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Abstract

Gait asymmetry and reduced gait speed (GS) are common after stroke. This systematic
review and meta-analysis evaluated the effects of gait training with lower-limb robotic
exoskeletons or exoskeleton-type devices on gait asymmetry and GS compared with con-
ventional rehabilitation or non-robotic gait training. PubMed, Embase, Web of Science, the
Cochrane Library, and Scopus were searched from inception to 21 June 2026. Randomized
controlled trials (RCTs) reporting spatial gait asymmetry (SGA), temporal gait asymmetry
(TGA), or GS were included. Standardized mean differences (SMDs; Hedges’ g) and 95%
confidence intervals (CIs) were pooled using random-effects models. Eleven RCTs involv-
ing 532 randomized participants were included. Training with these devices reduced SGA
(SMD = —0.68, 95% CI —1.13 to —0.22, p < 0.01) and improved GS (SMD = 0.46, 95% CI
0.12 t0 0.81, p = 0.01), but did not significantly affect TGA (SMD = —0.85, 95% CI —1.90 to
0.20, p = 0.11). The certainty of evidence, assessed using the Grading of Recommendations
Assessment, Development and Evaluation (GRADE) framework, was very low for all three
outcomes. Gait training with lower-limb robotic exoskeletons or exoskeleton-type devices
may reduce SGA and improve GS after stroke, whereas its effect on TGA remains uncertain.

Keywords: stroke; lower-limb robotic exoskeleton; exoskeleton-type device; robot-assisted
gait training; gait symmetry; gait speed; systematic review; meta-analysis

1. Introduction

Lower-limb motor control impairment after stroke can limit patients” ability to stand
and walk [1]. In a study of 487 patients with first-ever acute stroke, 44.1% had lower-
limb motor impairment and 46.0% were unable to walk on admission [1]. Patients with
some walking ability had an odds ratio of 9.48 for discharge home [1]. Gait abnormalities
may persist even after patients regain community ambulation [2]. Among 54 community-
ambulating patients with stroke, 55.5% had temporal gait asymmetry (TGA) and 33.3%
had spatial gait asymmetry (SGA) [2]. The median self-selected gait speed (GS) in patients
with chronic stroke is approximately 0.77 m/s [3]. Both GS and step-length asymmetry can
affect the energy cost of walking [3]. These findings highlight the importance of improving
gait symmetry and GS to support functional independence and community participation
after stroke.

Rehabilitation training is an important component of stroke treatment and functional
recovery [4]. Conventional rehabilitation aims to improve lower-limb muscle strength,
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motor coordination, and walking ability [4]. However, therapist-delivered gait training
may be limited by therapist availability. It may also be difficult to provide a high volume of
repetitive, task-specific walking practice during routine rehabilitation sessions [5,6]. Lower-
limb robotic exoskeletons can provide repetitive and controllable movement assistance
during walking practice. They can also guide the lower limbs through relatively consistent
gait cycles [5-8]. These systems may support gait-pattern relearning by facilitating task-
specific practice, affected-side loading, and bilateral coordination. However, their effects
may vary according to device design, training mode, and patient characteristics [5-8].

Recent randomized controlled trials (RCTs) have evaluated several lower-limb robotic
systems, including EXOWALK, LiteStepper, and curara® [9-11]. These trials have reported
potential benefits for walking function, balance, gait parameters, or cortical activation.
However, findings have varied across devices and outcomes, particularly for gait symme-
try [9-11].

Previous reviews have mainly focused on walking independence, walking ability,
balance, GS, or endurance, with limited attention to gait symmetry [7,8,12,13]. Few re-
views have separately synthesized spatial and temporal gait asymmetry, although these
outcomes may represent distinct dimensions of gait recovery. The present review there-
fore synthesized RCTs comparing gait training with lower-limb robotic exoskeletons or
exoskeleton-type devices with conventional rehabilitation or non-robotic gait training. The
effects on SGA, TGA, and GS were evaluated separately. The certainty of evidence was also
assessed for each outcome.

2. Materials and Methods
2.1. Protocol and Registration

This systematic review and meta-analysis was conducted in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses 2020 (PRISMA 2020)
statement [14]. The protocol was registered in the International Prospective Register of
Systematic Reviews (registration number: CRD420261428795).

2.2. Information Sources and Search

We systematically searched PubMed, Embase, Web of Science, the Cochrane Library,
and Scopus from database inception to 21 June 2026. The search strategy was developed
according to the population, intervention, comparator, outcomes, and study design (PICOS)
framework and adapted to the syntax of each database. The full search strategies are
provided in Supplementary S1. In addition, we screened the reference lists of relevant sys-
tematic reviews, meta-analyses, and included studies to identify additional eligible studies.

2.3. Eligibility Criteria

Studies were selected according to the predefined PICOS framework. Trials meeting
all of the following criteria were included in this meta-analysis: (1) Study design: RCTs
evaluating the effects of gait training with lower-limb robotic exoskeletons or exoskeleton-
type devices on gait symmetry or GS in patients with stroke. (2) Participants: patients
aged >18 years with a diagnosis of ischemic or hemorrhagic stroke and lower-limb motor
dysfunction, walking impairment, or hemiparetic gait. No restrictions were imposed on
stroke stage or time since stroke. (3) Intervention and comparator: the intervention group
received gait training assisted by a lower-limb robotic exoskeleton or exoskeleton-type gait
training device, delivered either alone or in combination with conventional rehabilitation
therapy. Training modes included overground gait training or treadmill gait training. Eligi-
ble robotic systems were classified as independently wearable lower-limb exoskeletons,
mobile-frame exoskeleton-type systems, or platform-coupled exoskeleton-type systems.
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Independently wearable systems were defined as devices in which the joint-assisting com-
ponents were worn directly on the lower limbs without dependence on an external robotic
frame. Mobile-frame systems were eligible when limb-mounted or joint-guiding exoskele-
tal components were integrated with a movable body-support frame. Platform-coupled
systems were eligible only when a limb-mounted orthotic or exoskeletal component was
mechanically attached to the affected lower limb and directly provided joint-level assistance
or gait-cycle guidance during walking. Conventional end-effector robots and treadmill
systems without a limb-mounted or joint-guiding exoskeletal component were excluded.
The control group received conventional rehabilitation therapy, conventional gait training,
therapist-assisted walking training, conventional treadmill training, or other non-robotic-
assisted walking training. (4) Outcomes: studies reported at least one of the following
outcomes: SGA, TGA, or GS. Relevant measures included step length asymmetry, step
length symmetry, spatial symmetry ratio or spatial step symmetry ratio, temporal symmetry
ratio, swing-time asymmetry, temporal asymmetry, and GS. (5) Data requirements: studies
were required to report group sample sizes and post-intervention means and standard
deviations, or to provide sufficient information to calculate effect sizes from standard errors,
95% confidence intervals (Cls), p values, or other relevant statistics.

Studies were excluded if they met any of the following criteria: (1) non-randomized
controlled trials; (2) participants were not patients with stroke; (3) interventions did not
involve a lower-limb robotic exoskeleton or exoskeleton-type gait training device; (4) no
eligible control group was included; (5) none of the outcomes of interest, namely SGA, TGA,
or GS, was reported; (6) complete data required for meta-analysis could not be obtained or
converted; (7) duplicate publications; or (8) reviews, conference abstracts, study protocols,
case reports, or animal studies.

