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Abstract: Stroke is a prevalent, severe, anddisabling health-
care issue on a global scale, inevitably leading to motor and
cognitive deficits. It has become one of the most significant
challenges in China, resulting in substantial social and eco-
nomic burdens. In addition to the medication and surgical
interventions during the acute phase, rehabilitation treat-
ment plays a crucial role in stroke care. Robotic technology
takes distinct advantages over traditional physical therapy,
occupational therapy, and speech therapy, and is increas-
ingly gaining popularity in post-stroke rehabilitation. The
use of rehabilitation robots not only alleviates the workload
of healthcare professionals but also enhances the prognosis
for specific stroke patients. This review presents a concise
overview of the application of therapeutic robots in post-
stroke rehabilitation, with particular emphasis on the
recovery of motor and cognitive function.
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Introduction

Stroke is a prevalent, severe, and disabling health-care issue
on a global scale. With the increasing elderly population,
stroke has emerged as a major challenge in China [1, 2]. A
cross-sectional study of 676,394 participants aged over 40
revealed that in mainland China in 2020, the estimated
overall prevalence, incidence, and mortality rates of stroke
were 2.6 %, 505.2 per 100,000 person-years, and 343.4 per
100,000 person-years, respectively [1]. Stroke ranked as the
third leading cause of death after malignant tumors and
heart disease. Furthermore, years of life lost (YLLs) per
100,000 population due to stroke increased by 14.6 %; YLLs
attributed to stroke rose from the third highest among all
causes in 1990 to the highest in 2017 [3].

Stroke inevitably results in motor and cognitive defi-
cits. Motor deficits following a stroke are well-recognized
among the array of post-stroke symptoms, profoundly
impacting motor functions of the face, arms, and legs [4].
These deficits encompass a spectrum of manifestations,
including compromised motor control, muscle weakening
or contractures, alterations in muscle tone, joint laxity,
heightened spasticity, reflex escalation, coordination
depletion, and the emergence of abnormal gait [5–7]. Post-
stroke cognitive impairment (PSCI) is defined as cognitive
deficits emerging 3–6 months after an incident stroke. It
consists of cognitive impairments such as aphasia or
memory deficits due to strategic infarcts in the specific
lesion site, like the hippocampi, thalami, and key cortical
regions [8]. Globally, PSCI significantly contributes to post-
stroke morbidity and mortality [8].

In addition to the medication and surgical interventions
during the acute phase, rehabilitation treatment is a critical
component of stroke care in favor of patients’ prog-
nosis [9, 10]. The conventional stroke rehabilitation methods
mainly consist of physical therapy (PT), occupational ther-
apy (OT), and speech therapy (ST) [11]. For instance, well-
defined PT is capable of effectively improving upper and
lower limb movement ability [12, 13], gait [14], balance and
functional ability [15, 16], and even mental and cognitive
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function [17, 18]. Similarly, OT may slightly improve perfor-
mance in activities of daily living and global cognitive per-
formances like sustained visual attention, working memory,
and flexible thinking [19, 20]. Meanwhile, ST has shown
effectiveness for people with aphasia following stroke in
terms of improved functional communication, reading,
writing, and expressive language [21–23]. However, despite
all these well-established methods, many stroke survivors
still suffer from severe residual disability which deeply
impairs their daily functional ability. This is probably partly
due to the insufficient therapy dose, low patient engagement
and motivation, and a lack of objective feedback required to
achieve significant improvements in function [11].

In recent decades, stroke rehabilitation interventions
utilizing various technologies such as exercise games,
robotic assistive systems, virtual and augmented reality,
wearable sensors, and smartphone apps have emerged. The
use of technology has been shown to be highly effective in
improving functional mobility and independence in stroke
patients by reducing the labor cost of task-based training,
increasing patient motivation, monitoring functional
progress in time, and providing appropriate guidance [11].
Among these technologies, rehabilitation robotics play an
important role in several areas of stroke rehabilitation,
including motor function recovery, balance and gait
improvement, cognitive function recovery, and neurologic
plasticity [24–31]. Their addition to conventional neuro-
logical rehabilitation has proven to be effective and valu-
able in post-stroke management [32].

