
 

 

 

 

 

 

  

Available online at www.HighTechJournal.org  

HighTech and Innovation  
Journal 

Vol. 5, No. 4, December, 2024 

 

 

1170 

 

ISSN: 2723-9535 

 

Elbow-Hand Robotic Exoskeletons for Active and Passive 

Rehabilitation on Post-Stroke Patients: A Bioengineering Review 

Mariela Vargas 1 , Y. Vasquez 1 , Daira de la Barra 1 , Sandra Charapaqui 1 ,                         

P. Tapia-Yanayaco 1 , R. R. Maldonado-Gómez 1 , L. M. Mendoza-Arias 1 ,              

Almendra Altatorre 1 , Cristina Ccellccaro 1 , M. Bedoya-Castillo 1 , Renzo Charapaqui 1 , 

A. Nacarino 1 , Milton V. Rivera 1 , Ricardo Palomares 2 , M. Ramirez-Chipana 1, 3 ,                

Jorge Cornejo 1, 4 , José Cornejo 1, 5* , Jhony A. de la Cruz-Vargas 1  

1 Institute of Research in Biomedical Sciences (INICIB), Universidad Ricardo Palma, Lima, Peru. 

2 Research Group of Advanced Robotics and Mechatronics (GI-ROMA), Universidad Ricardo Palma, Lima, Peru. 

3 Hospital Nacional Edgardo Rebagliati Martins, EsSalud, Lima, Peru. 

4 Mayo Clinic, United States. 

5 Universidad Tecnologica del Peru, Lima, Peru. 

Received 13 May 2024; Revised 06 November 2024; Accepted 11 November 2024; Published 01 December 2024 

Abstract 

The clinical applications and benefits of the use of a Robotic Exoskeleton for Rehabilitation (RER) in the elbow and hand 

are described because a RER is a high-quality alternative capable of restoring compromised functions and 

neurorehabilitation at the same time in post-stroke patients. Passive rehabilitation (PR) is usually applied in the early stages 

of post-stroke recovery. The responsibility of assisting Physical Medicine and Rehabilitation (PM&R) doctors and the 

patient with passive exercises is a robotic system (RS); while active rehabilitation (AR) is applied regularly in late stages, 

it is like PR and its implications but requires the strength and support of the person to perform the exercises voluntarily. 

The objective of the present study is to collect, synthesize, and report relevant scientific studies related to the 

implementation of exoskeleton systems for elbow-hand rehabilitation. Various scientific literature on the topic was 

reviewed in the main biomedical databases using the population, intervention, comparison, results, and context (PICOC) 

criteria. This study presents the potential and describes a comprehensive and updated vision of the consequences and 

improvements obtained with the use of the RER and its advances. In conclusion, the usefulness and importance of a RER 

in various applied clinical practices have found numerous advantages, such as a better evaluation of spasticity, neuromotor 

recuperation, promoting neuroplasticity, and much more, which is of global relevance since this study gives us a greater 

understanding of the potential of these new perspectives to improve the rehabilitation of compromised functions in post-

stroke cases with the use of RER. 

Keywords: Robotic Exoskeleton; Rehabilitation; Stroke; Hand; Elbow; Upper Extremities. 

1. Introduction 

Stroke is a disease that affects a person mainly at a neurological and cardiovascular level that can cause different 
aftermaths due to the obstruction of blood vessels, interrupting circulation, causing lack of oxygen in a part of the brain, 
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and the death of brain cells [1]. To better understand the importance of stroke, it is necessary to mention some of the 
clinical manifestations attributable to stroke, like numbness or weakness of the extremities, dysarthria, vision problems, 
and difficulty performing fine and gross movements. Worldwide, stroke stands out as one of the main causes of mortality. 

According to the World Health Organization (WHO), these have an incidence of 200 cases per 100,000 inhabitants/year, 
with an anticipated increase of 27% between 2000 and 2025 in Latin America and the Caribbean. There was an increase 
from 465,634 cases in 1990 to 708,355 cases in 2019 [2]. Therefore, stroke has obtained second place as one of the 
causes of death worldwide with approximately 11% mortality [3]. Moreover, it has been identified that 70 to 80% of 
stroke survivors reveal limited functional use or no ability at all to move the upper limb (UL), which significantly impacts 
their quality of life as it affects the ease of carrying out basic activities such as eating, writing, dressing, and bathing [4-

6]. In its beginnings, traditional rehabilitation therapy for patients who survived a stroke mainly involved massages, 
acupuncture, physiotherapy, and electrical stimulation, being widely applied to improve and recover compromised body 
functions; however, in many cases it leads to an increase in personnel costs and dependence on human factors [7, 8]. 