2.4. Data Collection and Extraction

The retrieved records were imported into EndNote X9 (Clarivate Analytics, Philadel-
phia, PA, USA) for reference management, and duplicate records were removed. Two
reviewers (C.Z. and W.Z.) independently screened the titles and abstracts. They then as-
sessed the full texts against the predefined eligibility criteria. The reviewers independently
extracted the first author, publication year, study design, and country of each study. Par-
ticipant characteristics included age, sample size, time since stroke, and baseline walking
ability when reported. Outcome data included SGA, TGA, and GS. Device characteristics
included the device name and its classification as independently wearable, mobile-frame,
or platform-coupled. The reviewers also extracted the assisted side and joints, mechanical
and body-support configuration, and assistance or control strategy. Training and compara-
tor characteristics included required patient effort, therapist involvement, training mode
and environment, training frequency, session duration, total number of sessions, inter-
vention duration, concomitant rehabilitation, and control intervention. For quantitative
synthesis, the sample sizes of the intervention and control groups were extracted. Baseline
and post-intervention means and standard deviations were also extracted when available.
Baseline data were used only to describe participant characteristics and assess between-
group comparability. They were not used to calculate the pooled effect estimates. Because
change scores and their corresponding standard deviations were inconsistently reported,
all meta-analyses were based on post-intervention group means, standard deviations, and
sample sizes. For studies reporting multiple assessment time points, data from the earliest
assessment after completion of the intervention were used. Long-term follow-up data were
not included in the primary analysis. When a study reported multiple GS measures, the
primary GS outcome specified in the original trial was selected. If no primary outcome
was specified, self-selected or comfortable GS was selected. When multiple measures were
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reported within the same gait-symmetry domain, the trial-defined primary outcome was
selected. If no primary outcome was specified, the measure most comparable in definition
and assessment method to those used in the other included studies was chosen. Only one
measure per study was included in each pooled outcome to avoid double-counting. When
means or standard deviations were not reported directly, they were derived from standard
errors, 95% Cls, p values, or other available statistics when possible. Studies without suffi-
cient data for a particular outcome were excluded only from the quantitative synthesis of
that outcome. Disagreements between the two reviewers were resolved through discussion
and, when necessary, adjudicated by a third reviewer (Q.Z.).

2.5. Risk-of-Bias Assessment

Two reviewers (C.Z. and W.Z.) independently assessed the risk of bias in each included
RCT using the Cochrane risk-of-bias tool for randomized trials, version 2 (RoB 2) [15]. The
assessment covered five domains: bias arising from the randomization process, bias due
to deviations from intended interventions, bias due to missing outcome data, bias in
measurement of the outcome, and bias in selection of the reported result. For each trial,
domain-level and overall risk-of-bias judgments were classified as “low risk of bias,” “some
concerns,” or “high risk of bias” according to the RoB 2 algorithm. Disagreements were

resolved through discussion and, when necessary, adjudicated by a third reviewer (Q.Z.).

2.6. Data Synthesis and Analysis

Primary meta-analyses were performed using Stata 17.0 (StataCorp LLC, College
Station, TX, USA), and the Pustejovsky—Rodgers test was conducted using R version 4.6.0
(R Foundation for Statistical Computing, Vienna, Austria) with the meta package, version
8.5.0. SGA, TGA, and GS were analyzed as continuous outcomes. Because outcome
definitions and measurement methods varied across studies, post-intervention between-
group effects were pooled as standardized mean differences (SMDs; Hedges’ g) with
95% Cls using the means, standard deviations, and sample sizes of the intervention and
control groups. Effect directions were harmonized before pooling: measures for which
higher values indicated better gait symmetry were reverse-coded so that negative SMDs
consistently indicated reduced SGA or TGA, whereas positive SMDs indicated higher GS.

Between-study heterogeneity was assessed using Cochran’s Q test and the I? statistic
and interpreted alongside the direction of effects and the clinical characteristics of the
included studies [16]. A p value < 0.10 for Cochran’s Q test was considered indicative of sta-
tistical heterogeneity, and I? values of approximately 25%, 50%, and 75% were interpreted
as low, moderate, and high heterogeneity, respectively [16]. Given the anticipated clinical
variation in device classification, training mode, time since stroke, and control interventions,
random-effects models were used for all pooled analyses. Between-study variance (t%) was
estimated using restricted maximum likelihood (REML) [17]. Potential sources of clinical
heterogeneity, including age, time since stroke, baseline walking ability, device classifi-
cation and technical characteristics, training mode and dose, concomitant rehabilitation,
and control interventions, were extracted when reported and summarized descriptively.
Subgroup analyses and meta-regression were considered when a sufficient number of
studies and adequately reported study-level variables were available. Leave-one-out sen-
sitivity analyses were performed to evaluate the influence of individual studies on the
pooled effect estimates. Device-class sensitivity analyses were conducted by repeating the
meta-analyses after restricting the included studies to independently wearable lower-limb
exoskeletons. These analyses were used to examine whether the inclusion of mobile-frame
or platform-coupled exoskeleton-type systems materially affected the pooled estimates. For
outcomes with at least 10 studies, funnel plots were used to explore small-study effects and
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potential publication bias [18]. Because conventional Egger regression may yield artefactual
associations when SMDs are correlated with their standard errors, funnel-plot asymmetry
for outcomes meeting this criterion was assessed using the Pustejovsky—Rodgers test [19].
A two-sided p value < 0.10 was prespecified as evidence of small-study effects. For pooled
effect estimates, a two-sided p value < 0.05 was considered statistically significant.

2.7. Certainty of Evidence

Two reviewers (C.Z. and W.Z.) independently assessed the certainty of evidence
for each outcome using the Grading of Recommendations Assessment, Development
and Evaluation (GRADE) framework [20]. Because no validated minimally important
difference was available for either SGA or TGA, and the pooled GS effect could not be
expressed in m/s, absolute SMDs of 0.20 and 0.50 were used as the primary and sensitivity
thresholds, respectively. The corresponding optimal information sizes were approximately
800 and 128 participants, based on conventional assumptions (two-sided « = 0.05, 80%
power, and equal group allocation). Imprecision was judged according to whether the
optimal information size was met and whether the 95% confidence interval crossed the
prespecified thresholds. Disagreements were resolved through discussion and, when
necessary, adjudicated by a third reviewer (Q.Z.). Evidence from RCTs was initially rated
as high certainty and assessed across five domains: risk of bias, inconsistency, indirectness,
imprecision, and publication bias. Certainty was downgraded by one or two levels for
serious or very serious concerns, respectively.

3. Results
3.1. Study Selection and Characteristics

A total of 2305 records were identified through searches of five electronic databases,
including PubMed, Embase, Web of Science, Scopus, and the Cochrane Library, and one
additional Chinese-language record was identified through citation tracking. After remov-
ing 2022 duplicate records, 283 records underwent title and abstract screening. Of these,
267 records were excluded, and 16 articles proceeded to full-text assessment. Together with
the additional article identified through citation tracking, 17 full-text articles were assessed
for eligibility. After excluding six articles that did not meet the inclusion criteria, 11 RCTs
were ultimately included in the meta-analysis. The study selection process is shown in
Figure 1.

