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Objective: To measure muscle activity before and after robot-assisted gait training (RAGT) in
patients with stroke and examine the differences in muscle activity changes compared with
conventional gait training (CGT).

Methods: Thirty patients with stroke (RAGT group, n=17; CGT group, n=13) participated in
the study. All patients underwent RAGT using a footpad locomotion interface or CGT for 20
minutes for a total of 20 sessions. Outcome measures were lower-limb muscle activity and
gait speed. Measurements were performed before the start of the intervention and after the
end of the 4-week intervention.

Results: The RAGT group showed increased muscle activity in the gastrocnemius, whereas
the CGT group showed high muscle activity in the rectus femoris. In the terminal stance of
the gait cycle, the gastrocnemius, the increase in muscle activity was significantly higher in
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the RAGT group than in the CGT group.

Conclusion: The results suggest that RAGT with end-effector type is more effective than CGT

to increase the gastrocnemius muscle activity.
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INTRODUCTION

Stroke is well known to significantly impair motor and sensory
functions, and the resulting gait disturbance persists even after
three months [1]. Therefore, restoring gait ability is the most
critical task in post-stroke rehabilitation [2] .

In recent years, gait rehabilitation using robot-assisted gait
training (RAGT) has been the focus of attention in gait recovery
after a stroke. RAGT is a method of training a patient’s lower
limbs to move in a gait-like movement using actuators attached
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to a walking device [3]. RAGT involves the actuator performing
the movements of the patient’s lower limbs during walking, thus
enabling intensive and repetitive gait practice necessary to re-
learn gait [4].

RAGT can be classified into exoskeletal and end-effector
types according to how the lower limbs move [5], such as LO-
KOMAT (Hocoma AG, Volketswil, Switzerland) [6-10] and
GaitMaster [11-14], respectively. In a previous report on RAGT
for patients with stroke, Schwartz et al. [15] performed RAGT
with LOKOMAT in patients with subacute stroke. They showed
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that it was effective in restoring gait ability compared with usual
physiotherapy. Tanaka et al. [16] also reported that gait rehabili-
tation using GaitMaster for patients with subacute stroke result-
ed in significantly higher gait speed and endurance improve-
ment than conventional gait rehabilitation. Thus, the benefits of
RAGT for patients with stroke are promising [17-20]; however,
some reports have found no significant difference when com-
pared with conventional gait rehabilitation [21-23]. Therefore,
neurophysiological assessment is needed to further understand
the effects of RAGT [24].

The neurophysiological effects of RAGT have been studied
in lower-limb muscle activity. Hidler and Wall [25] measured
muscle activity during RAGT with LOKOMAT and treadmill
walking in healthy participants. They reported higher muscle
activity in the rectus femoris and vastus lateralis during the free
leg phase in RAGT because of pelvic restriction and lower ac-
tivity in the gastrocnemius and tibialis anterior muscles during
the overall walking cycle as a result of passive walking in
RAGT. Coenen et al. [26] also measured lower-limb muscle ac-
tivity during RAGT with LOKOMAT and overground walking
in patients with chronic stroke and reported that lower-limb
muscle activity in these patients was lower during RAGT than
during overground walking. These studies have shown that
RAGT reduces lower-limb muscle activity. However, reports so
far have not shown how continuous training of RAGT changes
muscle activity in patients with stroke. Thus, further studies
are needed to assess changes in muscle activity before and after
RAGT to improve understanding of the effects of RAGT on
muscle activity.

Therefore, this study aimed to measure changes in muscle
activity pre- and post-RAGT in patients with stroke and inves-
tigate the differences between conventional gait training (CGT)
and changes in muscle activity. Concretely, we hypothesized
that RAGT with an end-effector-type device would induce an-
kle joint muscle activity and positively change the ankle muscle

activity pattern more than CGT.

