitudinal design
can be divided in controlled and uncontrolled inter-
ventions. Eight articles adopted an uncontrolled lon-
gitudinal design, involving 53 participants. Of these
eight articles, two can be classified as case reports.
The other twelve out of 20 articles were random-
ized controlled trials with multiple measurements
over time, involving 362 participants. Furthermore,
five studies included a follow-up, published in seven
articles [22, 30, 31, 33, 36, 42].

3.4. Devices
The devices can be divided into two main categor-
ies, namely motorized cycling combined with ES (ES-
Cycling) and robot-assisted gait training combined
with ES (RAGT-ES). We identified fourteen articles
(61%) that combined motorized cycling with ES (ES-
cycling) as an intervention. Two had a cross-sectional
design [25, 41] and twelve had a longitudinal design
[21, 22, 24, 27, 33–37, 39, 42, 43], from these 12
articles eight conducted controlled trials. In total
they comprised 312 patients (71%). The sample size
ranged from 6 to 66 per article. The intervention dose

5
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Figure 1. Overview of the article selection process, including the number of articles per step. ES= electrical stimulation.

ranged from10 to 1440min (24 h) for the entire inter-
vention period. Three articles conducted a follow-up
after an intervention of ES-cycling, they all had a ran-
domized controlled trial design [22, 36, 42].

Eight articles (35%) evaluated RAGT combined
with ES, including 95 stroke patients (23%). One art-
icle had a cross-sectional (case report) design [28],
the remaining seven articles conducted a longitud-
inal study. Of these seven articles, three conducted
a randomized controlled trial [30, 32, 40] and four
an uncontrolled trial [28, 30, 31, 38]. Of the four
uncontrolled trials, three were case reports. Five of
these eight combined a harness with a motor driven
orthosis during treadmill walking (RAGT-treadmill)

[26, 28–30, 40] and two combined a harness with
two footplates [31, 32]. The last of these eight art-
icles used a platform that supported the pelvis dur-
ing overground walking [38]. Overall, the sample size
ranged from 1 to 50 stroke patients. The intervention
dose ranged from 8 to 800 min (13.3 h) for the entire
intervention period. Two articles conducted a follow-
upmeasurement, all without a control group [29, 31].

The remaining article, including 35 patients in
total, was classified as ankle + ES. They used plat-
forms underneath the feet in sitting position to train
ankle movements. This study executed a randomized
controlled trial and the control group received ES
only, without the assistance of a robot [23].
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Table 4.Methodology assessment scores per article, per question, according to the modified checklist of Downs and black [13] Within
the last column the meaning of the total score.
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Aquirre-Ollinger et al 2019 [18] 0 0 1 1 1 0 0 1 0 0 1 0 1 0 1 7 Poora

Alon et al 2010 [21] 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 14 Good
Ambrosini et al 2011 [22] 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 14 Good
Ambrosini et al 2012 [33] 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 14 Good
Ambrosini et al 2020 [36] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 15 Excellent
Ambrosini et al 2020 [37] 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 13 Good
Anaya-Reyes et al 2020 [38] 1 1 1 1 1 0 0 1 0 0 1 0 1 0 1 10 Fair
Au et al 2019 [39] 1 1 1 1 1 1 0 0 1 1 1 1 1 0 0 11 Fair
Bae et al 2014 [40] 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 13 Good
Bao et al 2019 [41] 1 1 1 1 1 1 0 0 1 1 1 1 1 0 0 11 Fair
Bauer et al 2015 [42] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 15 Excellent
Cho et al 2022 [23] 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 14 Good
Ferrante et al 2008 [24] 1 1 1 1 1 1 0 0 0 1 1 1 1 1 0 11 Fair
Iyanaga et al 2019 [20] 1 1 1 0 1 0 0 1 0 0 1 1 0 0 0 7 Poora

Kobravi et al 2020 [19] 1 0 1 0 1 1 0 1 0 0 1 0 1 0 1 8 Poora

Lee et al 2013 [43] 1 1 1 1 1 1 0 0 1 1 1 1 1 1 0 12 Good
Lo et al 2018 [25] 1 1 1 1 1 1 0 0 1 1 1 1 1 0 0 11 Fair
McCabe et al 2008 [26] 1 1 1 1 1 1 1 1 0 1 1 0 1 0 1 12 Good
Peri et al 2016 [27] 1 1 1 1 1 1 0 1 1 0 1 1 1 1 1 13 Good
Spaich et al 2014 [28] 1 1 1 1 1 1 0 1 1 0 1 1 1 0 1 12 Good
Srivastava et al 2015 [29] 1 1 1 1 1 0 0 0 1 0 1 1 1 0 0 9 Fair
Srivastava and Kao 2016 [30] 1 1 1 1 1 1 0 0 1 1 1 1 1 1 0 12 Good
Tong et al 2006 [31] 1 1 1 1 1 1 1 1 0 0 1 0 1 0 1 11 Fair
Tong et al 2006 [32] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 15 Excellent
Wang et al 2018 [34] 1 0 1 1 1 1 0 0 1 1 1 1 1 0 0 10 Fair
Zhang et al 2021 [35] 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 14 Good

Total 27 24 28 25 28 23 8 19 20 19 28 21 27 12 17
a articles with poor quality were excluded from future analysis.

3.5. Outcomemeasures
Eighteen of the 23 articles measured outcome val-
ues in both BFS and ACT domain. Three only
had outcome values in BFS domain and two only
in ACT domain. Eighteen articles (78%) used gait
velocity or the six-minute walking test (6MWT) as
outcome value or to characterize the baseline of
the included subjects. Furthermore, sixteen articles
(70%) measured FMA or motricity index (MI) to
quantify the lower extremity function. Balance was
also frequently measured, using the Berg balance
scale (BBS) or trunk control test (TCT), in eleven
articles (48%).

3.6. Control method
Table 6 shows the classification of the devices and
the control methods, based on the training modal-
ities of the combined system and HRI features, for
robot and ES separately, per article. In addition, an

overview of the settings for robot and/or stimulation
are shown if they are provided in the article. The
robot force or revolution per minute (rpm) was most
frequently noted for cycling + ES. The rpm ranged
from 10–50 rpm. The stimulation intensity ranged
from 10–100 mA, however 100 mA was reported as
the maximum value, it was not mentioned if this was
provided in the intervention. In figure 2(a) an over-
view of the number of devices that contain the spe-
cific training modalities and the number of devices
per HRI feature (figure 2(b)). These results show
that 13 out of 23 articles used passive or partly pass-
ive devices, which means no voluntary effort of the
patient was needed or even required. There were 11
out of 23 articles that used active or partly active
devices. However, only in 4 out of 11 it was a pre-
requisite for the training, in the remaining 7 it was
encouraged or allowed to actively contribute to the
training.

7



J. Neural Eng. 21 (2024) 021001 C J H Rikhof et al

Ta
bl
e
5.
O
ve
rv
ie
w
of

th
e
st
u
dy

ch
ar
ac
te
ri
st
ic
s
of

th
e
in
cl
u
de
d
st
u
di
es
an
d
co
rr
es
po

n
di
n
g
ou

tc
om

es
(p
ri
m
ar
y
ou

tc
om

e
m
ea
su
re
s
in

bo
ld
),
in
cl
u
di
n
g
ef
fe
ct
si
ze
s
of

ch
an
ge
s
in

ga
it
ve
lo
ci
ty
fr
om

pr
e
to

po
st
ro
bo

t
+

E
S
tr
ai
n
in
g
an
d
of

di
ff
er
en
ce
s
be
tw
ee
n
ex
p
er
im

en
ta
la
n
d
co
n
tr
ol
gr
ou

ps
,g
ro
u
p
ed

p
er
st
u
dy

de
si
gn
.