The 11 RCTs were published between 2019 and 2026 and included 532 randomized
participants with stroke, with 266 participants assigned to the intervention groups and
266 assigned to the control groups. The trials were conducted in South Korea [9,21-23],
China [10,24-27], Thailand [28], and Japan [11]. The intervention groups received lower-
limb robotic exoskeleton-assisted or exoskeleton-type gait training, either alone or in combi-
nation with conventional rehabilitation therapy or conventional gait training. The evaluated
devices included a robot for overground walking training [22], a platform-based robotic
training device [28], EXOWALK [9], Kickstart [24,26], Healbot G [23], a soft exoskeleton [25],
SUBAR [21], BEAR-H1 [27], LiteStepper® [10], and curara® [11]. Based on their mechanical
configuration, eight trials evaluated independently wearable systems [10,11,22-27], two
evaluated mobile-frame systems, namely EXOWALK and SUBAR [9,21], and one evaluated
the platform-coupled Welwalk system [28]. Detailed device classifications and technical
characteristics are presented in Supplementary Table S2, and the corresponding training
protocols are presented in Supplementary Table S1. The Welwalk system used by Thimabut
et al. [28] was included because a knee—ankle—foot robotic orthosis was attached directly to
the paretic lower limb and provided gait-cycle-dependent knee assistance during tread-
mill walking. It was therefore classified as a platform-coupled exoskeleton-type system
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rather than a conventional end-effector robot or treadmill-only system. EXOWALK [9] and
SUBAR [21] were classified as mobile-frame exoskeleton-type systems because their ex-
oskeletal or joint-guiding components were integrated with movable external body-support
frames. The control groups mainly received conventional rehabilitation therapy, conven-
tional walking training, therapist-assisted gait training, conventional treadmill gait training,
conventional assisted walking training, or conventional physical therapy [9-11,21-28]. The
time since stroke ranged from approximately 0.6 to 189.6 months, and one trial did not re-
port this information [11]. The intervention duration ranged from 15 days to 6 weeks,
with variation in training frequency, session duration, total number of sessions, and
training mode. Five trials contributing to the SGA and TGA meta-analyses randomized
314 participants [9,22,23,25,26]. Post-intervention data for each outcome were available for
196 participants, reflecting unavailable or incomplete outcome-specific gait-assessment data.
All 11 trials contributed to the GS analysis, comprising 469 analyzed participants; six trials
contributed only to the GS meta-analysis [10,11,21,24,27,28]. Study-specific randomized
and analyzed sample sizes and the reported reasons for unavailable data are presented in
Supplementary Table S3. The basic characteristics of the included studies are summarized
in Table 1.
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Table 1. Basic characteristics of the included studies.
Sample Age (C/T) Time Since . Intervention
Included Study Country Size (C/T) Years Stroke (C/T) Intervention Group Control Group Duration Outcomes
CRT + conventional walking .
Lee et al. 62.2 + 6.36/ 50.46 + 10.23 months/ . CRT + conventional
2019 [22] South Korea 14/14 61.85 + 7.87 48.82 -+ 8.68 months E\r’?lrlf;g :'r;ffi‘r’\tgfor overground U\ ing training 4 weeks SGA, TGA, GS
Thimabut et al. . 62.80 £ 8.50/ 2.4 £ 0.7 months/ CRT + platform-based robotic CRT + conventional
2022 [28] Thailand 13/13 52.80 + 12.60 1.8 + 0.8 months training device walking training 6 weeks G5
Nam et al. 62.42 4+ 15.04/ 17.2 4+ 40.1 months/ CRT + EXOWALK CRT + therapist-assisted
2022 [9] South Korea 72/72 60.63 £ 15.61 25.2 £ 47.2 months exoskeleton-assisted gait training ~ gait training 4 weeks SGA, TGA, GS
. CRT + Kickstart® lower-limb .
Liang et al. . 61.83 £ 12.30 1.46 & 0.95 months/ . CRT + conventional
2025 [24] China 23/23 /60.43 + 11.55 1.31 + 0.19 months S\j‘;ﬁﬁg:ﬁ;ﬁfi;ted walking training 4 weeks GS
Healbot G powered . .
Yoo et al. 66.00 £+ 5.31 189.6 + 85.7 months/ X . Conventional treadmill
2023 [23] South Korea 15/15 /61.86 + 7.10 138.8 + 89.9 months Z);(i)tsﬁzl;ti(;rgassmted treadmill galt training 4 weeks SGA, TGA, GS
. CRT + bilateral soft .
Xie et al. . 61.80 + 5.55/ 1.92 + 1.36 months/ . . CRT + conventional .
2026 [25] China 30/30 61.63 + 5.90 293 + 1.88 months g);iotstlizl;tionr;asysted treadmill treadmill gait training 20 consecutive days SGA, TGA, GS
CRT + Kickstart wearable CRT + conventional
Cao et al. . 51.75 + 12.81 0.58 £+ 0.14 months/ exoskeleton combined with .
2025 [26] China 26/26 /52.08 + 12.9 0.55 + 0.16 months posture-feedback asssted 4 weeks SGA, TGA, G5
walking training & 8
SUBAR overground lower-limb Conventional physical
I2<ang etal South Korea 15/15 629 & 6.0 426 + 59.2 months/ robotic exoskeleton-assisted therapy, including 3 weeks GS
021 [21] /643 +4.6 168.3 & 67.3 months . . : . .
gait training functional gait training
CRT + BEAR-H1 lower-limb .
. . 50.13 +9.49/ 3.38 + 1.19 months/ . . CRT + conventional
Lietal. 2021 [27] China 18/18 5053 + 12.26 253 + 1.33 months rg(;liatott;Zii;ﬁ;keleton-asmsted walking training 4 weeks GS
CRT + LiteStepper® unilateral
Huo et al. China 20/20 55.25 + 11.16 2.43 + 1.09 months/ lower-limb robotic CRT + conventional 4 weeks Gs
2024 [10] /57.93 +11.47 2.24 £+ 1.17 months exoskeleton-assisted overground  walking training
gait training
; CRT + therapist-assisted
Miyagawa et al. 63.0 £12.9 CRT + curara® wearable powered . . .
2093 [11] Japan 20/20 /65.1 + 12.9 Not reported robot-assisted gait training conventional 15-day trial period GS

gait training

Note: C = control group; T = intervention group; CRT = conventional rehabilitation therapy; SGA = spatial gait asymmetry; TGA = temporal gait asymmetry; GS = gait speed. Detailed
device classifications and technical characteristics are presented in Supplementary Table S2. Sample sizes in Table 1 refer to randomized participants; outcome-specific analyzable sample
sizes are presented in Supplementary Table S3.
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3.2. Risk-of-Bias Results

The RoB 2 assessments for the 11 included trials are summarized in Figure 2. Overall,
three trials were judged to have a low risk of bias and eight were judged to have some
concerns; none was judged to have a high risk of bias. The main concerns related to missing
outcome data and selection of the reported result, although concerns were also identified in
some trials regarding the randomization process, deviations from intended interventions,
and measurement of the outcome.

A DI

D1 D2 D3 D4 D5 Overall
ey @ @ ¢ @ 0 (O @ rovrisk
minabue 2@ @ @ © © @ ! Some concerns
w22 @@ 0 @@ O
Liang 2025 . . . . . .
Yoo 2023 ! ! ! ! ! (S D1 Randomisation process
Xie 2026 . . . . ’ . D2 Deviations from the intended interventions
Cao 2025 ! ’ . ‘ ! (L] D3 Missing outcome data
Kang 2021 ! . . ! ! ! D4 Measurement of the outcome
Li 2021 . . ! . ! Y D5 Selection of the reported result
Huo 2024 . ‘ ! ‘ ! !
vivagawa 202@ 0 0 0 @ (
B As percentage (intention-to-treat)
Overall Bias
Selection of the reported result
Measurement of the outcome
Mising outcome data
Deviations from intended interventions
Randomization process
0 10 20 30 40 50 60 70 80 90 100

Low risk Some concerns

Figure 2. Risk-of-bias assessments for all 11 included trials using the Cochrane risk-of-bias tool
for randomized trials, version 2 (RoB 2) [9-11,21-28]: (A) traffic-light plot of domain-level and
overall judgments; and (B) summary plot showing the percentage distribution of judgments across
risk-of-bias domains.

3.3. Results for SGA

This meta-analysis included five studies involving 196 patients with stroke who
provided post-intervention SGA data [9,22,23,25,26]. Given the clinical differences among
the included studies in intervention device type, training mode, and time since stroke, a
random-effects model was used for the pooled analysis. The results showed that SGA was
reduced in the intervention group compared with the control group, with a statistically
significant between-group difference (SMD = —0.68, 95% CI —1.13 to —0.22, p < 0.01)
(Figure 3A). Moderate heterogeneity was observed across studies (I? = 57.43%, p = 0.05).