METHODS

Participants

Patients with stroke within 6 months of onset and significant
gait disorder (functional ambulatory category [27] of <3) on
study entry were included. All participants were inpatients. Pa-
tients who could not walk independently before onset, patients
with severe cardiovascular or pulmonary dysfunction (equiv-
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alent to New York Heart Association Classification [28] III or
IV), patients with osteoarthritic disease limiting movement, and
patients with dementia and difficulty understanding instruc-
tions (mini-mental state examination [29] <20) were excluded.

The Ethics Committee of the Tokyo Professional University
of Health Sciences approved the study (Approval No. 21-0024).
This study was conducted with the consent of all participants or
their legal representatives to participate in the study.

Study protocol

The participants were assigned to the RAGT group (odd num-
bers) or CGT (even numbers) using a computer-generated
random number table. In the RAGT group, RAGT using a foot-
pad-type locomotion interface was performed five times a week
for 4 weeks, and CGT was not performed. The footpad-type
locomotion interface used in this study was GaitMaster, which
was developed by the Division of Intelligent Interaction Tech-
nologies, Faculty of Engineering, Information and Systems,
University of Tsukuba [30]. GaitMaster is an end-effector type
gait support device that can present gait-like movements by
combining back-and-forth and up-and-down movements of the
footpads. The participants place their legs on the footpads, and
the footpads move along the gait trajectory, enabling the user to
perform a gait-like movement [31].

The gait training conditions using the GaitMaster were as fol-
lows: the walking speed was the maximum walking speed pos-
sible for the participant to perform the gait movement, and the
training time was 20 minutes, including rest time. A safety belt
was attached to the weight-loading device during gait training
to ensure safety, but no weight-unloading was performed. In
addition, participants used handrails attached to the GaitMaster
as necessary to ensure safety. Patients belonging to RAGT group
did not use foot braces during training.

In the CGT group, participants performed CGT to acquire
independent gait five times a week for 4 weeks. CGT consisted
of stepping exercises, parallel bars, and walking exercises on the
floor. The CGT group did not use treadmills or other common-
ly used gait practice equipment. The physiotherapists modified
the content of the gait training for the CGT group according
to the patient’s ability and condition. Additionally, the physio-
therapist provided gait training in the CGT group using a met-
al-upright ankle-foot orthosis (n=7), a shoehorn-type ankle-
foot orthosis (n=1), and an off-the-shelf soft knee brace (n=1),
depending on the patient’s gait ability. The gait training time for
the CGT group was 20 min, including rest periods. Neither the



RAGT nor the CGT group had any restrictions on rehabilita-
tion other than walking exercises, such as occupational therapy
or speech and language therapy.

Clinical outcomes

Participants’ age, sex, time since onset, stroke type, paralysis
side, lower-extremity Fugl-Meyer assessment (LE-FMA), func-
tional ambulation category (FAC), gait speed, and lower-limb
muscle strength were baseline assessments. The primary out-
come measure was muscle activity in lower-limb muscles by
surface electromyography. The electromyogram (EMG) was
measured using the wireless electromyography sensor SS-
WS2911 (Sports Sensing; Fukuoka, Japan). Gluteus medius,
rectus femoris, hamstrings, tibialis anterior, and gastrocnemius
muscles on the paralyzed side were evaluated. The electrode
attachment positions for each muscle followed the surface EMG
for non-invasive assessment of muscles guidelines [32]. A foot
switch was also affixed to the heel to measure pressure data .
EMG measurements were performed with floor walking. The
participant’s muscle activity for ten walking cycles was recorded
at a sampling frequency of 1,000 Hz. The acquired data were
processed with a bandpass filter at 10-500 Hz and smoothed
by root mean square (RMS) every 100 ms. The RMS-processed
waveforms were normalized to 100% of the maximum myopo-
tential for each muscle. The normalized ten walking cycles of
the waveform data were converted to one walking cycle (0%-
100%) by additive averaging using footswitch data. The con-
verted data for one gait cycle was divided into the initial contact
phase (0%-1%), loading response phase (2%-12%), mid-stance
phase (13%-31%), terminal stance phase (32%-50%), pre-
swing phase (51%-62%), initial swing phase (63%-75%), mid-
swing phase (76%-87%), and terminal swing phase (88%-100%)
[33].