A
rt
ic
le

Su
bj
ec
t
in
fo

In
te
rv
en
ti
on

O
u
tc
om

es
P
re
-
to

po
st
-i
n
te
rv
en
ti
on

f
O
u
tc
om

es
ex
p
er
im

en
ta
lv
s.
co
n
tr
ol

f

E
ff
ec
t
si
ze

of ch
an
ge
s

in
G
V
e

Pa
rt
ic
ip
an
ts

(d
ro
p

ou
t)

A
ge

(i
n

ye
ar
s)

a
T
im

e
si
n
ce

st
ro
ke

a
Fu

n
ct
io
n
al

ab
ili
ty

Ty
p
e

D
u
ra
ti
on

B
od

y
fu
n
ct
io
n
&

st
ru
ct
u
re

A
ct
iv
it
y

B
od

y
fu
n
ct
io
n
&

st
ru
ct
u
re

A
ct
iv
it
y

C
ro
ss
-s
ec
ti
on
al
st
u
d
y
d
es
ig
n

B
ao

et
al

20
19

[4
1]

16
8.
5
±

10
.3

5.
5y

±
3.
6y

C
h
ro
n
ic

H
ig
h

m
ob

ili
ty

fu
n
ct
io
n

E
S-
C
yc
lin

g
(p
as
si
ve
,

ac
ti
ve

an
d

N
M
E
S)

To
ta
l:

10
m
in

in
1

se
ss
io
n
:

N
M
E
S

du
ri
n
g

10
m
in

of
25
R
P
M

p
ed
al
in
g

•
E
E
G
(p
ar
tl
y)

•
M
u
sc
le

ac
ti
vi
ty
—
E
E
G

(a
sc
en
d
in
g

p
at
hw
ay
s)

+ +

Lo
et
al

20
18

[2
5]

9
62
.9
±

2.
6

M
ea
n

12
.6
m
th

±
5.
6
m
th

C
h
ro
n
ic

H
ig
h

m
ob

ili
ty

fu
n
ct
io
n

E
S-
cy
cl
in
g

(D
if
fe
re
n
t

am
pl
it
u
de
s

of
E
S
te
st
ed

w
it
h
in

pa
r-

ti
ci
pa
n
ts
)

To
ta
l:

24
m
in

in
1

se
ss
io
n
:3

tr
ia
ls
of

8
re
p
et
it
io
n
s

of
1
m
in

•
C
or
ti
ca
l

ac
ti
va
ti
on

•
In
te
r-

h
em
is
ph
er
ic

co
rr
el
at
io
n

co
ef
fi
ci
en
t(
on
ly

se
n
so
ri
m
ot
or

co
rt
ex
)

+ +

Sp
ai
ch

et
al
20
14

[2
8]

1
79

2
w
(s
u
b)
ac
u
te

U
n
ab
le
to

de
te
rm

in
e

R
A
G
T
+

E
S

(R
A
G
T
w
it
h

an
d
w
it
h
ou

t
E
S)

To
ta
l:
8
m
in

in
1
se
ss
io
n
:

4
m
in

R
A
G
T

on
ly
an
d

4
m
in

R
A
G
T
+
FE

S

•
Sw

in
g
an
gl
e
an
kl
e

•
Pe
ak

P
F/
D
F
an
gl
e

+ +

(C
on

ti
n
u
ed
.)

8



J. Neural Eng. 21 (2024) 021001 C J H Rikhof et al

Ta
bl
e
5.
(C
on

ti
n
u
ed
.)

Lo
n
gi
tu
d
in
al
ca
se
st
u
d
y
(n

⩽
2)

A
n
ay
a-

R
ey
es
et
al

20
20

[3
8]

1
57

19
m
th

C
h
ro
n
ic

H
ou

se
h
ol
d

am
bu

la
to
ry

R
A
G
T
+

E
S

To
ta
l:

15
0
m
in

in
5

se
ss
io
n
s:

2-
3x
/w

30
m
in
/

se
ss
io
n

•
A
n
kl
e

an
gl
e

+
•
G
ai
t
pa
ra
m

+
N
A

To
n
g
et
al

20
06

[3
1]

2
75

an
d
59

4
w
(s
u
b)
ac
u
te

H
ou

se
h
ol
d

am
bu

la
to
ry

R
A
G
T
+

E
S

To
ta
l:

40
0
m
in

in
20

se
ss
io
n
s:

5x
/w
,

20
m
in
/

se
ss
io
n

•
M
I

+
•
G
V

•
FA

C
•
5
M
W
T

•
B
I

•
B
B
S

+ + + + +

N
A

U
n
co
n
tr
ol
le
d
cl
in
ic
al
tr
ia
ls

A
lo
n
et
al

20
10

[2
1]

10
M
ea
n

59
±

13
.2

7.
7m

th
±
10
.5
m
th

C
h
ro
n
ic

Li
m
it
ed

co
m
m
u
n
it
y

w
al
ke
r

E
S-

cy
cl
in
g—

n
o

co
n
tr
ol

gr
ou

p

To
ta
l:

72
0
m
in

in
24

se
ss
io
n
s:

3x
/w
,

30
m
in
/

se
ss
io
n

•
H
ea
rt
ra
te

=
•
T
U
G

•
G
V

+ +
T
im

e:
0.
29

A
m
br
os
in
i

et
al
20
20

[3
7]

9c
M
ea
n
75

±
4

M
ea
n
14
d
±

8d
(s
u
b)
ac
u
te

Li
m
it
ed

co
m
m
u
n
it
y

w
al
ke
r

E
S-

cy
cl
in
g—

n
o

co
n
tr
ol

gr
ou

p

To
ta
l:

37
5
m
in

in
15

se
ss
io
n
s:

5x
/w
,

25
m
in
/

se
ss
io
n

•
M
I

•
E
M
G
an
d

Sy
n
er
gy

+ =
•
B
B
S

•
FI
M

•
G
ai
t
pa
ra
m

•
Pe
da
lin

g
u
n
ba
la
n
ce

+ + + +

(C
on

ti
n
u
ed
.)

9



J. Neural Eng. 21 (2024) 021001 C J H Rikhof et al

Ta
bl
e
5.
(C
on

ti
n
u
ed
.)

A
rt
ic
le

Su
bj
ec
t
in
fo

In
te
rv
en
ti
on

O
u
tc
om

es
P
re
-
to

po
st
-i
n
te
rv
en
ti
on

f
O
u
tc
om

es
ex
p
er
im

en
ta
lv
s.
co
n
tr
ol

f

E
ff
ec
t
si
ze

of ch
an
ge
s

in
G
V
e

Pa
rt
ic
ip
an
ts

(d
ro
p

ou
t)

A
ge

(i
n

ye
ar
s)

a
T
im

e
si
n
ce

st
ro
ke

a
Fu

n
ct
io
n
al

ab
ili
ty

Ty
p
e

D
u
ra
ti
on

B
od

y
fu
n
ct
io
n
&

st
ru
ct
u
re

A
ct
iv
it
y

B
od

y
fu
n
ct
io
n
&

st
ru
ct
u
re

A
ct
iv
it
y

A
u
et
al

20
19

[3
9]

10
M
ea
n

58
.4
±

12
.5

M
ea
n
:6
.9
y
±

2.
1y

C
h
ro
n
ic

H
ig
h

m
ob

ili
ty

fu
n
ct
io
n

E
S-

cy
cl
in
g—

n
o

co
n
tr
ol

gr
ou

p

To
ta
l:

60
0
m
in

in
20

se
ss
io
n
s:

2-
4x
/w
,

30
m
in
/

se
ss
io
n

(3
x1
0
m
in
,

of
w
h
ic
h

3x
7m

in
E
S)

•
FM

A
+

•
B
B
S

•
6M

W
T

+ +

M
cC

ab
e

et
al
20
08

[2
6]

6
(2
)

R
an
ge

47
–7
7

R
an
ge

6–
18

m
th

C
h
ro
n
ic

U
n
ab
le
to

de
te
rm

in
e

R
A
G
T
+

E
S

To
ta
l:

14
40

m
in

in
48

se
ss
io
n
s:

4x
/w
,

30
m
in
/

se
ss
io
n

•
Su
bj
ec
t

sa
ti
sf
ac
ti
on

•
6M

W
T

N
o
st
at
is
ti
cs

Sr
iv
as
ta
va

et
al
20
15

[2
9]

9d
M
ed
ia
n
67

(4
3–
80
)

M
ed
ia
n
38

m
th

(3
–1
49

m
th
)

C
h
ro
n
ic

L
im

it
ed

co
m
m
u
n
it
y

w
al
ke
r

R
A
G
T
+

E
S

(A
ss
is
t-
as
-

n
ee
de
d

R
A
G
T
+

E
S

an
d
vi
su
al

fe
ed
ba
ck
)

To
ta
l:

60
0
m
in

in
15

se
ss
io
n
s:

5x
/w
,

40
m
in
/

se
ss
io
n
of

8×
5
m
in

tr
ai
n
in
g

bo
u
ts
/

se
ss
io
n

•
FM

A
•
Jo
in
t

ex
cu
rs
io
n

h
ip
,k
n
ee
,

an
d
an
kl
e

+ +
•
G
V

•
D
yn
am

ic
G
ai
t

In
de
x

+ +
N
A

(C
on

ti
n
u
ed
.)

10



J. Neural Eng. 21 (2024) 021001 C J H Rikhof et al

Ta
bl
e
5.
(C
on

ti
n
u
ed
.)