This review provides a comprehensive overview of the
application of therapeutic robots in post-stroke rehabilita-
tion, with a special focus on motor and cognitive function
recovery.

Concept and categories of
therapeutic robots for post-stroke
rehabilitation

Therapeutic robots for post-stroke rehabilitation serve as
clinical tools designed to automatically facilitate labor-
intensive, repetitive training process, especially during the
early stages of neurologic recovery when patients will likely
need significant weight support. Robotic technology can
increase training duration and frequencywhile reducing the
need for as many assisting therapists as possible [33, 34].

The most commonly used therapeutic robots in clinical
practice are employed for specific durations within reha-
bilitation programs. They aim to enhance particular func-
tions through the application of robotic devices, which seek

to expand and improve an individual’s abilities by restoring
their capacity of movement. These robots are commonly
utilized as robotic therapy aids to support patients with
manipulative disabilities, rather than functioning purely
as assistive devices, within the scope of human–robot
interactions [34].

Therapeutic rehabilitation robotics can be classified in
various ways based on different criteria. Firstly, they can be
classified as upper-limb robots and lower-limb robots,
depending on the affected area [35]. Secondly, two primary
categories of robots have been defined based on the mode of
human–machine integration, namely exoskeletons and end-
effector devices [33]. Exoskeleton robots feature a direct one-
to-one correspondence between each joint in the robot and
its human counterpart [36]. Serving as orthotic structures,
these devices bear a resemblance to external bones, forming
a limb-encompassing structure akin to a scaffold. The
device’s segments align with the anatomical divisions of the
human limb, and its rotational axis essentially mirrors that
of the human limb [37]. The soft robotic glove is distinct from
other exoskeletons in that it employs soft actuators instead
of hard ones, specifically designed for functional hand
rehabilitation [38]. In contrast, end-effector robots generate
movement through their most distal segment without a one-
to-one joint correspondence [36]. When the end-effector
moves, it alters the limb’s position at the connection point
and indirectly affects other limb segments, leading to
interaction torques in each limb segment that the device
cannot fully determine [39]. Figure 1 shows the categories of
therapeutic rehabilitation robotics.

Thirdly, rehabilitation robots for therapy can be clas-
sified into two main categories: traditional and virtual
reality (VR), depending on the level of interaction between
the user and the virtual environment. Within the VR cate-
gory, there are further distinctions between non-immersive
and immersive VR [40]. Traditional methods primarily
facilitate interaction between the patient and the robot or
between the patient and the real world supported by the
robot. In contrast, VR technology enables user engagement
in a virtual realm. This is achieved by capturing the patient’s
movements, integrating them into the virtual world, and
providing multisensory feedback [41]. VR allows the cus-
tomization of practice intensity and feedback in a dynamic

Figure 1: The categories of therapeutic rehabilitation robotics.
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environment, fostering interactive and engaging experi-
ences for personalized movement retraining treat-
ments [42]. Non-immersive VR allows users to observe and
interact with a virtual environment using devices that do not
completely override sensory perception [43]. On the other
hand, immersive VR has the ability to simulate complex real-
world environments, which enhances the sense of presence
andmakes users feel as if they are genuinely within a virtual
environment. This increases the likelihood of user interac-
tion with stimuli presented by the computer and related
devices that produce visual, auditory, and haptic sensa-
tions [40]. Currently, there is a hotpot research topic on
VR-based environmental simulation rehabilitation systems,
providing multi-sensory experiences and facilitating real-
istic human–computer interactions [44]. These systems are
capable of simulating a variety of realistic environments,
such as different weather conditions, complex road condi-
tions, and travel scenarios, among others [45].