Currently, new biomedical technologies can be used for surgical [9-14] and rehabilitation applications [7, 15], such 
as Robotic Exoskeletons for Rehabilitation (RER), which are being developed. Hence, clinical applications in post-stroke 
patients are continuously updated [16, 17]. In fact, the focus is on neurorehabilitation, analyzing the neurophysiological 
bases of the potential for rehabilitation centered on neuroplasticity [18]. Exoskeletons such as SaeboGlove [19], 
NEUROExos Shoulder-elbow Module - γ (NESM- γ) [20], ArmeoSpring application, which allows the patient to work 

not only on motor function but also on cognitive abilities at the same time [21], MyoPro, helping with neuro re-education 
[22], Automatic Recovery Arm Motility Integrated System (ARAMIS), improving rehabilitation in ways that a single 
exoskeleton cannot achieve by itself [23], ExoReha exoskeleton, detecting users' intentions only with encoders integrated 
with the units, allowing active kinesiotherapy without adding sensory systems [24], and so much more, allowing this 
way greater versatility, resource-saving, exercises and rehabilitation tasks update, better neuromotor coordination in the 
movements to be performed, thus complementing the rehabilitation work of therapists [25, 26] such as Physical Medicine 

and Rehabilitation (PM&R) physicians [27]. There are various ways to classify orthoses among them, according to the 
degrees of freedom (DOF), the location of the device on the body, the method of action according to the actuators, the 
application domain, as well as the control mechanism and power transmission [11, 28]. 

Highlighting that upper extremity orthoses target fine motor control and focus on achieving a functional range of 
motion, ensuring correct control of movement through passive rehabilitation (PR) and active rehabilitation (AR), with 
the elbow-hand RER being the focal point of this study. It is proposed that the use of RER through goal-directed 
movements presents a high-quality alternative to regain mobility and precision [29]. This manuscript addresses 2 types 
of rehabilitation treatment, passive and active. PR is typically applied during the initial stages of post-stroke recovery, 

where a robotic system (RS) assists the patient by providing greater joint expansion, movement, and flexibility in the 
upper limbs through passive mechanisms [12, 30]. Moreover, AR is used mainly in advanced stages with a passive 
mechanism that requires the strength and support of the sufferer to perform the movement voluntarily. This approach 
allows for greater irrigation of the affected area, improves neuroplasticity, reduces healing time, and refines grip position 
coordination [31]. Therefore, considering that stroke is an important Public Health problem, the objectives of this 
research are: (1) Compile, synthesize and report on relevant clinical studies related to the implementation of exoskeleton 

systems for elbow-hand rehabilitation, (2) identify the potential of PR and AR regarding RER in the global context, and 
(3) present a comprehensive and updated view on the current state of clinical applications and results derived from the 
use of biomedical devices in elbow and hand rehabilitation in post-stroke survivors [15, 32]. 

The aim of this paper is to reduce the distance of the clinical practice knowledge between bioengineering and 
medicine, that the current literature does not specified, the clinical applications and benefits of RER are generally known 
among the biomedical community and it also can be more visible in the whole medical field, this is a step to encourage 
the promotion of research in biomedical robotics that seeks solutions to improve the quality of health, trough different 
approaches implied in the exchange of skills of different professionals with technical and scientific backgrounds that 

collaborate in the development of RER. This study has included scientific studies from various geographical regions 
such as America, Europe, Asia and different healthcare settings from authorized Physical Medicine and Rehabilitation 
specialists to Rehabilitation Institutes and Health Centers that show a comprehensive understanding of RER in the elbow 
and hand clinical applications and benefits in post-stroke patients’ rehabilitation. 

2. Material and Methods 

A scientific literature search was conducted on studies published over a 10-year period related to Elbow-Hand 
Robotic Exoskeleton Systems for Passive and Active Rehabilitation on Post-Stroke Patients, which have a correlation 
with clinical outcomes. This study was conducted to address the main question: What are the current clinical applications 
of elbow-hand Robotic Exoskeleton for Rehabilitation (RER) in post-stroke patients? The primary aim of this paper is 
to enhance understanding based on reports from relevant studies regarding the implementation of Elbow-Hand 
Exoskeleton systems. Additionally, it aims to identify the potential of both passive rehabilitation (PR) and active 

rehabilitation (AR) in the context of robotics within the field of RER, providing a comprehensive and updated overview 
of the current state of scientific inquiry and outcomes resulting from the use of biomedical devices such as RER in hand-
elbow rehabilitation. The methodology applied in this study was a review of the literature. The research was carried out 
between January 2024 and March 2024. The objectives are aligned with the population, intervention, comparison, 
outcomes, and context (PICOC) criteria. Table 1 illustrates the PICOC strategy employed in this research [33]. 
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Table 1. PICOC strategy 

PICOC criteria Description 

Population Post-stroke patients requiring PR and AR 

Intervention Use of elbow-hand RE during PR and AR in post-stroke patients 

Comparison Passive and Active elbow-hand RE 

Outcomes Mobility, autonomy, and functional recovery of post-stroke patients 

Context Medical-based evidence that supports the use of elbow-hand RE in the PR and AR of post-stroke patients. 