W
an
g
et
al

20
18

[3
4]

6
M
ed
ia
n
59

(5
4–
72
)

5.
75
y
(2
–1
4y
)

C
h
ro
n
ic

H
ig
h

m
ob

ili
ty

fu
n
ct
io
n

E
S-
C
yc
lin

g
To
ta
l:

42
0
m
in

in
20

se
ss
io
n
s:

3x
/w
,3

tr
ia
ls
/

se
ss
io
n
,

7
m
in
/t
ri
al

•
FM

A
=

•
6M

W
T

•
Fo
rc
e/

p
ed
al
in
g

ba
la
n
ce

+ +

R
an
d
om
iz
ed
co
n
tr
ol
le
d
cl
in
ic
al
tr
ia
ls

A
m
br
os
in
i

et
al
20
11

[2
2]

17
b
(2
)

E
xp
:m

ea
n

59
±

10
E
xp
:m

ea
n

48
d
±

43
d

(s
u
b)
ac
u
te

H
ou

se
h
ol
d

am
bu

la
to
ry

E
S-
cy
cl
in
g

To
ta
l:

50
0
m
in

in
20

se
ss
io
n
s:

5x
/w
,

25
m
in
/

se
ss
io
n

•
M
I

•
U
M
C
T

•
T
C
T

+ + +

•
G
V

+
•
M
I

•
U
M
C
T

•
T
C
T

+ + +

•
G
V

=
T
im

e:
1.
01

G
ro
u
p:

0.
37

18
b
(3
)

C
on

:m
ea
n

56
±

14
C
on

:m
ea
n

48
d
±

36
d

(s
u
b)
ac
u
te

H
ou

se
h
ol
d

am
bu

la
to
ry

Pa
ss
iv
e

cy
cl
in
g
w
it
h

pl
ac
eb
o
FE

S

A
m
br
os
in
i

et
al
20
12

[3
3]

17
b
(2
)

E
xp
:5
9
±

10
E
xp
:4
8d

±
3d

(s
u
b)
ac
u
te

H
ou

se
h
ol
d

am
bu

la
to
ry

E
S-
cy
cl
in
g

To
ta
l:

50
0
m
in

in
20

se
ss
io
n
s:

5x
/w
,

25
m
in
/

se
ss
io
n

•
M
I

•
E
M
G
&

st
re
n
gt
h

+ +
•
G
V

•P
ed
al
in
g

u
n
b
al
an
ce

+ +
•
M
I

•
E
M
G
&

st
re
n
gt
h

+ +
•
G
V

•P
ed
al
in
g

u
n
b
al
an
ce

= +
N
A

18
b
(3
)

C
on

:5
6
±

14
C
on

:4
8d

±
36
d

(s
u
b)
ac
u
te

H
ou

se
h
ol
d

am
bu

la
to
ry

Pa
ss
iv
e

cy
cl
in
g
w
it
h

pl
ac
eb
o
FE

S

(C
on

ti
n
u
ed
.)

11



J. Neural Eng. 21 (2024) 021001 C J H Rikhof et al

Ta
bl
e
5.
(C
on

ti
n
u
ed
.)

A
rt
ic
le

Su
bj
ec
t
in
fo

In
te
rv
en
ti
on

O
u
tc
om

es
P
re
-
to

po
st
-i
n
te
rv
en
ti
on

f
O
u
tc
om

es
ex
p
er
im

en
ta
lv
s.
co
n
tr
ol

f

E
ff
ec
t
si
ze

of ch
an
ge
s

in
G
V
e

Pa
rt
ic
ip
an
ts

(d
ro
p

ou
t)

A
ge

(i
n

ye
ar
s)

a
T
im

e
si
n
ce

st
ro
ke

a
Fu

n
ct
io
n
al

ab
ili
ty

Ty
p
e

D
u
ra
ti
on

B
od

y
fu
n
ct
io
n
&

st
ru
ct
u
re

A
ct
iv
it
y

B
od

y
fu
n
ct
io
n
&

st
ru
ct
u
re

A
ct
iv
it
y

A
m
br
os
in
i

et
al

20
20
a

[3
6]

34
c

(4
)

E
xp
:

73
.7
±

11
.7

E
xp
:1
3.
9d

±
5.
0d

(s
u
b)
ac
u
te

L
im

it
ed

co
m
m
u
n
it
y

w
al
ke
r

E
S-
cy
cl
in
g

To
ta
l:

30
0
m
in

in
15

se
ss
io
n
s

of
FE

S
(t
ot
al

30
se
ss
io
n
s)
:

5x
/w
,

20
m
in
/

se
ss
io
n

•
M
I

•
T
C
T

+ +
•
G
V

•
6M

W
T

•
FI
M
-M

S
•
B
B
S

•
Fa
ll
E
ff
ic
ac
y

Sc
al
e

+ + + + +

•
M
I

•
T
C
T

- =
•
G
V

•
6M

W
T

•
FI
M
-M

S
•
B
B
S

•
Fa
ll
E
ff
ic
ac
y

Sc
al
e

= = = = =

T
im

e:
0.
62

G
ro
u
p:

0.
04

34
c

(7
)

C
on

:
74
.9
±

12
.8

C
on

:1
8.
0d

±
14
.3
d

(s
u
b)
ac
u
te

Li
m
it
ed

co
m
m
u
n
it
y

w
al
ke
r

U
su
al
ca
re

B
ae

et
al

20
14

[4
0]

10
E
xp
:

45
.4
±

19
.7

E
xp
:9
.8
m

±
6.
0
m

ch
ro
n
ic

H
ou

se
h
ol
d

am
bu

la
to
ry

R
A
G
T
+

E
S

To
ta
l:

45
0
m
in

in
15

se
ss
io
n
s:

3x
/w
,

30
m
in
/

se
ss
io
n

•
M
M
A
S
+

•
K
in
em

at
ic
s
+ +

•
G
ai
t

pa
ra
m

•
T
U
G

•
B
B
S

+ + +

•
M
M
A
S

•
K
in
em

at
ic
s

(k
n
ee

fl
ex
io
n
)

= +
•
G
ai
t
pa
ra
m

•
T
U
G

•
B
B
S

= = =

T
im

e:
0.
35

E
X
P-

C
on

:
0.
08

10
C
on

:
52
.0
±

16
.1

C
on

:1
1.
5
m

±
5.
1
m

C
h
ro
n
ic

H
ou

se
h
ol
d

am
bu

la
to
ry

R
A
G
T

B
au
er

et
al
20
15

[4
2]

21
(2
)

E
xp
:

59
±

14
E
xp
:

62
d
±

43
d

(s
u
b)
ac
u
te

N
on

-
in
de
p
en
de
n
t

w
al
ke
r

E
S-
C
yc
lin

g
To
ta
l:

24
0
m
in

in
12

se
ss
io
n
s:

3x
/w
,

20
m
in
/

se
ss
io
n

•
M
I

•
M
A
S

+ =
•
FA
C

•
P
O
M
A

+ +
•
M
I

•
M
A
S

= =
•
FA
C

•
P
O
M
A

•
10
M
W
T

+ + -
19

(1
)

C
on

:6
4
±

11
C
on

:
42
d
±

45
d

(s
u
b)
ac
u
te

N
on

-
in
de
p
en
de
n
t

w
al
ke
r

A
ct
iv
e

cy
cl
in
g

w
it
h
ou

t
E
S

(C
on

ti
n
u
ed
.)

12



J. Neural Eng. 21 (2024) 021001 C J H Rikhof et al

Ta
bl
e
5.
(C
on

ti
n
u
ed
.)

C
h
o
et
al

20
22

[2
3]

18
E
xp
:

51
.8
±

12
.0

E
xp
:1
1.
6
m

±
4.
1
m

C
h
ro
n
ic

H
ou

se
h
ol
d

am
bu

la
to
ry

A
n
kl
e
+

E
S

To
ta
l:

80
0
m
in

in
20

se
ss
io
n
s:

5x
/w
,

40
m
in
/

se
ss
io
n

•
A
n
kl
e

p
ro
p
ri
oc
ep
ti
on

•
p
R
O
M

•
St
re
n
gt
h

•
FM

A

= + + +

•
B
B
S

•
G
V

•
St
ep

le
n
gt
h

•
T
U
G

•
FE

Sc

+ + + + +

•
A
n
kl
e

p
ro
p
ri
oc
ep
ti
on

(o
n
ly

d
or
si
fl
ex
io
n
)

•
p
R
O
M

•
St
re
n
gt
h

•
FM

A

= + + =

•
B
B
S

•
G
V

•
St
ep

le
n
gt
h

•
T
U
G

•
FE

Sc

= = = = =

T
im

e:
0.
31

G
ro
u
p:

0.
11

17
(5
)

C
on

:
55
.0
±

10
.9

C
on

:8
.6
m

±
3.
9
m

C
h
ro
n
ic

H
ou

se
h
ol
d

am
bu

la
to
ry

E
S
w
it
h
ou

t
ro
bo

t

Fe
rr
an
te

et
al
20
08

[2
4]

10
E
xp
:5
1
±

12
E
xp
:5
6.
1d

±
22
.8
d

(S
u
b)
ac
u
te

H
ou

se
h
ol
d

am
bu

la
to
ry

E
S-
C
yc
lin

g
To
ta
l:

98
0
m
in

in
28

se
ss
io
n
s:

7x
/w
,

35
m
in
/

se
ss
io
n

•
M
V
C
Q
u
ad
ri
ce
ps

•
M
I

•
U
M
C
T

•
T
C
T

N
o
st
at
is
ti
cs

re
po
rt
ed

•
G
V

•
Si
t-
to
-s
ta
n
d

ab
ili
ty

N
o
st
at
is
ti
cs

re
po
rt
ed

•
M
V
C

Q
u
ad
ri
ce
ps

•
M
I

•
U
M
C
T

•
T
C
T

+ = = =

•
G
V

•
Si
t-
to
-s
ta
n
d

ab
ili
ty

= +
N
A

10
C
on

:5
6
±
9.
2
C
on

:5
0.
8d

±
24
.5
d

(s
u
b)
ac
u
te

H
ou

se
h
ol
d

am
bu

la
to
ry

U
su
al
ca
re

Le
e
et
al

20
13

[4
3]

8
E
xp
:

63
.2
5
±

15
E
xp
:6
2.
50
d
±

52
.2
3d

(S
u
b)
ac
u
te

U
n
ab
le
to

de
te
rm

in
e

E
S-
cy
cl
in
g

To
ta
l:

60
0
m
in

in
20

se
ss
io
n
s:

5x
/w
,

30
m
in
/

se
ss
io
n

•
V
O
2
p
ea
k

•
H
ea
rt
R
at
e

•
B
lo
od

pr
es
su
re

+ + +

•
6M

W
T

•
B
B
S

•
m
B
I

+ + +

•
V
O
2
p
ea
k

•
H
ea
rt
R
at
e

•
B
lo
od

pr
es
su
re

= = =

•
6M

W
T

•
B
B
S

•
m
B
I

= = =
8

C
on

:
63
.2
5
±
14
.1
2
C
on

:5
7.
38
d
±

34
.6
3d

(s
u
b)
ac
u
te

U
n
ab
le
to

de
te
rm

in
e

A
ss
is
ti
ve

cy
cl
in
g

Pe
ri
et
al

20
16

[2
7]

8
E
xp
:

71
.8
±

12
.9

E
xp
:1
4.
4d

±
2.
7d

(s
u
b)
ac
u
te

L
im

it
ed

co
m
m
u
n
it
y

w
al
ke
r

E
S-
cy
cl
in
g

To
ta
l:

37
5
m
in

in
15

se
ss
io
n
s:

5x
/w
,

25
m
in
/

se
ss
io
n

•
G
V

•
6M

W
T

•
FI
M

•
D
ou

bl
e

su
pp

or
t

ti
m
e

+ + + +

•
G
V

•
6M

W
T

•
FI
M

•
D
ou

bl
e

su
pp

or
t

ti
m
e

= = = =

T
im

e:
0.
68

G
ro
u
p:

0.
33

8
C
on

:
76
.4
±

8.
7

C
on

:1
6.
0d

±
5.
5d

(s
u
b)
ac
u
te

Li
m
it
ed

co
m
m
u
n
it
y

w
al
ke
r

U
su
al
ca
re

(C
on

ti
n
u
ed
.)

13



J. Neural Eng. 21 (2024) 021001 C J H Rikhof et al

Ta
bl
e
5.
(C
on

ti
n
u
ed
.)

A
rt
ic
le

Su
bj
ec
t
in
fo

In
te
rv
en
ti
on

O
u
tc
om

es
P
re
-
to

po
st
-i
n
te
rv
en
ti
on

f
O
u
tc
om

es
ex
p
er
im

en
ta
lv
s.
co
n
tr
ol

f

E
ff
ec
t
si
ze

of ch
an
ge
s

in
G
V
e

Pa
rt
ic
ip
an
ts

(d
ro
p

ou
t)

A
ge

(i
n

ye
ar
s)

a
T
im

e
si
n
ce

st
ro
ke

a
Fu

n
ct
io
n
al

ab
ili
ty

Ty
p
e

D
u
ra
ti
on

B
od

y
fu
n
ct
io
n
&

st
ru
ct
u
re

A
ct
iv
it
y

B
od

y
fu
n
ct
io
n
&

st
ru
ct
u
re

A
ct
iv
it
y

Sr
iv
as
ta
va

an
d
K
ao

20
16

[3
0]

6d
E
xp
:6
3.
5

(4
3–
80
)

E
xp
:3
6.
5
m

(3
–1
49

m
)

C
h
ro
n
ic

Li
m
it
ed

co
m
m
u
n
it
y

w
al
ke
r

R
A
G
T
+

E
S

To
ta
l:

60
0
m
in

in
15

se
ss
io
n
s:

5x
/w
,

40
m
in
/

se
ss
io
n
of

8×
5
m
in

tr
ai
n
in
g

bo
u
ts
/

se
ss
io
n

•
FM

A
(n
o
st
at
is
ti
cs

re
po
rt
ed
)

•
K
in
em

at
ic
s

•
E
M
G

+ +

•
FG

A
•
6M

W
T

•
T
U
G

•
G
V

+ = + +

•
FM

A
•
K
in
em

at
ic
s

•
E
M
G

= = =

•
FG

A
•
6M

W
T

•
T
U
G

•
G
V

= = = =

T
im

e:
0.
40

G
ro
u
p:

-0
.2
2

6
C
on

:5
8.
5

(4
8–
75
)

C
on

:1
3
m

(3
–3
5)

C
h
ro
n
ic

Li
m
it
ed

co
m
m
u
n
it
y

w
al
ke
r

B
W
ST

T
w
it
h
m
an
u
al

as
si
st
an
ce

To
n
g
et
al

20
06

[3
2]

15
R
A
G
T
-E
S:

61
.8
±

10
.8
,

R
A
G
T
-E
S:

2.
3
w
±

1.
0
w

(s
u
b)
ac
u
te

H
ou

se
h
ol
d

am
bu

la
to
ry

R
A
G
T
+

E
S

To
ta
l:

40
0
m
in

in
20

se
ss
io
n
s:

5x
/w
,

20
m
in
/

se
ss
io
n

•
M
I

+
•
G
V
+

•
FA

C
+

•
5M

W
T
=

•
B
I
=

•
B
B
S
+

•
FI
M

+
•
E
M
S
+

+ + = = + + +

C
on
tr
ol
gr
ou
p
=

R
A
G
T
/U
su
al

C
on
tr
ol
gr
ou
p
=

R
A
G
T
/U
su
al

T
im

e:
2.
41

E
X
P-

C
on

:0
.7
8

(v
s

R
A
G
T
)

1.
65

(v
s

co
nv
)

•
M
I

=
/+

•
G
V

•
FA

C
•5

M
W
T

•
B
I

•
B
B
S

•
FI
M

•
E
M
S

=
/+

=
/+

=
/
=

=
/
=

=
/
=

=
/
=

=
/+

15
R
A
G
T
:

66
.1
±

9.
9,

R
A
G
T
:2
.7
w
±

1.
3
w
(s
u
b)
ac
u
te

H
ou

se
h
ol
d

am
bu

la
to
ry

R
A
G
T

20
(4
)

C
on

v:
71
.4
±

14
.0
,

C
on

v:
2.
7
w
±

1.
2
w
(s
u
b)
ac
u
te

H
ou

se
h
ol
d

am
bu

la
to
ry

C
on

ve
n
ti
on

al
ga
it
tr
ai
n
in
g

(b
as
ed

on
B
ob

at
h

co
n
ce
pt
)

(C
on

ti
n
u
ed
.)

14



J. Neural Eng. 21 (2024) 021001 C J H Rikhof et al

Ta
bl
e
5.
(C
on

ti
n
u
ed
.)