The secondary assessment outcome was the gait speed. Gait
speed was defined as the maximum walking speed in floor
walking. Gait speed was measured by having the participants
walk as fast as possible on a 10-m walking path and calculating
their walking speed using the number of seconds required to
do the walk. Two measurements were made for the gait speed.
The faster gait speed was adopted as the maximum gait speed.
When measuring walking speed, the use of common walking
aids was permitted, and walking assistance by a physiotherapist
was allowed if necessary. These assessments were measured be-
fore the study began and at the end.
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Statistical analysis

Comparisons between the RAGT and CGT groups for age, time
since onset, LE-FMA, FAC, gait velocity, and lower-limb muscle
strength at the baseline were made using an unpaired t-test for
those following a normal distribution after conducting the Sha-
piro-Wilk test or the Mann-Whitney U-test for those not fol-
lowing a normal distribution. Comparisons were made for sex,
stroke type, and paralyzed side using Fisher’s direct significant
difference establishment.

Pre- and post-comparisons of gait speed and muscle activity
in each group were made using the Shapiro-Wilk test followed
by a paired t-test for those following a normal distribution and
the Wilcoxon signed rank test for those not following a normal
distribution. The changes before and after the intervention were
calculated for between-group comparisons of walking speed
and muscle activity. After performing the Shapiro-Wilk test,
those following a normal distribution were compared using an
unpaired t-test, and those not following a normal distribution
were compared using the Mann-Whitney U-test. All statistical
analyses were performed using IBM SPSS Statistics version 25.0
(IBM Corp., Armonk, NY, USA), with a statistical significance
set at 0.05.

RESULTS

Participant characteristics

We enrolled 32 participants in this study; however, 1 participant
having FAC of 23 and 1 participant who could not perform
gait training were excluded from the study, leaving a total of 30
participants. The enrolled participants were divided into RAGT
groups (n=17) for odd numbers and CGT groups (n=13) for
even numbers, using a computer-generated random number
table. All participants completed the study. However, five par-
ticipants in the RGAT group and five in the CGT group were
excluded from the analysis because their muscle activity could
not be measured. As a result, 12 patients in the RGAT group
and 8 in the CGT group were included in the analysis (Fig. 1).
The participant demographics at baseline showed no significant
differences between the two groups (Table 1).

Clinical outcomes after gait training
Gait speed increased significantly in both groups (RAGT: pre,
0.45+0.28 m/s vs. post, 0.73+0.55 m/s; p=0.027; CGT: pre,
0.28+0.25 m/s vs. post, 0.56+0.47 m/s; p=0.017).

Regarding muscle activity changes within the groups, the
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32 Assessment for eligibility