2.1. Data Source and Search Strategy 

The scientific literature search was carried out on: Scopus (www.scopus.com), EMBASE (www.embase.com), IEEE 
Xplore (ieeexplore.ieee.org), and PubMed (pubmed.ncbi.nlm.nih.gov) databases. The search strategy included the use 
of DeCS and MeSH descriptors in each database, Boolean operators (“AND” and “OR”) and the search terms targeted 
robotic exoskeletons used for active and passive rehabilitation therapy. The objectives are aligned with the population, 
intervention, comparison, outcomes, and context (PICOC) criteria. Table 1 illustrates the PICOC strategy employed in 
this research [33]. 

The main search strategy was as follows: #1 TS = ('robotic exoskeleton passive elbow rehabilitation' OR (robotic 
AND ('exoskeleton'/exp OR exoskeleton) AND passive AND ('elbow'/exp OR elbow) AND ('rehabilitation'/exp OR 
rehabilitation))); #2 TS = ('robotic exoskeleton passive hand rehabilitation' OR (robotic AND ('exoskeleton'/exp OR 
exoskeleton) AND passive AND ('hand'/exp OR hand) AND ('rehabilitation'/exp OR rehabilitation))); #3 TS = ('robotic 
exoskeleton active elbow rehabilitation' OR (robotic AND ('exoskeleton'/exp OR exoskeleton) AND ('active'/exp OR 
active) AND ('elbow'/exp OR elbow) AND ('rehabilitation'/exp OR rehabilitation))); #4 = ('robotic exoskeleton active 

hand rehabilitation' OR (robotic AND ('exoskeleton'/exp OR exoskeleton) AND ('active'/exp OR active) AND 
('hand'/exp OR hand) AND ('rehabilitation'/exp OR rehabilitation))). 

2.2. Selection Criteria 

The types of scientific publications searched included “original full-text articles and evidence-based medicine 
studies", the scientific literature selected included publications from 2015 to 2024 and the languages considered were 

English, one of the main scientific languages, and Spanish. The scientific publications excluded from the research were 
the scientific literature older than 10 years, review articles for the results section. The resulting scientific articles were 
located, then those that were not related to the central research topic were discarded. Next, all the articles were read to 
later be able to identify those scientific articles that focus on the research objectives. 

A total of 176 articles were initially identified, of which 140 were excluded based on the exclusion criteria. 
Subsequently, 20 studies on passive rehabilitation and 16 studies on active rehabilitation were included, with a further 

breakdown of 13 and 7 studies focused on the elbow, and 6 and 10 studies focused on the hand, respectively. Ultimately, 
36 articles met the inclusion criteria and were included in the review. The selection strategy is shown below (Figure 1). 

 

Figure 1. Selection strategy diagram 
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2.3. Limitations 

This study was limited to only 2 languages, considering English as the main language in scientific research on this 

topic, aside English and Spanish, Scientific literature from other languages belonging to several of the main countries 

where the highest biomedical technology is being developed and applied clinically and whose scientific research is 

registered in those languages was not taken into consideration. 

2.4. Ethical Aspects 

Ethical committee approval was not required as this was a literature review. 

3. Results 

3.1. Passive Rehabilitation  

In passive rehabilitation, a robotic exoskeleton system is utilized to facilitate exercises for post-stroke patients without 

requiring exertion from the individual, thereby enhancing range of motion and facilitating recovery of neuronal 

connections lost due to various traumas. This approach aids in performing movements more easily, gradually restoring 

independence in motor control when such movements could not be performed or were performed insufficiently. Passive 

rehabilitation is typically initiated in the early stages of post-stroke rehabilitation. Despite being termed passive, the 

system employed is active, as it executes pre-programmed movements without requiring user support. 

Passive rehabilitation with a RER is applied in post-stroke survivors due to the notable consequences of spasticity. 