Z
h
an
g

et
al
20
21

[3
5]

33
E
xp
:

55
.7
6
±
11
.7
8
E
xp
:4
3.
45
d
±

5.
66

(s
u
b)
ac
u
te

H
ig
h

m
ob

ili
ty

fu
n
ct
io
n

E
S-
cy
cl
in
g

To
ta
l:

14
40

m
in

in
48

se
ss
io
n
s:

6x
/w
,

30
m
in
/

se
ss
io
n

•
FM

A
•
E
M
G

+ +
•
m
B
I

+
•
FM

A
•
E
M
G

+ +
•
m
B
I
+

+

33
C
on

:
57
.3
1
±
10
.5
3
C
on

:4
2.
45
d
±

4.
75

(s
u
b)
ac
u
te

Lo
w

m
ob

ili
ty

fu
n
ct
io
n

C
yc
lin

g
w
it
h
ou

t
E
S

a
A
ge

an
d
ti
m
e
si
n
ce

st
ro
ke

ar
e
pr
es
en
te
d
w
it
h
m
ea
n
(s
ta
n
da
rd

de
vi
at
io
n
)
or

m
ed
ia
n
(r
an
ge
).

b
Sa
m
e
pa
ti
en
ts
w
er
e
u
se
d
in

bo
th

ar
ti
cl
es
.

c
T
h
e
n
in
e
pa
ti
en
ts
of

th
e
se
co
n
d
st
u
dy

of
th
e
sa
m
e
au
th
or
,i
s
a
su
bp

ar
t
of

th
e
la
rg
er
gr
ou

p
of

68
pa
ti
en
ts
.

d
Si
x
of

th
e
n
in
e
pa
ti
en
ts
w
er
e
al
so

in
cl
u
de
d
in

th
e
se
co
n
d
st
u
dy

w
it
h
12

pa
ti
en
ts
,o
fw

h
ic
h
si
x
w
er
e
in

th
e
in
te
rv
en
ti
on

gr
ou

p.
A
ll
h
ea
lt
hy

vo
lu
n
te
er
s
ar
e
n
ot

co
n
si
de
re
d
in
to

th
e
in
cl
u
de
d
n
u
m
be
r
of

pa
rt
ic
ip
an
ts
.

e
E
ff
ec
ts
iz
es
of

ch
an
ge
s
in

ga
it
ve
lo
ci
ty
be
tw
ee
n
pr
e-
an
d
po

st
-a
ss
es
sm

en
t(
ti
m
e)
ar
e
di
sp
la
ye
d
fo
r
ex
p
er
im

en
ta
lg
ro
u
ps

(r
ob

ot
+

E
S)

of
lo
n
gi
tu
di
n
al
st
u
di
es
(t
im

e)
;f
or

lo
n
gi
tu
di
n
al
st
u
di
es
in
cl
u
di
n
g
co
n
tr
ol
gr
ou

p
an

ad
di
ti
on

al
ef
fe
ct

si
ze

of
di
ff
er
en
ce

in
ch
an
ge

of
ga
it
ve
lo
ci
ty
(p
re
-p
os
t)
be
tw
ee
n
ex
p
er
im

en
ta
la
n
d
co
n
tr
ol
gr
ou

p
(g
ro
u
p)

is
di
sp
la
ye
d.

f
Fo
r
th
e
ou

tc
om

e
va
lu
es
,+

m
ea
n
s
a
si
gn
if
ic
an
t
im

pr
ov
em

en
t
of

th
e
ex
p
er
im

en
ta
lg
ro
u
p
ov
er
ti
m
e
or

co
m
pa
re
d
ag
ai
n
st
th
e
co
n
tr
ol
gr
ou

p,
—
si
gn
if
ic
an
t
de
te
ri
or
at
io
n
an
d
=

m
ea
n
s
n
o
si
gn
if
ic
an
t
di
ff
er
en
ce
.

A
bb
re
vi
at
io
n
s:
N
A
=

N
ot

ap
pl
ic
ab
le
,v
al
u
es
w
er
e
n
ot

pr
ov
id
ed
.G

V
=

ga
it
ve
lo
ci
ty
,E
S
=

el
ec
tr
ic
al
st
im

u
la
ti
on

,R
A
G
T
=

ro
bo

t
as
si
st
ed

ga
it
tr
ai
n
in
g,
C
on

=
co
n
tr
ol
gr
ou

p,
in
t
=

in
te
rv
en
ti
on

gr
ou

p,
y
=

ye
ar
s,
m

=
m
on

th
s,

w
=

w
ee
ks
,d

=
da
ys
,m

in
=

m
in
u
te
s,
s
=

se
co
n
ds
,R

C
T
=

ra
n
do

m
iz
ed

co
n
tr
ol
le
d
tr
ia
l,
FM

A
=

Fu
gl
–M

ey
er
as
se
ss
m
en
t
lo
w
er
ex
tr
em

it
y,
M
I
=

m
ot
ri
ci
ty
in
de
x
lo
w
er
ex
tr
em

it
y,
(m

)B
I
=

(m
od

if
ie
d)

B
ar
th
el
In
de
x,
B
B
S
=

B
er
g

ba
la
n
ce

sc
al
e,
6M

W
T
=

6-
m
in
u
te
w
al
ki
n
g
te
st
,5
M
W
T
/1
0M

W
T
=

5
or

10
m
et
er
w
al
ki
n
g
te
st
,F
A
C
=

fu
n
ct
io
n
al
am

bu
la
ti
on

ca
te
go
ri
es
,F
IM

=
fu
n
ct
io
n
al
in
de
p
en
de
n
ce

m
ea
su
re
,T

U
G
=

ti
m
ed

u
p
an
d
go
,(
p)
R
O
M

=
(p
as
si
ve
)

ra
n
ge

of
m
ot
io
n
,M

A
S
=

m
od

if
ie
d
A
sh
w
or
th

sc
al
e,
T
C
T
=

tr
u
n
k
co
n
tr
ol
te
st
,P

O
M
A
=

p
er
fo
rm

an
ce
-o
ri
en
te
d
m
ob

ili
ty
as
se
ss
m
en
t,
M
V
C
=

m
ax
im

al
vo
lu
n
ta
ry

co
n
tr
ac
ti
on

,E
M
S
=

el
de
rl
y
m
ob

ili
ty
sc
al
e,
FG

A
=

fu
n
ct
io
n
al
G
ai
t

as
se
ss
m
en
t,
E
M
G
=

m
u
sc
le
ac
ti
vi
ty
,U

M
C
T
=

u
pr
ig
h
t
m
ot
or

co
n
tr
ol
te
st
,M

M
A
S
=

m
od

if
ie
d
m
ot
or

as
se
ss
m
en
t
sc
al
e,
pa
ra
m

=
pa
ra
m
et
er
s,
FE

Sc
=

Fa
ll
ef
fi
ca
cy

sc
al
e,
D
F
=

do
rs
if
le
xi
on

an
d
P
F
=

pl
an
ta
rf
le
xi
on

.

15



J. Neural Eng. 21 (2024) 021001 C J H Rikhof et al

Table 6. Overview of the control method for robot and ES separately (HRI feature) and for the combined device (Training modality),
including specification of the set-up of robot and ES.

Article HRI feature robot HRI feature ES
Cycling rate/robot
force

Stimulation
intensity

Combined training
modality

Cross-sectional study

Bao et al 2019 [41] Passive Passive 25 rpm 20 mA Passive
Lo et al 2018 [25] Passive Passive 50 rpm 10 mA (low

intensity) 30 mA
(high intensity)

Passive

Spaich et al 2014
[28]

Passive Moving attractor Guidance force
100%

23 mA Passive

Longitudinal case study (n⩽ 2)

Anaya-Reyes et al
2020 [38]

Pushing force Triggered
assistance

Adjusted for gait
speed

32, 34, 38, 50 and
48 mA respectively
for the 5 sessions

Assistive

Tong et al 2006
[31]

Passive Moving attractor Not provided Individually set by
therapist

Passive

Uncontrolled clinical trials

Alon et al 2010 [21] Passive, damper
against movement,
pushing force

Passive Min 45 rpm 7.0−10.32
Coulomb

Active-assistive or
resistive

Ambrosini et al
2020 [37]

Pushing force Moving attractor Not provided Individually set Assistive

Au et al 2019 [39] EMG—
proportional

EMG—
proportional

10–25 rpm Based on EMG. Active -assistive

McCabe et al 2008
[26]

Passive Passive Not provided 20 mA Passive

Srivastava et al
2015 [29]

Tunnel Not clear Assist-As-Needed
compliant

150 volt Path guidance

Wang et al 2018
[34]

Passive Moving attractor 25–25–20 rpm Individually set
between 0–100 mA

Passive

Randomized controlled clinical trials

Ambrosini et al
2011 [22]

Passive Moving attractor 20 rpm Individually set Passive

Ambrosini et al
2012 [33]

Passive Moving attractor 20 rpm Individually set
between 20–60 mA

Passive

Ambrosini et al
2020 [36]

Pushing force Moving attractor Minimum 20 rpm Individually set Assistive

Bae et al 2014 [40] Moving attractor Moving attractor Guidance force was
set between
0%–100%

Mean of 36 mA
(range: 24–60 mA)
for quadriceps and
35 mA (range:
18–60 mA) for
hamstring

Assistive

Bauer et al 2015
[42]

Pushing force Moving attractor Min 20 rpm Individually set Assistive

Cho et al 2022 [23] Passive Passive 2.14
degree/seconds

Individually set Passive

Ferrante et al 2008
[24]

Passive Moving Attractor 40 rpm Individually set Passive

Lee et al 2013 [43] Passive Passive 30 rpm Individually set,
max 100 mA

Passive

Peri et al 2016 [27] Passive Not clear Not provided Individually set Passive or Active
Srivastava and Kao
2016 [30]

Tunnel Not clear Assist-as-needed
compliant
guidance force

150 volt Path guidance

Tong et al 2006
[32]

Passive Moving attractor Not provided Individually set Passive

Zhang et al 2021
[35]

Not clear Not clear Not provided Individually set,
between 4–20 mA

Not clear

GV= gait velocity, HRI= human-robot interaction, ES= electrical stimulation and rpm= revolution per minute.
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Figure 2. Number of studies across control methods, based on the classification of Basteris et al (2014), for robot and ES support
separately (a) and the combination (robot+ ES) (b). Please note that (b) is defined from the patients’ perspective (e.g. passive
means that the patient did not need to perform voluntary movements; the system provided energy). Abbreviations: DA
movement= damper against movement, ES= electrical stimulation.