Many of the robots utilized in clinical or research
environments are tailored to adult dimensions, making
them unsuitable for children [46]. Consequently, robots
specifically intended for children have been meticulously
crafted to cater to the diverse height and size specifications
associated with varying age groups among children [47].
Similarly, rehabilitation robots designed for children can be
based on both the site of action, distinguishing between
upper and lower limb robots, and their design, differenti-
ating between exoskeletons and end-effector devices [48].

Rehabilitation robotics in upper
limb function

Numerous studies, with a participant pool exceeding 1,000,
have assessed the efficacy of hand and arm training using
robotic assistance in comparison to traditional therapeutic
approaches [49, 50]. The results consistently indicate signif-
icant benefits in terms of upper limb recovery, strength,
motor control, and activities of daily living (ADL) when
rehabilitation is assisted by robots [51]. Figure 2 illustrates
the commonly used upper limb rehabilitation robotics used
in our daily clinical practice at our center.

In randomized controlled trials, the prevalent choice
has been end-effector devices, with only limited represen-
tation of exoskeleton robots. Upper-limb rehabilitative ro-
botics encompass the comprehensive rehabilitation of the
trunk, shoulder, elbow, wrist, forearm, and finger. Most
robots designed to enhance upper extremity functionality
possess three degrees of freedom, affording distinct rotational

capacity at the shoulder, elbow, and wrist within the sagittal
plane. For the restoration of hand function, wearable glove-
like devices are commonly employed in targeted therapeutic
approaches.

The primary upper-limb robotic feedback mode utilized
is force feedback, with some machines also incorporating
visual feedback and audio feedback. These modes serve
distinct yet complementary functions. Force feedback is
crucial for providing resistance inmuscle strengthening and
assistance for individuals with limited mobility [52]. Visual
feedback offers essential guidance for precise movement
execution, real-time monitoring for therapists, and motiva-
tional elements for patients [53]. Additionally, gamified ele-
ments within the realm of visual feedback are integrated to
make the rehabilitation process engaging and enjoyable.
Gamified visual feedback not only provides guidance but
also transforms exercises into interactive experiences,
encouraging patient participation in their therapy [54, 55].

The subjects in the trials encompassed a broad spec-
trum of ages, excluding only adolescents and children
below 18 years. Stroke progression among the subjects
encompassed the acute, sub-acute, and chronic phases. In
most cases, the experimental designs included an inter-
vention group that used an upper-limb robot, either alone
or in conjunction with conventional rehabilitation tech-
niques. The control group engaged exclusively in traditional
rehabilitation methods. A limited number of investigations
sought to evaluate the relative efficacy of distinct rehabili-
tation robot types. Importantly, all trials adhered to an
intervention period lasting no more than 15 weeks.

Effect on muscle and joint function of upper
limb

The upper extremity robot did not demonstrate statistically
significant advantages in augmenting patients’ upper ex-
tremity muscle strength and mitigating spasticity. However,
it yielded a notably favorable effect in ameliorating upper
extremity muscle synergies and enhancing Range of Motion
(ROM).

In terms of enhancing muscle strength, upper
extremity rehabilitation robots exhibited limited effective-
ness and did not show a distinct advantage. For instance, a
study involving 16 participants who underwent 20 rehabili-
tation sessions using a novel myoelectric robotic system
designed to facilitate wrist mobility in stroke survivors did
not yield significant enhancements in muscle strength [56].
In another study by Lee KW et al. [57] no significant differ-
ences in muscle strength measured by Manual Muscle Test
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(MMT) were reported between adding planar robot-assisted
game training to conventional training alone. Conventional
training, led to a greater improvement in wrist joint flexion
compared to robotic training after a two-week intervention.