3.4. Results for TGA

This meta-analysis included five studies involving 196 patients with stroke that re-
ported post-intervention TGA [9,22,23,25,26]. Given the clinical differences among the
included studies in intervention device type, training mode, and time since stroke, a
random-effects model was used for the pooled analysis. The results showed no statistically
significant between-group difference in TGA between the intervention and control groups
(SMD = —0.85, 95% CI —1.90 to 0.20, p = 0.11) (Figure 3B). High heterogeneity was observed
across studies (I? = 91.09%, p < 0.01).
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A SMD Weight
Study with 95% CI (%)
Lee 2019 —— -0.91[-1.72, -0.10] 16.79
NAM 2022 —B—— -0.28[-0.95, 0.38] 20.17
Yoo 2023 —— -0.19[-0.98, 0.60] 17.20
Xie 2026 — -0.51[-1.02, 0.01] 24.46
Cao 2025 —B— -1.44[-2.07, -0.82] 21.39
Overall - -0.68[-1.13, -0.22]
Heterogeneity: ° = 0.15, I* = 57.43%, H* = 2.35
Test of 6, = 6 Q(4) = 9.36, p = 0.05
Testof 6 =0:z=-2.89, p=0.00
P R
Random-effects REML model
B SMD Weight
Study with 95% ClI (%)
Lee 2019 —— -0.76 [ -1.56, 0.04] 19.58
NAM 2022 i 0.28[-0.39, 0.94] 20.27
Yoo 2023 -0.27[-1.06, 0.52] 19.60
Xie 2026 - -0.65[ -1.17, -0.13] 20.95
Cao 2025 —— -2.90[ -3.69, -2.11] 19.60
Overall — -0.85[-1.90, 0.20]
Heterogeneity: t° = 1.29, I = 91.09%, H* = 11.23
Test of 6, = 6;: Q(4) = 38.76, p = 0.00
Testof 6 =0:z=-1.59, p=0.11
4 E 0 2
Random-effects REML model
C SMD Weight
Study with 95% ClI (%)
Lee 2019 —i— 0.64[-0.15, 1.43] 7.97
Thimabut 2022 —— 0.90[ 0.09, 1.70] 7.84
NAM 2022 -0.12[-0.49, 0.26] 11.81
Liang 2025 -0.04[-0.62, 0.54] 9.91
Yoo 2023 -0.04[-0.83, 0.75] 7.98
Xie 2026 —— 0.68[ 0.16, 1.20] 10.46
Cao 2025 —— 1.76[ 1.11,241] 9.20
Kang 2021 —u— 0.00[-0.72, 0.72] 8.63
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Figure 3. Forest plots of the meta-analysis of the effects of gait training with lower-limb robotic

exoskeletons or exoskeleton-type devices on gait symmetry and gait speed in patients with stroke:
(A) spatial gait asymmetry (SGA) [9,22,23,25,26]; (B) temporal gait asymmetry (TGA) [9,22,23,25,26];
and (C) gait speed [9-11,21-28]. Squares represent study-specific effect estimates, horizontal lines rep-

resent 95% confidence intervals, and diamonds represent pooled effect estimates. SMD, standardized
mean difference; CI, confidence interval; REML, restricted maximum likelihood.

3.5. Results for GS

This meta-analysis included 11 studies involving 469 patients with stroke who pro-
vided post-intervention GS data [9-11,21-28]. Given the clinical differences among the
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included studies in intervention device type, training mode, and time since stroke, a
random-effects model was used for the pooled analysis. The results showed that post-
intervention GS was higher in the intervention group than in the control group, with a
statistically significant between-group difference (SMD = 0.46, 95% C1 0.12 to 0.81, p = 0.01)
(Figure 3C). Moderate heterogeneity was observed across studies (I = 68.66%, p < 0.01).
The funnel plot for GS was visually asymmetric, with several studies deviating to the right.
However, the Pustejovsky-Rodgers test did not indicate statistically significant small-study
effects (t = 0.456, degrees of freedom = 9, p = 0.6594). Therefore, the visual asymmetry
was interpreted cautiously and was not considered sufficient evidence of publication bias

(Figure 4).
Funnel plot
O_
0.1+
S
5] . Pseudo 95% ClI
% 0.2 e Studies
g —— Estimated 6,
n o
0.3 .
b L]
[ ) [ °
0.4+ . s
T T T T T T
-0.5 0 0.5 1 1.5 2

SMD

Figure 4. Funnel plot of the effect of gait training with lower-limb robotic exoskeletons or
exoskeleton-type devices on gait speed in patients with stroke. SMD, standardized mean difference;
ClI, confidence interval.

3.6. Sensitivity Analysis

Leave-one-out sensitivity analyses were performed to assess the influence of individual
studies on the stability of the pooled effect estimates. For SGA, after sequentially excluding
each study, the pooled effect estimates ranged from SMD = —0.78 to —0.46, and all results
remained statistically significant (p = 0.003-0.029), suggesting that the pooled result for SGA
was generally stable. For TGA, after sequentially excluding each study, the pooled effect
estimates ranged from SMD = —1.14 to —0.36, and none reached statistical significance
(p = 0.053-0.204), indicating that the non-significant finding for TGA generally remained
unchanged. However, this outcome should still be interpreted with caution because of the
relatively large fluctuations in effect estimates and wide confidence intervals. For GS, after
sequentially excluding each study, the pooled effect estimates ranged from SMD = 0.31
to 0.54, and all results remained statistically significant (p = 0.003-0.024), suggesting that
the pooled result for GS was relatively robust. The leave-one-out sensitivity analyses are
shown in Supplementary Figure S1.

In the device-class sensitivity analyses, exclusion of the mobile-frame EXOWALK
trial [9] resulted in a statistically significant reduction in SGA (SMD = —0.77, 95% CI
—1.31to —0.24, p < 0.01; I? = 60.76%), whereas the pooled effect on TGA remained non-
significant (SMD = —1.14, 95% CI —2.29 to 0.01, p = 0.053; I = 90.39%). After exclud-
ing the platform-coupled Welwalk trial and the mobile-frame EXOWALK and SUBAR
trials [9,21,28], the pooled effect on GS remained statistically significant (SMD = 0.56, 95%
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CI0.15 to 0.98, p = 0.01; I? = 67.01%). Therefore, excluding systems not classified as in-
dependently wearable exoskeletons did not materially change the direction or statistical
significance of the primary findings. The device-class sensitivity analyses are shown in
Supplementary Figure S2.

3.7. GRADE Certainty of Evidence Assessment

The GRADE certainty-of-evidence assessment is summarized in Table 2. Certainty
was downgraded by one level for risk of bias and imprecision for all three outcomes. For
inconsistency, certainty was downgraded by one level for SGA and GS and by two levels
for TGA; no downgrading was applied for indirectness. Publication bias was not assessed
for SGA or TGA because fewer than 10 studies contributed to each analysis and was not
downgraded for GS. Overall, the certainty of evidence was rated as very low for SGA, TGA,
and GS.

Table 2. GRADE certainty of evidence for the effects of gait training with lower-limb robotic exoskele-
tons or exoskeleton-type devices on gait symmetry and gait speed in patients with stroke.

Outcome Included Sh.ldleS/ Risk of Bias  Inconsistency Indirectness Imprecision = Publication Bias Cer{a inty of

Sample Size Evidence
Not assessed

SGA 5 studies/196 Serious Serious Not serious Serious (number of Very low
studies < 10)
Not assessed

TGA 5 studies /196 Serious Very serious Not serious Serious (number of Very low
studies < 10)

GS 11 studies /469 Serious Serious Not serious Serious Not serious Very low

Note: SGA = spatial gait asymmetry; TGA = temporal gait asymmetry; GS = gait speed; GRADE = Grading
of Recommendations Assessment, Development and Evaluation. Evidence from randomized controlled trials
was initially rated as high certainty. Risk of bias was downgraded by one level for all outcomes because most
contributing trials were judged to have some concerns—four of the five trials contributing to the SGA and TGA
analyses and eight of the 11 trials contributing to the GS analysis; no trial was judged to have a high risk of bias.
Inconsistency was downgraded by one level for SGA (I? = 57.43%) and GS (I? = 68.66%) and by two levels for
TGA (I? = 91.09%). No downgrading was applied for indirectness. Imprecision was downgraded by one level for
all outcomes because none met the optimal information size of approximately 800 participants for a standardized
mean difference threshold of 0.20 and each confidence interval crossed at least one prespecified effect threshold,
although all outcomes exceeded the corresponding optimal information size of approximately 128 participants
for a threshold of 0.50. Publication bias was not assessed for SGA or TGA because fewer than 10 studies were
included and was not downgraded for GS because the Pustejovsky—Rodgers test was not statistically significant
(p = 0.6594). “Serious” and “very serious” indicate downgrading by one and two levels, respectively. “Not serious”
indicates that no downgrading was applied for the corresponding GRADE domain. “Very low” indicates very
limited confidence in the effect estimate, and the true effect may differ substantially from the estimated effect.