3.7. Effect of robot-assistance combined with ES
A graphical overview of the outcomes per device
group is shown in figure 3. Of the seven articles meas-
uring gait velocity after ES-cycling, six reported sig-
nificant improvements [21, 22, 27, 33, 36, 37]. Effect
sizes of changes in gait velocity after ES-cycling var-
ied from 0.29 to 1.01 (table 5), meaning that all art-
icles found at least medium effect sizes [44]. In the
remaining article, the authors were unable to execute
statistical test on the gait velocity because only 4
out of 20 patients were able to walk pre-intervention
[24]. Post-intervention, 18 out of 20 were able to
walk, also indicating improved gait. Furthermore,
three articles (that did not measure gait velocity)

found significant improvement on the 6MWT [34,
39, 43], showing improvement in walking endur-
ance, and one article showed significant improve-
ment on the FAC score [42]. All three parameters
indicate improvement in activity level and compon-
ents of gait after stroke (figure 3(a)). Seven out of
the nine articles including at least one measure of
motor function (FMA and/or MI) reported improve-
ment after ES-cycling, one article found no signific-
ant improvement [34] and in the remaining article
no statistical tests were conducted [24]. The results
did show that all individual stroke patients improved
or remained stable on the MI post-intervention com-
pared to pre-intervention (figure 3(b)).
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Figure 3. Overview of the significant and non-significant parameters over time per group for gait related outcome parameters
(ACT level) in A and motor function related outcome parameters (BFS level) in B. ES= electrical stimulation, FAC= functional
ambulation categories, 6MWT= 6-minute walk test, MI=motricity index, FMA= Fugl–Meyer assessment and RAGT= robot
assisted gait training.

Of the six articles measuring gait velocity after
RAGT+ ES, four reported improvements [29, 30, 32,
40], with effect sizes for RAGT+ ES ranging between
0.35 and 2.41 (table 5),meaning that all articles found
at least medium effect sizes [44]. The other two art-
icles did not perform statistical tests on gait velocity
due to limited number of patients (one/two included

patients) (figure 3(a)). Nevertheless, in these two art-
icles stroke patients did improve gait velocity [31, 38].
One article measured the 6MWT without statistical
testing, due to a limited number of stroke patients
included. All stroke patients that finished the inter-
ventions showed improvement in the 6MWT [26].
One article out of four that included measures for
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motor function found significant improvement after
RAGT + ES [32]. From the remaining three articles
one was a case report (two stroke patients) which
showed individual improvement without statistical
testing [31] and two found no significant effect of the
FMA over time [29, 30] (figure 3(b)).

The article, classified as ankle+ ES,measured gait
velocity (ACT) and FMA-LE (BFS). Both had signi-
ficant improvement over time, but no significant dif-
ference was observed between the experimental and
control group.

Concerning the added value of ES combined with
robotic support over other (control) interventions,
twelve articles (45%) are relevant in which a con-
trolled trial was performed with at least two groups,
including a total of 378 stroke patients (84%). Of
those, 179 patients were included in the experimental
group and 199 in the control group. Eight articles
compared ES combined with robot-supported move-
ments, totaling 109 patients, against only robot in the
control group involving 110 patients [22, 30, 32, 33,
35, 40, 42, 43]. One article used the same study pop-
ulation and will therefore be considered as one study
[22, 33]. Two of the seven articles found significant
improvement on both BFS and ACT level [22, 33,
35], one article on BFS level only [40] and one on
ACT level only [42] for the robot + ES group com-
pared to the control group (only robot) (figure 4).
However, the remaining three articles did not find any
significant differences between experimental group
(robot + ES) and control group (robot) [30, 32, 43].
These articles had a variety of outcome parameters
in both BFS and ACT domain. Of the four stud-
ies among those seven studies including GV as ACT
outcome measure, effect sizes of differences in GV
changes from pre to post intervention ranged from
−0.22 to 0.78, meaning that the effect sizes ranged
from small to large [44].

In one article, the control group received only
ES (17 participants), compared to the intervention
group that received robot+ ES (18 participants). The
experimental group showed more strength and pass-
ive range of motion (BFS level) compared to the con-
trol group receiving only ES. Both groups improved
at ACT level to a similar extent [23] (figure 4). Effect
size between groups in this study was 0.11, indicat-
ing a small effect size [44]. Furthermore, four stud-
ies provided the control group (72 patients) with
usual care in comparison against robot + ES (67
patients) [24, 27, 32, 36]. Two of the four studies
showed improvement in both BFS and ACT level in
favor of the experimental group (figure 4). One of
these two found improvement on muscle strength of
the quadriceps and the sit-to-stand, but no significant
difference was found for gait velocity and a measure
for motor function (MI) [24]. The other two studies
did not show significant improvement on either BFS
or ACT level. Effect sizes between groups in this study
ranged between 0.04 and 1.56, ranging from small to

large effect sizes [44]. Three articles with a control
group also employed a follow-up measurement [22,
36, 42]. They all conduced ES-cycling in the inter-
vention period. Two of these articles found signific-
ant improvement in favor of the ES-cycling group
post-intervention [22, 42]. These significant differ-
ence between groups were not maintained at follow-
up. However, the gained improvements were main-
tained at follow-up for all three studies that included
the follow-up.

To summarize, more than half of the articles
(seven of eleven) found significant improvement in
favor of the robot + ES group, when considering all
outcomes on both BFS and ACT level. When look-
ing specifically at effect sizes of gait velocity over time
all articles had at least a medium effect size. The
effect sizes of the difference in gait velocity change
from pre- to post-intervention between the experi-
mental and control group ranged from small to large.
Half of the effect sizes (four of eight) were small
and the other half was medium to large. To have
a better understanding which intervention works
for which patients, the next section elaborates on
specific patient groups and/or characteristics of the
intervention.

3.8. Influence of subject characteristics
Five of the seven articles that showed improve-
ment on BFS and/or ACT included sub-acute stroke
patients. This effect was seen most clearly in studies
that included patients relatively shortly after stroke,
mostly within 3 months [22, 24, 32, 33, 35, 36].
Although the (sub)acute stroke patients showedmore
improvement than the chronic stroke patients, most
studies including chronic stroke survivors did show
improvement on BFS and ACT level and only three
of the randomized controlled trials included chronic
stroke patients [23, 30, 40]. Two of these three studies
showed superior improvement compared to the con-
trol group on BFS level and none of the four articles,
with chronic stroke patients found improvement on
ACT level.

Three out of five studies without significant
improvement in favor of the robot + ES group
included moderate affected stroke patients [27, 30,
36]. In one of the remaining two articles stroke sever-
ity was unknown [43] and the other included severe
stroke patients [32]. Six of the seven articles that
showed significant improvement on BFS and/or ACT
level included severe stroke patients [22–24, 32, 33,
40, 42]. The remaining article hadmild stroke patient
in the intervention group and severe stroke patient in
the control group [35].

3.9. Influence of training intensity
The intensity of the training, in terms of dosage, is
provided in table 5. Of the 20 longitudinal studies,
the average number of sessions per study was 18.2
(SD: 11.9) with an average duration of 26.2 min (SD:
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Figure 4. Graphical overview of the comparison of robot+ ES with a control group, sub-divided in ICF level, significance, and
control group, separately for the effect on ACT level (a) and BFS level (b). ES= electrical stimulation, ACT= activity level and
BFS= body function and structure level.

8.5min). On average the interventions took 4.8 weeks
(SD: 2.3) with 4.6 sessions per week (SD: 1.1). All art-
icles with a control group provided the control group
with the same intensity of therapy as the experimental
group. Ten articles were regarded as high-intensive
intervention [22–24, 26, 27, 29, 30, 33, 35, 43] and ten
were not [21, 31, 32, 34, 36–40, 42]. The intervention
consisted of 120–245 min per week for the intensive
group and 60–100 for the less-intensive group. Four
of the six articles that found superior effect on BFS
level provided an intensive intervention [23, 24, 35,
40]. In addition, all articles that found superior effect
on ACT level had less-intensive intervention. Of the
five articles that found no improvement in favor of
the intervention group, three performed an intensive
intervention [27, 30, 43].