Conversely, upper extremity robots have demon-
strated efficacy in improving muscle synergy of upper
extremitymuscles in individuals recovering from stroke. In
stroke patients, flexor synergy patterns represent coordi-
nated muscular actions resulting from concurrent muscle
contractions [58, 59]. These synergies can hinder their
movements and affect daily activities such as reaching and
self-care. In the study conducted by Takahashi and col-
leagues [60, 61], a six-week adjunct robotic therapy regimen
yielded more significant enhancements in upper extremity
flexor synergymotor functionwhen compared to adjunct self-
guided rehabilitation. Lencioni’s team [62, 63] recruited 40
individuals in sub-acute and chronic stages following a stroke
and found significant improvements in axial-to-proximal
muscle synergies, comprising shoulder and elbow coordina-
tion, in the group receiving robotic-assisted training for four
weeks, as opposed to the control group undergoing standard

care arm-specific physiotherapy. Nevertheless, both treat-
ments had negative effects on the control of the distal
district [63].

Rehabilitation robots have the potential to improve both
active and passive upper extremity ROM compared to con-
ventional therapy alone. Patel et al. [64] reported that an
additional 8 h of intensive VR-based robotics upper-limb
training initiated within the first month post-stroke may
promote greater gains in wrist active ROM. In addition,
robot-assisted therapy demonstrated significant effective-
ness in improving passive ROM in the upper limb, including
shoulder flexion/extension, abduction, intra/extra rotation,
and elbow extension, after six months of treatment follow-
up instead of at the end of initial treatment [65]. However, a
study showed improvement in elbow extension confirmed
just after fourweeks, with a total of 900 min of robot-assisted
training intervention [62].

As for spasticity control, upper extremity robots have
also played a role. It is reported that upper extremity robots
whether combined with hand functional electrical stimula-
tion or not, demonstrate limited impact on upper extremity

Figure 2: Common upper limb rehabilitation robotics used in daily clinical practice at our center. (A) Armeo® Spring three-dimensional upper limb
training and evaluation system, Hocoma, Switzerland; (B) M2 upper-limb intelligent isokinetic trainer, Shanghai Fourier Intelligence, China; (C) arm guide
upper-limb rehabilitation training system, Shanghai Zhuodao Medical, China; (D) Dynaxis upper-limb rehabilitation training system, Shanghai Zhuodao
Medical, China.
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spasticity in comparison to conventional therapeutic
approaches [49, 66]. However, some studies have shown that
the combination of robotic training and botulinum toxin
treatment, resulted in a pronounced reduction in spas-
ticity [67, 68]. Likewise, the application of focal muscle
vibration in conjunction with robotic neurorehabilitation,
may be helpful in the management of upper-limb spasticity
among chronic stroke patients [69].

Effect on the functional activity of upper limb

The effectiveness of upper extremity rehabilitation robots in
facilitating functional activities of the upper extremity in
stroke patients remains uncertain. The Fugl-Meyer Upper
Extremity (FMA-UE) scale, widely recognized for evaluating
impairments in stroke patients [70], has been employed in
most studies to examine reflex activity, muscle strength, and
upper extremity movement control in post-stroke hemiple-
gic individuals [71, 72]. The general consensus is that robot-
assisted therapy, with or without EMG use, does not provide
noticeable benefits when compared with conventional or
task-oriented training [66, 73–75], especially in the domain of
motor function [49]. However, the use of rehabilitative
robot-assisted therapies in combinationwith VR systems has
shown relatively optimistic results, suggesting improved
upper extremity function compared with traditional reha-
bilitation therapy alone [64, 76]. The combination of robotics,
virtual reality tasks, and neuromuscular electrical stimula-
tion (NMES) has also demonstrated feasibility and prelimi-
narily effectiveness in enhancing upper extremity function
among individuals with chronic stroke (≥3 months) [77].

Furthermore, when rehabilitation robots are employed
alongside complementary therapeutic modalities, prom-
ising therapeutic benefits are observed. Bilateral robot-
assistedmirror therapy has been found to bemore effective
than conventional standard mirror therapy in augmenting
upper extremity motor function, as indicated by the
FMA-UE motor subscale [78]. Similarly, robot-assisted
therapy combined with task-specific training has shown
superior results in upper extremity motor function and
improvements in quality of life, as measured by the
FMA-UE motor subscale and the Stroke Impact Scale,
compared with robot-assisted therapy combined with
impairment-oriented group intervention [79].