4. Discussion

This meta-analysis of 11 RCTs involving 532 randomized participants with stroke
found that gait training with lower-limb robotic exoskeletons or exoskeleton-type devices
may reduce SGA and improve GS, whereas its effect on TGA remains uncertain. Sensitivity
analyses supported the robustness of the SGA and GS findings but showed considerable
instability for TGA. Given the very low certainty of evidence for all three outcomes, these
findings should be interpreted cautiously.

The present findings are partly consistent with previous evidence. The improvement
in GS is consistent with previous systematic reviews and meta-analyses reporting beneficial
effects of robot-assisted gait training on walking speed and walking ability [7,8,12,13,29].
The reduction in SGA extends the previous evidence because earlier reviews rarely ana-
lyzed spatial and temporal gait asymmetry separately. In contrast, the non-significant result
for TGA should not be considered directly contradictory to previous reports of improved
walking ability, balance, or GS, because temporal symmetry represents a distinct dimen-
sion of gait recovery and may not improve in parallel with overall walking performance.
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Differences in stroke stage, baseline walking ability, robotic device design, training dose,
control interventions, and outcome definitions may partly explain the variation among
studies. Training dose is also an important determinant of motor recovery after stroke [30].

Gait symmetry reflects coordination between the affected and unaffected lower limbs
during the gait cycle in patients with stroke [2,3]. SGA mainly captures spatial differences,
such as bilateral step length, whereas TGA reflects temporal differences, such as swing time
and stance time [2,31]. In this meta-analysis, training with these devices was associated
with a significant reduction in SGA. This effect may be partly explained by their ability to
provide movement assistance, guide a more standardized gait cycle, promote affected-side
weight-bearing, and increase the number of effective gait cycles [5,7,8], thereby supporting
bilateral step-length coordination [31,32]. However, spatial gait symmetry measures and
calculation methods were not fully consistent across studies [9,22,23,25,26,33], and no
unified minimal clinically important difference was identified for interpreting the pooled
SGA effect. Therefore, although the SGA improvement was statistically significant, its
clinical importance and direct relevance to daily walking function remain uncertain.

GS is closely related to functional independence and community mobility after stroke,
and higher walking speed generally indicates better daily walking capacity [34]. In this
meta-analysis, training with these devices was associated with improved GS. This improve-
ment may be partly explained by the ability of robotic exoskeletons to provide repetitive
and relatively stable movement assistance, increase the number of effective gait cycles
within a limited training period, and reduce abnormal compensatory patterns [5,7,8,29,35].
The direction of this finding is broadly consistent with previous meta-analyses, which
reported beneficial effects of wearable or overground exoskeleton training on GS and
walking ability, although the magnitude of benefit and certainty of evidence varied across
reviews [7,8,29]. However, because this study used SMDs to pool GS outcomes measured
with different methods and units, the pooled effect cannot be directly converted into m/s
or used to determine whether the minimal clinically important difference for GS was
reached [36]. In addition, moderate heterogeneity and visual funnel-plot asymmetry war-
rant caution. However, the Pustejovsky—Rodgers test did not detect statistically significant
small-study effects (p = 0.6594), and publication bias was therefore not downgraded in
the GRADE assessment. The potential physiological effects of training with these devices
may be mediated through repetitive, task-specific sensorimotor practice. By providing
controlled lower-limb assistance and repeated gait-cycle guidance, these systems may
increase affected-side loading, enhance proprioceptive and somatosensory feedback, and
promote more coordinated bilateral muscle activation. Repeated sensory input and motor
practice may facilitate use-dependent neuroplasticity and reorganization of motor cortical
networks. Consistent with this interpretation, included trials using functional near-infrared
spectroscopy reported increased or more balanced cortical activation after exoskeleton-
assisted training [10,23]. These mechanisms may partly contribute to improvements in gait
symmetry and gait speed; however, they were not directly evaluated in the present meta-
analysis and should therefore be regarded as plausible explanations rather than confirmed
causal mechanisms.

Unlike SGA and GS, the current evidence is insufficient to confirm whether train-
ing with these devices improves TGA. TGA involves temporal coordination between
the affected and unaffected lower limbs during the swing, stance, and double-support
phases [2,37], and may be influenced by balance control, sensory input, baseline motor
function, and compensatory strategies [37,38]. Previous studies have suggested that SGA
and TGA do not necessarily recover synchronously and may respond differently to the
same training stimulus [39]. Patterson et al. found that improvements in GS, balance, and
functional activities were more common than improvements in step-length or swing-time
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symmetry, with many patients continuing to show gait asymmetry despite gains in overall
walking ability [39]. These findings suggest that GS, SGA, and TGA may reflect distinct
dimensions of gait recovery, and that temporal gait parameters may not improve in par-
allel with overall walking ability. In the present review, differences in time since stroke,
baseline walking ability, exoskeleton control strategies, training environments, and TGA
calculation methods may have contributed to the high heterogeneity [9,22,23,25,26]. The
sensitivity analysis further indicated that the TGA finding was unstable, supporting a
cautious interpretation of this outcome.

Previous reviews mainly focused on walking independence, walking ability, balance,
GS, or endurance, with limited distinction between spatial and temporal gait asymme-
try [7,8,12,13]. In addition, previous studies were generally limited by small samples,
heterogeneous robotic systems and training protocols, inconsistent gait-symmetry def-
initions, and short intervention or follow-up periods. The present study addresses an
important part of this gap by separately pooling SGA, TGA, and GS, thereby distinguishing
spatial coordination, temporal coordination, and overall walking performance. However,
the available evidence remains insufficient to determine which device, training protocol,
or patient subgroup is most likely to benefit. This study has several limitations. First, the
time since stroke varied markedly across studies, which may have influenced spontaneous
recovery, baseline walking ability, and responsiveness to gait training. Because the number
of studies was limited and this variable was reported inconsistently, its influence could
not be reliably explored through subgroup analysis or meta-regression. In addition, most
participants were able to complete some degree of walking training and gait assessment;
therefore, the findings may not be applicable to patients with severe lower-limb dysfunc-
tion or those who are completely unable to walk independently. Second, the included
systems were mechanically heterogeneous. Independently wearable, mobile-frame, and
platform-coupled devices differed in body-weight support, assisted joints, patient effort,
therapist involvement, control strategy, and training environment. Training protocols also
varied in frequency, intensity, session duration, total sessions, and intervention duration.
Although device-class sensitivity analyses were consistent with the primary analyses, the
small number of non-wearable trials precluded formal subgroup comparisons. Accordingly,
the pooled estimates represent average effects across heterogeneous device classes and
training regimens, and residual confounding cannot be excluded. Third, the number of
studies was limited, particularly for SGA and TGA, and reliable subgroup analyses or meta-
regression could not be performed to explore sources of heterogeneity. Fourth, the included
trials did not systematically assess free-living walking behavior after training. Because
gait symmetry and GS were primarily measured under structured clinical or laboratory
conditions, it remains unclear whether the observed changes translated into greater walking
frequency, duration, distance, or mobility across different real-world environments. Fifth,
this study calculated effect sizes using post-intervention means and standard deviations
rather than consistently using change scores or baseline-adjusted effect estimates. In some
small-sample trials with baseline imbalances or insufficient baseline comparability, the
pooled results may have been influenced by residual baseline differences. Finally, this study
did not systematically search grey literature or clinical trial registries, and unpublished or
ongoing studies may have been missed.