3.10. Influence of control method
Thirteen out of the 23 articles performed an inter-
vention with (partly) passive control method, which
means the effort of the patient was not needed for

triggering or continuation of the training. For con-
trol of robot support, 14 studies (8 RAGT + ES,
6 ES-cycling) used a passive control method, while
ten used a method that required at least some active
involvement (i.e. active, EMG-proportional, moving
attractor, tunnel, pushing force and damper against
movement). There are several ways to initiate ES dur-
ing the intervention. In 14 of 23 studies (8 with ES-
cycling and 5 with RAGT + ES), this initiation was
based on movement phase (e.g. crank angle or spe-
cific gait cycle event), classified as moving attractor
and triggered assistance (figure 2(b)) [22, 24, 25, 28,
31–34, 36–38, 40, 42, 43]. In four studies (two ES-
cycling and two RAGT+ ES), the timing of the stim-
ulation was based on pre-determined patterns (e.g.
models from healthy volunteers or an experienced
cyclist) [21, 26, 30, 41]. In one article the stimu-
lation was provided manually by the therapist (e.g.
on visual judgment)[23]. The pre-determined pat-
terns andmanually applied ES were classified as pass-
ive. Furthermore, one article used an EMG triggered
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method [24], where timing and the amplitude of ES
were based on muscle activity (EMG-proportional).
In the remaining three studies the control method for
ES was not clear [27, 29, 35]. This means that in more
than half of the studies (15/23, of which 13 longitud-
inal studies) the controlmethod for ES could be based
on active contribution to the movement.

When considering the 13 longitudinal studies,
were the control method could be based on active
contribution, no clear differences between control
methods of ES were observed. 11 (of the 13) stud-
ies with active components of the control methods
found significant improvements on ACT level and
10 also found significant improvement on BFS level
[22, 24, 32–34, 36, 37, 39, 40, 42, 43] (one article
found no significant improvement on BFS level [34]).
From the two longitudinal studies that used a passive
control method to initiate ES, both found significant
improvements on ACT level [21, 30] and one also on
BFS level [30].

Of the seven articles that found superior effect
on BFS and/or ACT level, five had a control method
for ES based on Moving attractor [22, 24, 32, 33, 40,
42], one article applied manual stimulation (passive)
[23] and the remaining article had no clear descrip-
tion of the triggering method [35]. Furthermore, two
out five articles that found equal effect of the inter-
vention compared to control group, moving attractor
as control method for ES [32, 36], one used a pre-
determined pattern (passive) [43] and the last two
articles had no clear description of the triggering
method [27].

To summarize, the majority of the articles that
showed improvement in favor of robot+ ES on both
or either BFS or ACT level included (sub) acute stroke
patient with pre-intervention severe limitations in
the lower extremity. No clear difference between the
group that showed superior effect on BFS and/or ACT
level and the group with equal effect of both exper-
imental and control group, where shown based on
intensity and control method.

4. Discussion

This systematic literature review aimed to assess
the potential effects of interventions involving robot
assistance combined with ES on clinical and/or gait
parameters in stroke patients. The identified devices
can be broadly categorized into two main categories:
motorized cycling +ES and RAGT +ES. Motorized
cycling combined with ES was the most extensively
researched device, with over half of the included
studies investigating this combination. Furthermore,
studies utilizing motorized cycling combined with
ES included the largest population of stroke patients
compared to other devices identified in this review.
Overall, all included studies demonstrated improve-
ments in body function and/or activity levels after an
intervention for robot or cycling combined with ES,

with effect sizes of changes in gait velocity between
pre- and post-intervention ranging between 0.29 and
2.41. Meaning that the effect sizes over time ranged
from medium to large. However, the wide range of
parameters that was used to quantify the effects on
stroke patients precluded the execution of a meta-
analysis. The main findings of this review indic-
ated that in 64% of the included articles the addi-
tion of ES to a robot or motorized cycling had a
superior effect on lower limb recovery, whereas the
other studies found no added benefit. The major-
ity of the articles that showed superiority included
severely affected stroke patients in contrast to the
studies with equal effects including mostly moder-
ately affected patients. The improvements in favor
of robot + ES were not maintained at follow-up
(2 weeks–6 months), suggesting that the addition of
ES promotes a faster recovery, but the end point is
equal for both robot + ES and the control groups.
Interestingly, the one study comparing robot + ES
with ES only showed significant improvement on BFS
level in favor of robot + ES. This suggests that the
combination of robot+ ES could be associated with a
favorable effect on impairment level over the addition
of ES in itself.

To the best of our knowledge, no previous review
has been conducted into the clinical effects of an
intervention that combines robot and ES. Anaya et al
(2017) reviewed hybrid FES-robotic gait rehabilita-
tion technologies, with a focus on the technical side,
such as actuation type and control strategies [8]. They
identified 28 different hybrid systems, which could
be divided into orthotic based and non-orthotic
based systems. In contrast to the current review, they
also included non-motorized spring-based systems.
Furthermore, because the focus was on the technical
viewpoint, they also included systems that were not
tested. They found that most of the hybrid systems
were evaluated on safety and energy performance,
based on these results they concluded that the hybrid
systems are proven to be functional. However, there
was no evidence yet that the reviewed hybrid systems
influence lower extremity function, which the present
review has provided.

The effect of only one intervention, either robot-
based therapy or ES has been investigated more
extensively. Mehrholz et al (2020) reviewed the effect
of electromechanical-assisted gait training in stroke
patients [45], concluding that electromechanically
assisted gait training in combination with normal
physiotherapy is beneficial to improve walking ability.
Furthermore, they found that more severely affected,
dependent walkers, were more likely to restore walk-
ing ability with higher velocity then less affected
stroke patients (ambulatory patients). This is in
accordance with the finding of the current review
that severely affected stroke patients seem to bene-
fit more compared to moderately affected stroke
patients. Multiple reviews assessed the effect of ES
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compared to or in addition to other interventions
[46–50], investigating distinct types of ES or the effect
on different parameters, such as balance, mobility or
gait speed.Nevertheless, they all found positive effects
of ES on the investigated parameter in stroke patients.
Shariat et al (2019) [49] found a positive effect of
cycling on gait velocity, walking ability and balance.
Adding FES had a beneficial effect on balance com-
pared to cycling alone. These results are in line with
the current review, cycling combined with ES had a
positive effect on both ACT and/or BFS level.

Although the dosage of the intervention differed
between the included articles, in all controlled tri-
als the intervention group and control group received
the same dosage of training, which is important for
comparability. When the same intensity of training
is applied to both the intervention and usual care
or control group, previous research has shown that
experimental interventions are not always superior to
the control group [4, 43]. Robot assistance can there-
fore be a means towards achieving a high(er) intens-
ity of training, without the involvement of (mul-
tiple) therapists [7]. This could contribute to achiev-
ing recommended high-intensity therapy times (i.e. a
minimumof 45min of every therapy that is required),
which is thought to be important for optimal res-
ults in stroke rehabilitation [51]. The current review
showed no differences in outcome with respect to
intensity of the intervention. Improvements were
found on both or either BFS or ACT level, regard-
less of the dosage of the intervention. This suggests
that with at least 150 min of robot + ES train-
ing a positive effect on BFS and ACT level can
be achieved, but not superior to a control group.
Veerbeek et al (2014) suggested that an additional
therapy of 17 h over 10 weeks is necessary to improve
on different levels of the ICF model [4]. This cor-
responds with total of 1020 min intervention (in
10 weeks). In the present review, only two articles
had a dosage above 1020 min in 8 and 12 weeks.
Whether robot + ES training in higher intensities
would result in more pronounced effects needs fur-
ther research. Furthermore, due to the wide variety
of stimulation intensity and force/rpm applied, it is
impossible to relate the effect of different stimulation
intensity or assistance of the robot to the effects of the
interventions.

Previous research indicates that active involve-
ment of the participant in the intervention is bene-
ficial for the recovery [16, 52]. Most research regard-
ing EMG-driven stimulation or intent based stimu-
lation is conducted for the upper extremity [16, 53],
showing that active-assistive trainingmodalities facil-
itates better improvement in upper limb function
than passive training. The current review showed that
stimulation was mostly based on crank angle or gait
phase, however this was sometimes combined with
passive training due to the robot support applied,
which resulted in passive movement training when

applying the combination of robot and ES. The main
results show that improvement was found on both
or either ACT level or BFS level, regardless of the
control method for the ES. In contrast to previous
research [16, 53], no superiority was found in favor
of interventions with active contribution, compared
to only passive control methods. However, the act-
ive involvement of the participant in studies where
the trigger was based on crank angle or gait phase
(moving attractor) is difficult to determine, because
the movement could be initiate by the robot/mo-
tor of the device, which was not clearly described in
most articles. Remarkably, three studies (published in
four articles) specifically instructed participants not
to participate [22, 24, 25, 33]. In the articles that
instructed the patient to participate actively during
the intervention, the actual active involvement of the
participants compared to the robot and/or stimula-
tion was not evaluated. Active involvement would be
ensured if the timing of the stimulation or robot sup-
port is dependent on active movement intent by the
patient. One way to achieve actively triggered stim-
ulation in more severely affected patients is using
muscle activity, which was applied in only one art-
icle. In this study improvements on BFS and ACT
level were found, but lack of a control group pre-
vented comparison of its added value in the present
review. Therefore, more research is needed to exam-
ine the influence of control methods and active
contribution to robot and/or ES assisted training
on lower limb function. Furthermore, research that
emphasize the active involvement of the participants
is needed, for example with assist-as-needed control
methods. Similar as in upper extremity applications,
it is important that the active involvement and/or the
modality of HRI is described more clearly in future
studies [16].