The impact of rehabilitation robots on upper extremity
motor function and independence in activities of daily living
varies depending on the specific functional area and the type
of rehabilitation used. In comparison to the FMA-UE, the
Wolf Motor Function Test places a greater emphasis on

evaluating upper extremity movement ability [80, 81]. When
rehabilitation robots prioritize the rehabilitation of finger
function, they hold the potential to significantly enhance the
upper-limb capabilities of stroke patients [25], including
improved movement duration during functional tasks [75].
On the other hand, when rehabilitation robots do not target
finger function, their effectiveness in enhancing upper-limb
motor function is not significantly superior to intensive
conventional arm training or self-guided training, whose
items are determined by therapists [60, 66].

In the realm of enhancing unilateral gross manual
dexterity as measured by the Box and Block Test [82], the
integration of robotic upper extremity therapy and con-
ventional rehabilitation or functional electrical stimulation,
focusing on the shoulder, elbow, forearm, and wrist, has
demonstrated clear superiority over sole reliance on con-
ventional therapy when addressing the needs of acute or
sub-acute stroke patients [25, 66].

Activities of daily living independence can be
measured by the Barthel Index or the modified Barthel
Index [83, 84]. When juxtaposed with conventional thera-
peutic approaches, rehabilitation robots utilizing end-
effector, specifically targeting the shoulder and elbow,
whether employed in isolation or in conjunction with hand
functional electrical stimulation, exhibited no discernible
enhancement in the attainment of upper extremity inde-
pendence in the context of activities of daily living inde-
pendence [49, 57, 66]. Nonetheless, Iwamoto et al. [85]
revealed that the amalgamation of an exoskeletal upper-
limb robot with occupational therapy results in a notable
enhancement in Activities of Daily Living (ADL) function,
particularly in the context of dressing, as evaluated
through the Barthel Index, among acute stroke patients.

Hemiplegic shoulder pain (HSP), a common complication
after stroke [86], can negatively impact a patient’s upper ex-
tremity movement [87]. Relieving hemiplegic shoulder pain
canhave a positive effect on improving upper limb function in
stroke patients. Upper extremity robotics has the potential to
relieveHSP. Serrezuela et al. [88] showed that robotic-assisted
physiotherapy using an exoskeleton with 4 degrees of
freedomwasmore effective than conventional physiotherapy
alone. Similarly, Kim et al. [89] demonstrated that robotic
therapy plus conventional therapy, which provided passive
movement and stretching in the crown plane, effectively
reducedHSP comparedwith conventional therapy. In another
study of robotic therapy combined with traditional therapy,
Aprile et al. [90] found that a set of end-effector devices
providing activemotor trainingwas effective in relievingHSP.
However, there was no significant difference between the
groups when compared to traditional therapy alone.
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Rehabilitation robotics in lower
limb function

Lower-limb rehabilitation robots, developed in recent years,
play a crucial role in extensively aiding stroke patients by
enhancing motor function in paralyzed limbs. These robots
facilitate structured and effective training for improving
motor function in affected extremities [91]. Figure 3 illus-
trates the common lower-limb rehabilitation robotics in
daily clinical practice at our center.

Most randomized controlled trials have utilized
exoskeleton robots, either alone or with combined end-
effector devices [28, 29, 92–100]. Additionally, there have

been studies involving gait robots based on the end-effector
principle [101, 102], where a vest supports the patient’s
weight, and their feet are fastened to the system using two
platforms to simulate gait movements [103]. Lower-limb
rehabilitative robotics target the trunk, hips, knees, ankles,
and feet. The majority of robots designed to improve
patients’ walking or stair-climbing abilities in the lower
extremities offer three degrees of freedom, allowing inde-
pendent rotation at the hip joint, knee joint, and ankle joint
in the sagittal plane. Certain robotic systems incorporate
harnesses to assist patients in bearing a portion of their
body weight while walking within the device [28, 104].
Research has demonstrated the effectiveness of this
approach in enhancing the straight-line walking ability of