Regarding methodological quality, the RoB 2 assessment showed that most included
studies had some concerns, mainly related to selection of the reported result and missing
outcome data. Some studies also had limitations in randomization, outcome measurement,
or deviations from intended interventions. These issues may reduce the credibility of the
pooled estimates. Although blinding of patients and therapists is inherently difficult in
robotic device-assisted rehabilitation trials, future studies should improve randomization
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and allocation concealment, implement blinded outcome assessment whenever possible,
prospectively register protocols, and report outcome data completely. In addition, safety
was not prespecified as an outcome in this review, and adverse events such as falls, pain,
skin injury, and device-related events were reported inconsistently. Consistent with rec-
ommendations for transparent harms reporting in randomized trials [40], future studies
should systematically define and report adverse events. Therefore, the current evidence
does not allow a definitive judgment regarding the safety of training with these devices.
Future multicenter RCTs should use standardized definitions and calculation methods for
SGA and TGA, report device characteristics and training dose in detail, stratify partici-
pants according to stroke stage and baseline walking ability, extend follow-up duration,
and systematically assess adherence, adverse events, neurophysiological changes, and the
transfer of gait improvements to daily walking and social participation [41]. Future studies
should also complement clinical gait assessments with wearable sensors to quantify free-
living walking frequency, duration, and distance [42], and with context-aware monitoring
frameworks to characterize the locations and environmental contexts in which walking
occurs [43].

5. Conclusions

This meta-analysis suggests that gait training with lower-limb robotic exoskeletons
or exoskeleton-type devices may reduce SGA and improve GS in patients with stroke,
whereas its effect on TGA remains uncertain. The certainty of the evidence was very
low for SGA, TGA, and GS; therefore, these findings should be interpreted with caution.
Future adequately powered RCTs should standardize gait symmetry measures and training
protocols, systematically record adverse events, and determine whether improvements
in gait symmetry and GS translate into sustained gains in walking ability, independence
in activities of daily living, and social participation across different stroke stages and
functional levels.
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Abbreviations

The following abbreviations are used in this manuscript:

RCT randomized controlled trial

PRISMA  Preferred Reporting Items for Systematic Reviews and Meta-Analyses
PICOS population, intervention, comparator, outcomes, and study design
SGA spatial gait asymmetry

TGA temporal gait asymmetry

GS gait speed

CRT conventional rehabilitation therapy

SMD standardized mean difference

CI confidence interval

REML restricted maximum likelihood

RoB 2 Cochrane risk-of-bias tool for randomized trials, version 2

GRADE  Grading of Recommendations Assessment, Development and Evaluation
I? heterogeneity statistic

T2 between-study variance

References

1.  Louie, D.R; Simpson, L.A.; Mortenson, W.B.; Field, T.S.; Yao, J.; Eng, ].J. Prevalence of Walking Limitation After Acute Stroke and
Its Impact on Discharge to Home. Phys. Ther. 2022, 102, pzab246. [CrossRef] [PubMed] [PubMed Central]

2. Patterson, K. K.; Parafianowicz, I.; Danells, C.J.; Closson, V.; Verrier, M.C.; Staines, W.R; Black, S.E.; Mcllroy, W.E. Gait asymmetry
in community-ambulating stroke survivors. Arch. Phys. Med. Rehabil. 2008, 89, 304-310. [CrossRef] [PubMed]

3.  Awad, L.N,; Palmer, ].A.; Pohlig, R.T; Binder-Macleod, S.A.; Reisman, D.S. Walking speed and step length asymmetry modify the
energy cost of walking after stroke. Neurorehabil. Neural Repair 2015, 29, 416-423. [CrossRef] [PubMed] [PubMed Central]

4. Winstein, C.J.; Stein, J.; Arena, R.; Bates, B.; Cherney, L.R.; Cramer, S.C.; Deruyter, F; Eng, J.].; Fisher, B.; Harvey, R.L.; et al.
Guidelines for adult stroke rehabilitation and recovery: A guideline for healthcare professionals from the American Heart
Association/ American Stroke Association. Stroke 2016, 47, €98—e169. [CrossRef] [PubMed]

5. Louie, D.R; Eng, ].J]. Powered robotic exoskeletons in post-stroke rehabilitation of gait: A scoping review. J. Neuroeng. Rehabil.
2016, 13, 53. [CrossRef] [PubMed] [PubMed Central]

6. Koldas Dogan, S. Robot-assisted gait training in stroke. Turk. J. Phys. Med. Rehabil. 2024, 70, 293-299. [CrossRef] [PubMed]
[PubMed Central]

7. Hsu, TH,; Tsai, C.L.; Chi, J.Y.; Hsu, C.Y; Lin, Y.N. Effect of wearable exoskeleton on post-stroke gait: A systematic review and
meta-analysis. Ann. Phys. Rehabil. Med. 2023, 66, 101674. [CrossRef] [PubMed]

8. Leow, X.R.G,;Ng,S.L.A,; Lau, Y. Overground Robotic Exoskeleton Training for Patients with Stroke on Walking-Related Outcomes:
A Systematic Review and Meta-analysis of Randomized Controlled Trials. Arch. Phys. Med. Rehabil. 2023, 104, 1698-1710.
[CrossRef] [PubMed]

9.  Nam, Y.G,; Ko, M].; Bok, S.K,; Paik, N.J.; Lim, C.Y.; Lee, ] W.; Kwon, B.S. Efficacy of electromechanical-assisted gait training on
clinical walking function and gait symmetry after brain injury of stroke: A randomized controlled trial. Sci. Rep. 2022, 12, 6880.
[CrossRef] [PubMed] [PubMed Central]

10. Huo, C.; Shao, G.; Chen, T,; Li, W.; Wang, J.; Xie, H.; Wang, Y.; Li, Z.; Zheng, P,; Li, L.; et al. Effectiveness of unilateral lower-limb
exoskeleton robot on balance and gait recovery and neuroplasticity in patients with subacute stroke: A randomized controlled
trial. J. Neuroeng. Rehabil. 2024, 21, 213. [CrossRef] [PubMed] [PubMed Central]

11. Miyagawa, D.; Matsushima, A.; Maruyama, Y.; Mizukami, N.; Tetsuya, M.; Hashimoto, M.; Yoshida, K. Gait training with a
wearable powered robot during stroke rehabilitation: A randomized parallel-group trial. J. Neuroeng. Rehabil. 2023, 20, 54.
[CrossRef] [PubMed] [PubMed Central]

12. Mehrholz, J.; Thomas, S.; Kugler, J.; Pohl, M.; Elsner, B. Electromechanical-assisted training for walking after stroke. Cochrane
Database Syst. Rev. 2020, 10, CD006185. [CrossRef] [PubMed]

13.  Moucheboeuf, G.; Griffier, R.; Gasq, D.; Glize, B.; Bouyer, L.; Dehail, P.; Cassoudesalle, H. Effects of robotic gait training after
stroke: A meta-analysis. Ann. Phys. Rehabil. Med. 2020, 63, 518-534. [CrossRef] [PubMed]

14. Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;

Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BM]J 2021, 372, n71.
[CrossRef] [PubMed] [PubMed Central]