2 Excluded
1 Had score 4 or 5 on the FAC
1 A state where walking training is not

possible
30 Randomized
!
v -
17 Allocated to gait training with a footpad- 13 Allocated to conventional gait training
type locomotion interface therapy
17 Received allocated intervention 13 Received allocated intervention
A4 A\ 4
12 Analyzed 8 Analyzed
5 Exuluded from analysis 5 Exuluded from analysis
5 Failure to collect muscle potentials 5 Failure to collect muscle potentials
Fig. 1. Consort flow chart. FAC, functional ambulation category.
Table 1. Demographic characteristics of the RAGT and CGT groups
Variable RAGT group (n=12) CGT group (n=8) p-value
Age (yr) 67.83+11.42 64.50+10.30 0.507"
Sex
Male 9(75.0) 5 (62.5) 0.455
Female 3(25.0) 3(37.5)
Duration of stroke (day) 60.83+23.54 61.38+26.32 0.963"
Stroke type
Infarction 7(58.3) 5(62.5) 0.612
Hemorrhage 5(41.7) 3(37.5)
Lesion side
Left 6(50.0) 7(87.5) 0.106
Right 6(50.0) 1(12.5)
LE-FMA 16.75+7.91 14.63+5.53 0.489"
Initial FAC 2.08+0.79 1.630.52 0.179”
Initial gait speed (m/s) 0.45+0.28 0.28+0.25 0.263"
Initial muscle strength (kg/f)
Paretic side
Hip extension 3.94+4.49 6.59+7.03 0.624"
Hip flextion 4.33+4.29 7.09+10.75 0.910"
Knee extension 8.12+9.53 9.23+£16.22 0.678"
Knee flextion 3.02+5.70 3.18+6.81 0.678"
Non paretic side
Hip extension 9.27+5.09 12.95+3.72 0.057"
Hip flextion 15.10+10.04 21.00+13.00 0.208"
Knee extension 18.09+12.31 23.63+£10.37 0.238"
Knee flextion 10.23+6.07 12.40+4.53 0.270"

Values are presented as meantstandard deviation or number (%).
RAGT, robt-assisted gait training; CGT, conventional gait training; LE-FMA, lower-extremity fugl-meyer assessment; FAC, functional ambulation category.
YRAGT and CGT comparisons in unpaired t-tests and "RAGT and CGT comparisons in Mann-Whitney U-test.
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RAGT group showed a significant increase in muscle activity in
the gastrocnemius throughout the gait cycle. In the CGT group,
a significant increase in muscle activity was found in the early
stance phase in the rectus femoris (Table 2).

Group comparison of clinical outcomes

The change in the walking speed between the RGAT and CGT
groups before and after training showed no significant differ-
ences between the two groups (RAGT, 0.27+0.37 m/s vs. CGT,
0.28+0.26 m/s; p=0.337).

A comparison of muscle activity between the RAGT and
CGT groups showed an increase in the muscle activity in the
CGT group at the initial contact and terminal swing in the
rectus femoris and a higher increase in muscle activity in the
RAGT group at the terminal stance and an initial swing in the
gastrocnemius (Table 2).

DISCUSSION

This study compared the changes in lower-limb muscle activity
between gait rehabilitation with RAGT using GaitMaster and
CGT in patients with stroke and gait disorders. To the best of
our knowledge, no longitudinal study has examined changes
in muscle activity following RAGT-based interventions. This
study is probably the first study in that category. In the RAGT
group, a significant increase in muscle activity in the gastroc-
nemius muscles was found, particularly in the terminal stance
phase, after 4 weeks of RAGT intervention with GaitMaster. By
contrast, after 4 weeks of intervention, the CGT group showed
a significant increase in muscle activity in the early stance phase
of the rectus femoris.

In a previous study of the effects of RAGT on muscle activity,
Hidler and Wall [25] reported that muscle activity during walk-
ing with an exoskeletal LOKOMAT was generally higher in the
quadriceps and gluteus maximus than during treadmill walking
but lower in the gastrocnemius, long adductor, and tibialis an-
terior. The results of the present study were inconsistent with
those of previous studies. The disagreement is probably due to
differences in the induction method of the skeletal and end-ef-
fector lower limbs. RAGT with GaitMaster differs from CGT
in that the ankle joint is in a gait position with the ankle joint
fixed to the footpad [31]. The plantar surface of the foot always
touches the footpad, which means that the lower-limb is load-
ed proportionately, even during the swing phase. In addition,
RAGT with GaitMaster can induce the terminal stance phase of
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the lower-limb on the stance side through the backward move-
ment of the footpad. Compared with CGT, this combined effect
may have led to an increase in gastrocnemius muscle activity
throughout the gait cycle, particularly in the terminal stance
phase. In contrast, CGT significantly increased muscle activity
in the early stance phase of the rectus femoris. As Prosser et al.
[34] reported similar muscle activity patterns for ground and
treadmill walking, so we consider that muscle activity during
treadmill walking can be used as a reference. Regarding tread-
mill walking in stroke patients, van Kammen et al. [35] report-
ed higher muscle activity in the lateral vastus muscles during
the early stance phase of treadmill walking compared with LO-
KOMAT and walking. Repeated CGT may have increased the
muscle activity of the rectus femoris in the early stance phase.
However, as described by Semaan et al. [36], the relationship be-
tween CGT and increased muscle activity in the rectus femoris
should be further investigated, as treadmill walking and ground
walking has similar muscle activity patterns differ in the ampli-
tude of muscle activity and kinematic measures. Moreover, the
CGT group used foot braces during gait training. Further in-
vestigation into the relationship between foot braces and rectus
femoris muscle activity is needed, as ankle joint immobilization
with foot braces may have increased stability during the stance
phase and influenced the activity of the rectus femoris muscles.