Figure 3: Common lower limb rehabilitation robotics in daily clinical practice at our center. (A) Lokomat® lower-limb rehabilitation robot, Hocoma,
Switzerland; (B) Natura Gait 1 weight-loss gait training system, Shanghai Electric Intelligent Rehabilitation Medical, China; (C) exoskeleton walking
rehabilitation device, Hangzhou Chengtian Technology, China; (D) Kickstart® walking assistance system, Shanghai Yiran Rehabilitation Equipment, China;
(E) muscle armor, Suzhou Yuanye Technology, China.
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patients with chronic stroke, especially when utilizing 30 %
weight bearing [105]. The primary feedback mode used
in most robotic systems is force feedback, with some
machines also integrating visual feedback modalities.

The study subjects encompassed individuals across all
age groups, excluding adolescents and children under 18
years old. Stroke progression among the subjects spanned
acute, sub-acute, and chronic phases. The majority of
experimental designs included an intervention group uti-
lizing the robot as an intervention, either with or without
traditional rehabilitation methods, and a control group
using traditional rehabilitation methods exclusively. A
limited number of studies aimed to compare the effective-
ness of different types of rehabilitation robots. All trials had
an intervention period of no longer than eight weeks.

Effect on muscle and joint function of lower
limb

End-effector devices that act on the ankle joint have shown
significant benefits in improving the ROM and mobility
of the ankle in chronic stroke patients. Yoo et al. [106]
developed the Robotic Ankle Stretcher, a system for ankle
stretching, and found that using this system led to increased
ROM compared to using a stretching board. Yeung et al. [107]
demonstrated that improved ankle mobility positively
impacted gait independence, motor recovery, and walking
speed. They observed a considerable increase in the angle of
the tilted affected foot from the ground during initial contact
and an extension of the affected hip while standing due to
robot-assisted ankle–foot-orthosis (AFO) treatment when
compared to passive AFO. However, exoskeleton robots have
not shown the same level of effectiveness in improving
lower-limb ROM. Lin et al. [94] conducted a study with 40
patients with sub-acute stroke, randomly assigning them to
receive either conventional rehabilitation alone or com-
bined with 15 robot-assisted gait training (RAGT) sessions.
They observed significant changes in active ROM within the
groups, but no difference between groups was found.

Lower-limb rehabilitation robots do not appear to be
effective in improving the spasticity status of the lower
limbs. TheModifiedAshworth Scale (MAS) is commonly used
to assess lower-limb spasticity in stroke patients [108]. A
novel robot-assisted AFOdid not produce significant changes
in MAS between groups and within groups when compared
to sham robot-assisted AFO after treatment [107]. Li et al. [93]
discovered that patients who underwent robot-assisted gait
training with exoskeletons for 4 weeks did not experience
greater improvements in MAS than those who received
traditional training. Tamburella et al. [109] demonstrated a

decrease in spasticity only at the knee joint when employing
robot-generated joint torque biofeedback post-treatment,
but no significant variances were identified among the
groups at the conclusion of the training when comparing it
with biofeedback based on online biological electromyo-
graphic information. Notably, one study indicated that
robot-assisted practice of gait and stair climbing did not
provide any benefits in reducing lower extremity (LE)
muscle tone in nonambulatory stroke patients [101]. How-
ever, Park et al. [110] suggested that utilizing an inventive
humanoid robot capable of coordinating inter-limb move-
ment between the ankle, knee, and hip joints, can signifi-
cantly increase active and resistive forces in these joints
compared with physical therapy. They observed that resis-
tive stiffness in the hip extension, knee extension, ankle
dorsiflexion, and ankle plantarflexion muscles had a mod-
erate correlationwith spasticity, suggesting that RAGTmight
help reduce spasticity, stiffness, and abnormal synergistic
(extensor) gait patterns in the lower limbs. In summary,
further research is necessary to confirm the efficiency of the
lower limb rehabilitation robots for lower limb spasticity.