https://doi.org/10.3390 /bioengineering13080892


https://doi.org/10.1093/ptj/pzab246
https://www.ncbi.nlm.nih.gov/pubmed/34718796
https://pmc.ncbi.nlm.nih.gov/articles/PMC8787995
https://doi.org/10.1016/j.apmr.2007.08.142
https://www.ncbi.nlm.nih.gov/pubmed/18226655
https://doi.org/10.1177/1545968314552528
https://www.ncbi.nlm.nih.gov/pubmed/25288581
https://pmc.ncbi.nlm.nih.gov/articles/PMC4385745
https://doi.org/10.1161/STR.0000000000000098
https://www.ncbi.nlm.nih.gov/pubmed/27145936
https://doi.org/10.1186/s12984-016-0162-5
https://www.ncbi.nlm.nih.gov/pubmed/27278136
https://pmc.ncbi.nlm.nih.gov/articles/PMC4898381
https://doi.org/10.5606/tftrd.2024.15681
https://www.ncbi.nlm.nih.gov/pubmed/39679124
https://pmc.ncbi.nlm.nih.gov/articles/PMC11639496
https://doi.org/10.1016/j.rehab.2022.101674
https://www.ncbi.nlm.nih.gov/pubmed/35525427
https://doi.org/10.1016/j.apmr.2023.03.006
https://www.ncbi.nlm.nih.gov/pubmed/36972746
https://doi.org/10.1038/s41598-022-10889-3
https://www.ncbi.nlm.nih.gov/pubmed/35477986
https://pmc.ncbi.nlm.nih.gov/articles/PMC9046288
https://doi.org/10.1186/s12984-024-01493-9
https://www.ncbi.nlm.nih.gov/pubmed/39639336
https://pmc.ncbi.nlm.nih.gov/articles/PMC11622492
https://doi.org/10.1186/s12984-023-01168-x
https://www.ncbi.nlm.nih.gov/pubmed/37118743
https://pmc.ncbi.nlm.nih.gov/articles/PMC10148551
https://doi.org/10.1002/14651858.CD006185.pub5
https://www.ncbi.nlm.nih.gov/pubmed/33091160
https://doi.org/10.1016/j.rehab.2020.02.008
https://www.ncbi.nlm.nih.gov/pubmed/32229177
https://doi.org/10.1136/bmj.n71
https://www.ncbi.nlm.nih.gov/pubmed/33782057
https://pmc.ncbi.nlm.nih.gov/articles/PMC8005924
https://doi.org/10.3390/bioengineering13080892

Bioengineering 2026, 13, 892 16 of 17

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Sterne, J.A.C.; Savovi¢, J.; Page, M.].; Elbers, R.G.; Blencowe, N.S.; Boutron, I.; Cates, C.J.; Cheng, H.Y.; Corbett, M.S.; Eldridge,
S.M.; et al. RoB 2: A revised tool for assessing risk of bias in randomised trials. BMJ 2019, 366, 14898. [CrossRef] [PubMed]
Higgins, J.P.; Thompson, S.G.; Deeks, ].J.; Altman, D.G. Measuring inconsistency in meta-analyses. BM] 2003, 327, 557-560.
[CrossRef] [PubMed] [PubMed Central]

Veroniki, A.A.; Jackson, D.; Viechtbauer, W.; Bender, R.; Bowden, J.; Knapp, G.; Kuss, O.; Higgins, ].P; Langan, D.; Salanti,
G. Methods to estimate the between-study variance and its uncertainty in meta-analysis. Res. Synth. Methods 2016, 7, 55-79.
[CrossRef] [PubMed] [PubMed Central]

Sterne, J.A.; Sutton, A.J.; Ioannidis, ].P; Terrin, N.; Jones, D.R.; Lau, J.; Carpenter, J.; Riicker, G.; Harbord, R.M.; Schmid, C.H.; et al.
Recommendations for examining and interpreting funnel plot asymmetry in meta-analyses of randomised controlled trials. BM]
2011, 343, d4002. [CrossRef] [PubMed]

Pustejovsky, ].E.; Rodgers, M. A. Testing for funnel plot asymmetry of standardized mean differences. Res. Synth. Methods 2019,
10, 57-71. [CrossRef] [PubMed]

Guyatt, G.; Oxman, A.D.; Akl, E.A.; Kunz, R.; Vist, G; Brozek, J.; Norris, S.; Falck-Ytter, Y.; Glasziou, P.; DeBeer, H.; et al. GRADE
guidelines: 1. Introduction-GRADE evidence profiles and summary of findings tables. J. Clin. Epidemiol. 2011, 64, 383-394.
[CrossRef] [PubMed]

Kang, C.J.; Chun, M.H.; Lee, | ; Lee, ].Y. Effects of robot (SUBAR)-assisted gait training in patients with chronic stroke: Randomized
controlled trial. Medicine 2021, 100, €27974. [CrossRef] [PubMed] [PubMed Central]

Lee, HJ.; Lee, S.H.; Seo, K.; Lee, M.; Chang, W.H.; Choi, B.O.; Ryu, G.H.; Kim, Y.H. Training for Walking Efficiency With a
Wearable Hip-Assist Robot in Patients With Stroke: A Pilot Randomized Controlled Trial. Stroke 2019, 50, 3545-3552. [CrossRef]
[PubMed]

Yoo, M.; Chun, M.H.; Hong, G.R;; Lee, C.; Lee, ] K.; Lee, A. Effects of Training with a Powered Exoskeleton on Cortical Activity
Modulation in Hemiparetic Chronic Stroke Patients: A Randomized Controlled Pilot Trial. Arch. Phys. Med. Rehabil. 2023, 104,
1620-1629. [CrossRef] [PubMed]

Liang, C.; Wan, C.; Yang, ].; Shen, X,; Yu, C.; Shao, Y.; Che, P.; Zhang, Y.; Li, Y. Effect of the Kickstart exoskeleton lower extremity
walking system on improving lower extremity walking ability in subacute stroke patients: A randomized controlled trial. J.
Neuroeng. Rehabil. 2025, 22, 155. [CrossRef] [PubMed] [PubMed Central]

Xie, R.; Sun, J.; Yu, ].; Zhang, Y.; Jin, H.; Zhu, X,; Feng, Y.; Sun, Y.; Ji, L.; Li, C.; et al. Efficacy of bilateral soft exoskeleton training
for people with subacute stroke: A randomized controlled trial. |. Neuroeng. Rehabil. 2026, 23, 48. [CrossRef] [PubMed]

Cao, HJ.; Song, H.J.; Sun, Y.L.; Zhang, G.Y.; Li, X. A wearable exoskeleton with posture feedback improves abnormal gait in
patients with stroke. Chin. |. Tissue Eng. Res. 2025, 29, 5127-5133. [CrossRef]

Li, D.X,; Zha, EB.; Long, J.].; Liu, E; Cao, J.; Wang, Y.L. Effect of Robot Assisted Gait Training on Motor and Walking Function in
Patients with Subacute Stroke: A Random Controlled Study. J. Stroke Cerebrovasc. Dis. 2021, 30, 105807. [CrossRef] [PubMed]
Thimabut, N.; Yotnuengnit, P.; Charoenlimprasert, J.; Sillapachai, T.; Hirano, S.; Saitoh, E.; Piravej, K. Effects of the Robot-Assisted
Gait Training Device Plus Physiotherapy in Improving Ambulatory Functions in Patients with Subacute Stroke with Hemiplegia:
An Assessor-Blinded, Randomized Controlled Trial. Arch. Phys. Med. Rehabil. 2022, 103, 843-850. [CrossRef] [PubMed]

Yang, J.; Zhu, Y,; Li, H; Wang, K; Li, D.; Qi, Q. Effect of robotic exoskeleton training on lower limb function, activity and
participation in stroke patients: A systematic review and meta-analysis of randomized controlled trials. Front. Neurol. 2024, 15,
1453781. [CrossRef] [PubMed] [PubMed Central]

Lang, C.E; Lohse, K.R.; Birkenmeier, R.L. Dose and timing in neurorehabilitation: Prescribing motor therapy after stroke. Curr.
Opin. Neurol. 2015, 28, 549-555. [CrossRef] [PubMed] [PubMed Central]

Balasubramanian, C.K.; Bowden, M.G.; Neptune, R.R.; Kautz, S.A. Relationship between step length asymmetry and walking
performance in subjects with chronic hemiparesis. Arch. Phys. Med. Rehabil. 2007, 88, 43-49. [CrossRef] [PubMed]

Reisman, D.S.; Wityk, R;; Silver, K.; Bastian, A.J. Locomotor adaptation on a split-belt treadmill can improve walking symmetry
post-stroke. Brain 2007, 130, 1861-1872. [CrossRef] [PubMed] [PubMed Central]

Patterson, K.K.; Gage, W.H.; Brooks, D.; Black, S.E.; MclIlroy, W.E. Evaluation of gait symmetry after stroke: A comparison of
current methods and recommendations for standardization. Gait Posture 2010, 31, 241-246. [CrossRef] [PubMed]

Schmid, A.; Duncan, PW.; Studenski, S.; Lai, S.M.; Richards, L.; Perera, S.; Wu, S.S. Improvements in speed-based gait
classifications are meaningful. Stroke 2007, 38, 2096-2100. [CrossRef] [PubMed]