Post-stroke gait disorders are affected by reduced propulsion
from the paralyzed side [37], leading to reduced walking speed
and asymmetry [38]. Therefore, propulsion improvement on
the paralyzed side may be necessary for recovery from gait dis-
orders after a stroke [39]. The gastrocnemius muscles mainly
generate the propulsive force of walking. Therefore, it is crucial
to improve the strength of the gastrocnemius. Varoqui et al. [40]
reported that repetitive gait movements with the LOKOMAT
did not worsen the plantar flexor ankle muscles’ muscle tone
but improved their strength. Therefore, here, the increase in
gait speed of the RAGT group in this study can be attributed to
increased muscle activity in the gastrocnemius due to repetitive
gait movements using the GaitMaster, which increases mus-
cle strength. However, this study did not assess ankle plantar
flexion muscle strength and gastrocnemius muscle tone. These
factors should be assessed in future studies. Additionally, as this
study only assessed the paralyzed side, future research on im-
proving symmetry is required.

We observed no significant difference in the gait speed im-
provement between the RAGT and CGT groups. However, a
previous report by Tanaka et al. [16] found that RAGT with
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Table 2. Changes in muscle activity between pre- and post-training for each group

. RAGT group CGT group
Variable
pre post pre post
Gluteus medius
Initial contact 32.67+18.86 43.08+24.76 20.27+14.57 28.72+17.50
Loading response 36.99+£19.03 37.25+23.48 23.30+16.25 33.18+20.85
Mid stance 34.91+£19.51 25.46+16.24 24.70+13.66 24.97+14.67
Terminal stance 23.42+15.05 14.46+9.48 17.77+£10.35 21.55+10.52
Pre-swing 17.55+£9.95 12.81+£9.59 14.61+£10.79 19.94+9.91
Initial swing 17.38+8.37 10.91+7.02" 14.52+10.91 20.16+10.44
Mid-swing 15.73+£9.15 10.07+6.00” 13.90+10.43 21.19+11.78
Terminal swing 18.56+10.26 19.43+£10.47 14.11+9.61 22.82+12.33
Rectus femoris
Initial contact” 39.47+13.04 37.60+17.53 24.09+10.75 35.37+13.54"
Loading response 36.49+13.63 36.64+17.34 26.83+14.60 38.62:+14.317
Mid-stance 30.48+16.22 24.84+17.75 22.57+13.77 23.99+8.56
Terminal stance 22.79+13.00 18.82+14.00 17.39£10.22 19.55+9.65
Pre-swing 16.95+8.95 13.83+8.80 15.8249.83 22.90+14.50
Initial swing 16.47+9.59 13.80+11.45 15.88+10.72 21.46+11.06
Mid-swing 18.08+11.46 13.46+14.019 17.18+14.61 24.84+12.91
Terminal swinga) 27.18+9.93 20.28+12.49 17.49+10.64 28.10+10.80
Hamstrings
Initial contact 32.83+17.47 44.77+20.29 23.25+14.16 30.05+21.03
Loading response 39.08+15.77 44.79+19.41 28.75+16.51 32.92+20.08
Mid-stance 31.05+£19.58 37.75+14.63 27.70+£17.58 26.23+19.30
Terminal stance 18.94+15.30 22.10+12.57 18.97+£15.10 16.96+£10.64
Pre-swing 10.36+9.66 19.77£13.74 16.26+13.53 12.40+9.71
Initial swing 8.7916.84 14.79+11.42 11.40+8.02 11.61£7.90
Mid-swing 11.36+7.28 14.99+10.86 12.07+6.68 16.45+£10.89
Terminal swing 20.90£13.66 31.94+13.94% 16.12+8.27 22.64+14.02
Tibialis anterior
Initial contact 27.14+£20.90 35.12+20.21 23.34+14.57 27.54+13.65