Few RCTs have investigated the effects of lower limb
rehabilitation robots on muscle strength. Only Lin et al. [94]
reported significant changes within the RAGT intervention
group, but no significant difference in manual muscle test
(MMT) scores were found between the intervention and
control groups where using conventional rehabilitation.

Effect on the functional activity of lower limb

Generally, therapeutic robots designed for lower limb
rehabilitation have generated mixed evidence regarding
their effectiveness in improving active functionalmovement
of the lower limbs. The Fugl-Meyer Assessment of Lower
Extremity (FMA-LE) is a widely used standard for assessing
motor function after stroke [70, 111, 112]. Results regarding
the effectiveness of RAGT compared with the conventional
rehabilitation, as measured by FMA-LE, have varied. Some
researchers have reported significant improvements in the
RAGT group [28, 94], while others have not found substantial
differences between the two groups [93, 96, 107]. When it
comes to assessing walking ability, the Functional Ambula-
tion Classification (FAC) of stroke patients in the acute or
sub-acute phase showed improvements following RAGT,
but no significant difference was observed between
experimental and control groups [96, 100]. However, Hesse
et al. [101] argued that the extent of FAC improvement in the
RAGT group outweighed that of the control group. In
chronic stroke patients, Yeung et al. [107] demonstrated
that robotic gait training with a robotic ankle–foot orthosis
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featuring ankle dorsiflexion support improved FAC scores
after five training sessions and at the three-month follow-up.
Furthermore, Mayr et al. [95] concluded that an early
treatment protocol involving conventional physical therapy
in addition to RAGT is not superior to that of adding con-
ventional gait training intervention for improving locomo-
tion in non-ambulatory stroke patients, as measured by the
modified Emory Functional Ambulation Profile. Ogino T’s
research team found that Global Rating of Change (GRC)
scales, which evaluate the impact of an intervention [113],
significantly increased at the 1-month follow-up and 3-month
follow-up compared to the baseline in the Gait Exercise
Assist Robot (GEAR) group [98, 99]. In summary, the efficacy
of lower-limb rehabilitation robots in enhancing lower limb
motor function remains unclear.

In terms of lower limb coordination and balance among
stroke patients, Kim et al. [28] found a significant improve-
ment in coordination function within the RAGT group
compared to the conventional training group. However,
studies on the effectiveness of rehabilitation robots for lower
limb rehabilitation on balance function have not consis-
tently yielded positive results. In terms of balance in the
standing position, rehabilitation robotic therapy showed
improvement only within the group, with no significant
differentiation between the groups compared to conven-
tional therapy [94, 114]. Regarding balance whilst walking,
exoskeleton robots designed for the lower limbs, whether or
not they incorporated visual feedback, did not demonstrate
superior outcomes as measured by Time Up and Go test
(TUG) [100, 114]. Ogino et al. [98] demonstrated that themean
changes in TUG were significantly higher in the GEAR group
compared to the treadmill group duringweek 4, compared to
baseline (week 0). However, therewas no significant effect in
the long term, as therewas no difference between the groups
frombaseline (week 0) to the 1-month follow-up (week 8) and
baseline (week 0) to the 3-month follow-up (week 16).

Overall, combining RAGT, with or without conventional
physical therapy, did not significantly improve spatiotemporal
parameters of gait compared to conventional therapy. Gait
speed did not demonstrate superiority in interventions
involving rehabilitation robots, observed in various speed tests
and through the use of gait analyzers [93, 94, 97, 99, 100, 107]. In
terms of aerobic capacity andwalking endurance,most studies
did not show significant benefits [93, 107, 115]. However, Ogino
et al. [98] reported higher effectiveness in the 6 min walk
test immediately following the intervention, but no lasting
differences between the groups at 1-month and 3-month
follow-up points. Mizukami et al. [101] found that gait
training with a hybrid assistive limb exoskeleton robotic
device enhanced the 2 min walk test scores in sub-acute

stroke patients, although the small sample size (8 partici-
pants) limits the credibility of this finding. Interestingly,
none of the following aspects of RAGT have been shown to
provide significant benefits, including toe-out angle, step
length, stride length, gait cadence, stride duration, and
cycle duration [93, 97, 100]. Ogino’s research team found
that gait training using the Gait Exercise Assist Robot might
be more efficient than treadmill-training in improving the
swing phase in subjects with chronic stroke, leading to
decreases in hip hiking and excessive hip external rotation,
as well as increases in side stride length, side step length, as
well as role-physical and social-functioning, as measured
by 8-item Short Form Health Survey. However, there was
no difference between groups [98, 99].