The current review provided an underestimation
of the significant improvement because studies that
were unable to perform statistical test were considered
as non-significant. This does not mean there were no
improvements seen in these studies. The overall qual-
ity of the studies in the current review was relatively
good, ranging from fair to excellent after the exclusion
of four articles that were of poor quality. Nevertheless,
only half of the studies had a control group, limit-
ing assessment of added value of robot + ES train-
ing against other interventions. Furthermore, meth-
odological assessment revealed that only eight of the
26 included articles mentioned the occurrence of
adverse events, which limited assessment of practical
applicability in clinical practice. A previous review
on adverse events in RAGT showed that not all
studies mentioned whether adverse events occurred,
and of those that do, 36% do not provide a com-
plete description [54]. Thorough reporting of adverse
events is important for adequate evaluation of clin-
ical applicability of emerging technology-supported
treatment options.
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4.1. Future research
The articles included in this review exhibited signific-
ant heterogeneity across several aspects, such as out-
come measures and intervention type. Ideally, each
study should include at least one functional measure,
one balance measure as well as gait velocity to assess
the effect of an intervention on BFS and ACT level
[55]. Future research should also aim for more stand-
ardized study designs, such as well-designed RCTs, to
providemore robust evidence and enable more rigor-
ous comparisons between different interventions in
robot-assisted rehabilitation therapy. Furthermore,
as mentioned above it is often not measured what
the participants involvement is. In future research
the amount of muscle activity or force produced by
the participant can be used to determine if and to
what extend a participant is actively involved in the
intervention. Besides the clinical effectiveness also the
implementation into a clinical setting of a hybrid
robot and electrostimulation device should be topic
of future research, because only 23 articles did meas-
ure patient and not every article tested their device
in clinical environment. This can identify obstacles
and/or needs from a clinical perspective.

5. Conclusion

This review assessed the effect of robot-assisted train-
ing combined with ES on lower extremity function
after stroke among studies with overall good meth-
odological quality (ranging between fair and excel-
lent). Two main categories of devices were identified:
motorized cycling combinedwith ES andRAGT com-
bined with ES. Despite the heterogeneity of the stud-
ies, all types of devices demonstrated a positive effect
on lower extremity function, as measured by para-
meters related to BFS and ACT level. Training in the
early phase after stroke seems to offer greater bene-
fits, at least in the short-term, although chronic stroke
patients also improved lower extremity function.
Robot + ES had greater benefits for stroke patients
with severe limitation pre-intervention, compared to
mild and/or moderate limitation pre-intervention.
This review showed that in 64% of the included stud-
ies training with the combination of robot + ES was
superior over robot training alone or over conven-
tional treatment, whereas the other studies found no
added benefit. No difference was observed between
studies involving a potentially active control method
of robot and/or ES support and those that did not,
but this was hindered by a lack of information about
actual active contribution of the patients. Although
robot + ES seems promising as intervention for
especially subacute stroke patients with severely-
moderately affected lower extremity function, con-
clusive outcomes on superiority of robot + ES are
impeded by heterogeneity of the studies, a lim-
ited number of controlled studies and unclear HRI
modalities.
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Appendix A

Search strategy
The search strategy used in PubMed specified per
search term can be found below. The total search con-
sisted of: #1 AND #2 AND #3 AND #4.

Stroke patients (Stroke) OR (Hemip∗) OR
(CVA) OR ((Cerebral OR
Cerebro∗) AND (Accident OR
Disease))

#1

Robotic therapy (Robot∗) OR (Robotics) OR
(Cycling) OR (Assistive
Technology)

#2

Electrostimulation (Electrical Stimulation) OR
(Electr∗ AND stimulation) OR
(FES) OR (TENS) OR (NEMS)

#3

Lower extremity (Lower extremity) OR (Gait) OR
(Walking) OR (lower Limb)

#4

Appendix B

Methodology assessment: question interpretation,
justification, and explanation
The methodology assessment in the current

review is based on 15 questions of the 27 items of
theDowns&Black checklist. Twelve questionswere
removed because they go into depth about the stat-
istical analysis which is not applied in all types of
study design and was not the aim of the current
review. Below an explanation of the questions and
scoring is provided of the included questions.

Q1: is the hypothesis/aim/objective of the study
clearly described? This question was answered ‘yes’ if
the aim of the study was described in the introduction
section and when it was clear what goal the authors
meant to achieve with the study.

Q2: are the main outcomes to be measured clearly
described in the Introduction or Methods section?
This question was answered ‘no’ if the main out-
comeswere firstmentioned in the result section. If the
main outcomes were mentioned in the introduction
or method section, the question was answered ‘yes’.

Q3: are the characteristics of the patients included
in the study clearly described? For case studies and
series, a case definition had to be given in order to
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score ‘yes’ on this question. Information about age
and time since stroke had to be involved in the defin-
ition. For cohort studies and randomized controlled
trials, the questionwas answered ‘yes’ if in- and exclu-
sion criteria were provided.

Q4: is the intervention clearly described?We scored
this question ‘yes’ if the duration and frequency
of training sessions were made clear and both the
motorized and the ES intervention were clearly
described in terms of product used, amplitude and
frequency of stimulation, etc.

Q6: are the main findings of the study clearly
described? The main outcome data had to be clearly
reported for all major findings. The results were
preferably presented in both tables or graphs and text.
Tables and graphs had to be understoodwithout read-
ing the textual explanation.

Q7: does the study provide estimates of the random
variability in the data for the main outcomes? The
presentation of data distribution had to be clear. In
non-normally distributed parameters, medians and
range of results should be provided. In normally dis-
tributed variables, a mean and standard deviation
(SD) should be given. We decided on a cut of value
of 10 participants when evaluating whether a usually
normally distributed variable should be considered
normally distributed in the study. The question was
answered ‘no’ if inappropriate items were presented
(e.g. mean and SD in a case series with 6 patients).

Q8: have all important adverse events that may be
a consequence of the intervention been reported? If
adverse eventswere reported, a ‘yes’ was scored.When
a study mentioned that no adverse events had taken
place, this question was answered ‘yes’. The question
was answered ‘no’ if (possible) adverse events had not
been reported.

Q9: have the characteristics of patients lost to
follow-up been described? This question was
answered ‘yes’ in all studies that showed the number
of patients lost to follow-up in either tables/graphs
or text, with or without reason for loss. The question
was answered ‘no’ when a study did not report the
number of patients lost to follow-up. If the question
did not apply to the study since no patients were lost
to follow-up, the question was answered ‘yes’.

Q10: have actual probability values been reported
(e.g. 0.035 rather than <0.05) for the main out-
comesexceptwhere theprobability value is less than
0.001? We scored ‘yes’ when an actual p-value was
given in either tables, text, or both.

Q11: were the subjects asked to participate in
the study representative of the entire population

from which they were recruited? This question was
answered ‘no’ if a study included less than 10 stroke
patients, since such a small population sample was
not considered representative of the entire popula-
tion. It was scored ‘yes’ when a relatively large group
of patients was included, when the patient character-
istics were representative for the entire stroke popula-
tion (e.g. in terms of age, gender, etc.) and themethod
of patient selection was clearly described.

Q16: if any of the results of the study were based
on ‘data dredging’, was this made clear? This ques-
tion would have been answered ‘no’ if outcomemeas-
ures that were not mentioned in the introduction
or method section appeared in the result section.
However, this was not the case in any of the studies.

Q18: were the statistical tests used to assess the
main outcomes appropriate? The statistical tests that
were used had to be described, preferably in the
method section. The tests had to be appropriate for
the variables. E.g. for small sample sizes, nonparamet-
ric methods had to be used. If no statistical analysis
was performed or the tests were not clearly described,
this question was answered ‘no’.

Q20: were the main outcome measures used accur-
ate (valid and reliable)?When the outcomemeasures
were clearly described and logically chosen for the
aim/purpose of the study, this question was answered
‘yes’.

Q23: were study subjects randomized to interven-
tion groups? Studies that randomized subjects in 2 or
more groups scored ‘yes’ on this question. Case stud-
ies/series and observational studies that lacked ran-
domization scored ‘no’ on this question.

Q26: were losses of patients to follow-up taken into
account? If the number of patients lost to follow-
up was reported and considered in the analyses, this
question was answered ‘yes’. In case the number of
subjects lost to follow-up was not mentioned, the
question was answered ‘unable to determine’, and
therefore received 0 points.
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