Wonsetler, E.C.; Bowden, M.G. A systematic review of mechanisms of gait speed change post-stroke. Part 1: Spatiotemporal
parameters and asymmetry ratios. Top. Stroke Rehabil. 2017, 24, 435-446. [CrossRef] [PubMed] [PubMed Central]

Tilson, J.K.; Sullivan, K.J.; Cen, S.Y.; Rose, D.K.; Koradia, C.H.; Azen, S.P.; Duncan, P.W.; Locomotor Experience Applied Post
Stroke (LEAPS) Investigative Team. Meaningful gait speed improvement during the first 60 days poststroke: Minimal clinically
important difference. Phys. Ther. 2010, 90, 196-208. [CrossRef] [PubMed] [PubMed Central]

Li, S.; Francisco, G.E.; Zhou, P. Post-stroke Hemiplegic Gait: New Perspective and Insights. Front. Physiol. 2018, 9, 1021. [CrossRef]
[PubMed] [PubMed Central]

https://doi.org/10.3390 /bioengineering13080892


https://doi.org/10.1136/bmj.l4898
https://www.ncbi.nlm.nih.gov/pubmed/31462531
https://doi.org/10.1136/bmj.327.7414.557
https://www.ncbi.nlm.nih.gov/pubmed/12958120
https://pmc.ncbi.nlm.nih.gov/articles/PMC192859
https://doi.org/10.1002/jrsm.1164
https://www.ncbi.nlm.nih.gov/pubmed/26332144
https://pmc.ncbi.nlm.nih.gov/articles/PMC4950030
https://doi.org/10.1136/bmj.d4002
https://www.ncbi.nlm.nih.gov/pubmed/21784880
https://doi.org/10.1002/jrsm.1332
https://www.ncbi.nlm.nih.gov/pubmed/30506832
https://doi.org/10.1016/j.jclinepi.2010.04.026
https://www.ncbi.nlm.nih.gov/pubmed/21195583
https://doi.org/10.1097/MD.0000000000027974
https://www.ncbi.nlm.nih.gov/pubmed/35049203
https://pmc.ncbi.nlm.nih.gov/articles/PMC9191384
https://doi.org/10.1161/STROKEAHA.119.025950
https://www.ncbi.nlm.nih.gov/pubmed/31623545
https://doi.org/10.1016/j.apmr.2023.05.012
https://www.ncbi.nlm.nih.gov/pubmed/37295705
https://doi.org/10.1186/s12984-025-01676-y
https://www.ncbi.nlm.nih.gov/pubmed/40635019
https://pmc.ncbi.nlm.nih.gov/articles/PMC12239289
https://doi.org/10.1186/s12984-025-01847-x
https://www.ncbi.nlm.nih.gov/pubmed/41457215
https://doi.org/10.12307/2025.757
https://doi.org/10.1016/j.jstrokecerebrovasdis.2021.105807
https://www.ncbi.nlm.nih.gov/pubmed/33895428
https://doi.org/10.1016/j.apmr.2022.01.146
https://www.ncbi.nlm.nih.gov/pubmed/35143747
https://doi.org/10.3389/fneur.2024.1453781
https://www.ncbi.nlm.nih.gov/pubmed/39193147
https://pmc.ncbi.nlm.nih.gov/articles/PMC11347425
https://doi.org/10.1097/WCO.0000000000000256
https://www.ncbi.nlm.nih.gov/pubmed/26402404
https://pmc.ncbi.nlm.nih.gov/articles/PMC4643742
https://doi.org/10.1016/j.apmr.2006.10.004
https://www.ncbi.nlm.nih.gov/pubmed/17207674
https://doi.org/10.1093/brain/awm035
https://www.ncbi.nlm.nih.gov/pubmed/17405765
https://pmc.ncbi.nlm.nih.gov/articles/PMC2977955
https://doi.org/10.1016/j.gaitpost.2009.10.014
https://www.ncbi.nlm.nih.gov/pubmed/19932621
https://doi.org/10.1161/STROKEAHA.106.475921
https://www.ncbi.nlm.nih.gov/pubmed/17510461
https://doi.org/10.1080/10749357.2017.1285746
https://www.ncbi.nlm.nih.gov/pubmed/28220715
https://pmc.ncbi.nlm.nih.gov/articles/PMC5875693
https://doi.org/10.2522/ptj.20090079
https://www.ncbi.nlm.nih.gov/pubmed/20022995
https://pmc.ncbi.nlm.nih.gov/articles/PMC2816032
https://doi.org/10.3389/fphys.2018.01021
https://www.ncbi.nlm.nih.gov/pubmed/30127749
https://pmc.ncbi.nlm.nih.gov/articles/PMC6088193
https://doi.org/10.3390/bioengineering13080892

Bioengineering 2026, 13, 892 17 of 17

38.

39.

40.

41.

42.

43.

Hendrickson, J.; Patterson, K.K.; Inness, E.L.; Mcllroy, W.E.; Mansfield, A. Relationship between asymmetry of quiet standing
balance control and walking post-stroke. Gait Posture 2014, 39, 177-181. [CrossRef] [PubMed]

Patterson, K.K.; Mansfield, A.; Biasin, L.; Brunton, K.; Inness, E.L.; Mcllroy, W.E. Longitudinal changes in poststroke spatiotempo-
ral gait asymmetry over inpatient rehabilitation. Neurorehabil. Neural Repair. 2015, 29, 153-162. [CrossRef] [PubMed]

Ioannidis, J.P; Evans, S.J.; Getzsche, P.C.; O'Neill, R.T.; Altman, D.G.; Schulz, K.; Moher, D.; Consort Group. Better reporting of
harms in randomized trials: An extension of the CONSORT statement. Ann. Intern. Med. 2004, 141, 781-788. [CrossRef] [PubMed]
Lord, S.E.; McPherson, K.; McNaughton, H.K.; Rochester, L.; Weatherall, M. Community ambulation after stroke: How important
and obtainable is it and what measures appear predictive? Arch. Phys. Med. Rehabil. 2004, 85, 234-239. [CrossRef] [PubMed]
Bernaldo de Quirés, M.; Douma, E.H.; van den Akker-Scheek, I.; Lamoth, C.J.C.; Maurits, N.M. Quantification of Movement in
Stroke Patients under Free Living Conditions Using Wearable Sensors: A Systematic Review. Sensors 2022, 22, 1050. [CrossRef]
[PubMed] [PubMed Central]

Thakur, N.; Han, C.Y. An Ambient Intelligence-Based Human Behavior Monitoring Framework for Ubiquitous Environments.
Information 2021, 12, 81. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390 /bioengineering13080892


https://doi.org/10.1016/j.gaitpost.2013.06.022
https://www.ncbi.nlm.nih.gov/pubmed/23877032
https://doi.org/10.1177/1545968314533614
https://www.ncbi.nlm.nih.gov/pubmed/24826888
https://doi.org/10.7326/0003-4819-141-10-200411160-00009
https://www.ncbi.nlm.nih.gov/pubmed/15545678
https://doi.org/10.1016/j.apmr.2003.05.002
https://www.ncbi.nlm.nih.gov/pubmed/14966707
https://doi.org/10.3390/s22031050
https://www.ncbi.nlm.nih.gov/pubmed/35161796
https://pmc.ncbi.nlm.nih.gov/articles/PMC8840016
https://doi.org/10.3390/info12020081
https://doi.org/10.3390/bioengineering13080892

	Introduction 
	Materials and Methods 
	Protocol and Registration 
	Information Sources and Search 
	Eligibility Criteria 
	Data Collection and Extraction 
	Risk-of-Bias Assessment 
	Data Synthesis and Analysis 
	Certainty of Evidence 

	Results 
	Study Selection and Characteristics 
	Risk-of-Bias Results 
	Results for SGA 
	Results for TGA 
	Results for GS 
	Sensitivity Analysis 
	GRADE Certainty of Evidence Assessment 

	Discussion 
	Conclusions 
	References