Loading response 21.53+12.58 30.08+16.42 21.51+15.33 30.70+15.22
Mid-stance 17.22+10.38 20.54+11.13 21.74+17.95 24.31+14.39
Terminal stance 16.39£13.83 15.05+8.60 16.60+15.76 24.81+£17.60
Pre-swing 17.13+£10.76 24.95+18.00 16.88+13.15 22.99+15.25
Initial swing 23.45+13.44 32.62+19.37 20.17+11.10 27.79+15.80
Mid-swing 20.62+11.87 25.01+16.06 24.13+12.55 29.28+13.49
Terminal swing 20.40+11.22 24.20+13.73 20.98+9.74 25.03+14.60
Gastrocnemius
Initial contact 25.31+20.49 37.85+17.51” 32.16+16.43 40.29+18.90
Loading response 21.82+15.92 35.63+12.41% 28.52+14.43 35.44+13.34
Mid-stance 23.34+18.07 35.63+12.42" 29.41+18.14 30.40+10.99
Terminal stance” 29.92+21.87 35.63+12.43" 27.07+£17.66 21.43+11.02
Pre-swing 20.93+17.11 35.63+12.44 22.16+£15.83 13.73+5.89
Initial swing” 14.38+10.56 35.63+12.45” 18.19+13.75 12.27+6.52
Mid-swing 14.62+10.15 35.63+12.46 16.89+13.89 18.63+£13.40
Terminal swing 18.86+12.92 35.63+12.47° 20.17+£10.19 24.70+11.93

Values are presented as meantstandard deviation.

RAGT, robot-assisted gait training; CGT, conventional gait training.

9p<0.05, RAGT and CGT comparisons in unpaired t-tests; ”p<0.05, pre- and post-training comparisons in paired t-test; and “p<0.05, pre- and post-
training comparisons in Wilcoxon signed rank test.
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GaitMaster had greater gait speed improvement than that in
the CGT group. In this study, lower-limb muscle strength in the
CGT group tended to be higher than that in the RAGT group
at the beginning of the study, although this difference was not
significant. However, it is possible that this difference in muscle
strength could have influenced the increase in gait speed.

This study found that RAGT and CGT elicit muscle activities
in different regions. This finding indicates that RAGT and CGT
have different mechanisms of gait disorder recovery. Many
previous RAGT studies have focused on improving gait ability;
however, very few have focused on the mechanism of gait re-
covery. Therefore, future studies should examine the effects of
RAGT from the aspect of gait recovery mechanisms.

This study has several limitations. First, the statistical power
was low because of the small number of participants and analy-
sis because of errors in EMG measurements. Second, the results
are limited to RAGT using GaitMaster and therefore cannot
be generalized to all robot gait devices, as many robot gait de-
vice types perform RAGT, and the mechanism for performing
RAGT differs from one type to another. Therefore, future stud-
ies should generalize the effects of RAGT on muscle activity by
increasing the number of participants and identifying differenc-
es in the results on muscle activity among robotic gait devices.

In conclusion, the results suggest that RAGT with GaitMaster
is more effective than CGT in increasing muscle activity in the
gastrocnemius muscle, which is involved in the propulsive force
of the gait.
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