All the aforementioned studies examined the effective-
ness of lower extremity rehabilitation robots as an alterna-
tive therapeutic approach to conventional rehabilitation
techniques. In recent years, there has been growing interest
in exploring innovative treatments that combine robotics
and VR to enhance the functionality of stroke patients. This
approach has shown significant potential and gained atten-
tion as a promising method for treatment. Kayabinar
et al. [29] reported that incorporating VR into RAGT resulted
in significant differences in single and dual-task gait speeds
and cognitive dual-task performance among chronic stroke
patients after treatment, even though there were no notable
differences when compared to RAGT without VR. Similarly,
Bergmann et al. [92] observed that combining VR with RAGT
improved the per-session and overall walking time of sub-
acute stroke patients while reducing their perceived pres-
sure and tension.

Rehabilitation robotics in cognitive
function

The literature on rehabilitation robotics for cognitive
function recovery is relatively limited and often closely
related to motor function recovery. Aprile et al. [116] con-
ducted an exploratory study revealing notable disparities
in attention, processing speed, memory, visuospatial abil-
ity, and executive functioning before and after employing
robot-assisted rehabilitation. Significant differences also
emerged in UE impairments, muscle strength, and ADLs.
Bergqvist et al. [117] emphasized the significance of visuo-
spatial/executive function in the long-term outcomes of lower
extremity motor function rehabilitation after stroke. They
identified a significant association between visuospatial/ex-
ecutive function scores, as measured by Montreal Cognitive
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Assessment (MoCA Vis/Ex), and the results of the 6min walk
test (6MWT) in the conventional gait training group.However,
this connection was not observed in the robotic gait training
group. The study suggested that patients with severely
impaired visuospatial/executive could benefit from robotic
gait training, as they showed improvement regardless of their
visuospatial/executive function.

Furthermore, PC-based cognitive training has the
potential to enhance cognitive function in stroke patients.
De Luca R’s team [118] demonstrated greater cognitive
improvement when cognitive PC training was combined
with standard neurological rehabilitation, compared to
standard neurological rehabilitation alone. In subsequent
experiment [119], although no significant difference was
found between the experimental group (EG), which under-
went traditional cognitive rehabilitation (CR) in addition to
PC-based Erica training, and the control group (CG), which
only received CR, intragroup comparisons revealed more
prominent cognitive improvements in the EG than in the CG.

Additionally, some studies have shown that both upper
and lower extremity robotic rehabilitation with VR can be
highly efficacy for stroke patients. Especially in terms of
cognitive flexibility, shifting skills, visual constructive abil-
ities (attention, memory, visuospatial abilities, and complex
commands), and decreased anxiety levels [31, 120].

Finally, one study confirmed that robotic technology
used in UE rehabilitation had a positive impact on patients’
emotional states by improving their Center for Epidemio-
logical Studies Depression Scale (CES-D) scores after the
intervention [32].

Summary and future perspectives

In summary, robotic technology plays a significant role
in post-stroke motor and cognitive recovery. The use of
rehabilitation robots can relieve clinicians from the burden
of intensive training tasks. Leveraging their accuracy and
dependability, rehabilitation robots offer an effective
means to enhance the outcomes for stroke patients. Future
endeavors should prioritize standardized and uniform
application of rehabilitation robots in stroke treatment;
delve into combining rehabilitation robot training with
virtual reality and telemedicine, and concentrate on the
research and development of adaptive training technology
for rehabilitation robots.
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