Spasticity is characterized by an abnormal increase in muscle tone, tendon reflexes, as well as clonus, contractures, pain, 

and limited joint mobilization [34]. Traditionally it is evaluated using the Modified Ashworth Scale (MAS) and the 

Modified Tardieu Scale (MTS) [35] carried out by PM&R physicians, with results largely dependent on their experience 

and expertise.  

a. Elbow  

Passive rehabilitation with a robotic exoskeleton at the elbow allows the use of exoskeletons that allow many 

characteristics to be objectively captured as precise monitoring through the cinematographic information obtained [25, 

36-40] and often to guarantee its reliability is accompanied by the use of electromyography (EMG) [41-44] as shown in 

Table 2. However, its use is not recommended when it reaches a value of 4 on the modified MAS or the presence of 

fixed contraction in the affected limb [45]. 

The use of RER for the elbow allows real-time cinematographic data during each session carried out at a constant 

speed, measuring and calculating the resistance force obtained and muscle rigidity, transmitting the results to a computer 

[36, 37] allowing to safely carry the muscle strengthening by accommodating the strength systems to each patient. A 

study with the use of the KAPS robot [37] compared the results between healthy people and post-stroke survivors 

through passive stretching exercises of the elbow with flexion and extension movements obtaining significant 

differences such as the decrease in speed and the final angle, also allows to creep in the latter group, check the sensible 

and quantitative evaluation provided by the exoskeleton. Similarly, in another comparative study with REAplan [40], a 

person’s performance was evaluated before and after a motor nerve block. This study quantified the decrease in 

resistance force in passive extension after the block and observed an increase in spasticity at high speeds.  

The joint kinematic model RER for the elbow is often used to extract data metrics accompanied by EMG tests, which 

measure the electrical activity of the muscle and capture the intensity of the involuntary reflex, evidencing a positive 

and significant correlation between the two [42, 43]. The training carried out by the NEUROExos Elbow Module 

(NEEM) [44] was used together with EMG to evaluate biomechanical parameters, muscular performance, and muscular 

activity. This validates the use of the exoskeleton as an innovative methodology for the evaluation of spasticity and 

rehabilitation. 

Regarding elbow motor recovery by RER, passive training consists of movements led by the exoskeleton, 

recommended in cases of severe spasticity and post-stroke onset, leading to motor improvements and proprioception 

[46]. For a remote evaluation, the use of two ARMin robots [25] was proposed, one used by the physiotherapist and the 

other by the patient, managing to evaluate the level of deterioration of the arms such as the altered quality of movement, 

resistance to passive exercise and range of movement reduced. However, it is recommended to complement the use of 

active-passive exoskeletons for more effective recuperation [47, 48]. These are some of the multiple benefits derived 

from the use of RER in elbow in post-stroke patients in passive rehabilitation therapy (Figure 2). 
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Table 2. Clinical results of passive elbow rehabilitation by robotic exoskeleton. 

Author (Year) Country Actuation Mechanism Application Results 

McGibbon et al. 

(2013) [42] 
Canada 

The stretch reflex assessment uses a 

simple wearable sensor system to capture 

data during passive testing, along with a 

joint cine model to extract metrics from 

the cine and EMG data to capture the 

intensity of the involuntary reflex. 

9 stroke patients. 

Kinematic metrics and EMG data are 

positively and significantly correlated 

with each other. 

Grimm et al. 

(2016) [48] 
Germany 

Using the exoskeleton, lifting and 

gripping exercises were performed. 

Excessive assistance of the robot may 
lead weakening. 

5 patients with severe 

chronic stroke. 

An improvement was observed in 

cinematographic parameters. range of 

motion, the precision of motion, and 

speed of movement A passive robot 

powered by the user's healthy elbow 
was designed, and the motor flaccidity 

was calculated using EMG. 

Centen et al. 

(2017) [36] 
Canada 

Passive stretching of the elbow in flexion 

and extension, evaluating the difference 

in maximum speed. final angle and 

creep(release). 

96 healthy people and 

46 stroke patients. 

The results are compared between the 
affected limb and the healthy one, 

showing a decrease in the final angle 

in spasticity. KAPS Robot Provides 

Sensitive and Quantitative 

Assessment. 

Crea et al. (2017) 

[40] 
Italy 

NEEM was used through passive 

mobilization exercises and adverse 

effects were evaluated. mechanical, 

electrical, or software failures. 

17 post-stroke patients, 

over 25 days after the 

stroke. 

 

Dehem et al. 

(2017) [39] 

 

France 

Each patient was evaluated before and 

after the motor nerve block, and the robot 

passively mobilized at various speeds. 

12 stroke patients 

Inclusion criteria were: 

adult (>18 years). 

No adverse events or increased 

spasticity were reported. 

Tze Hui et al. 

(2017) [4] 

 

Singapore 

The continuous passive encoder was 

designed based on user, intent detected by 

surface electromyography sensors 

attached to the biceps and triceps, using 

fabric and elastomeric pneumatic 

actuators. 

It was tested on 6 

healthy subjects. 

The REA plan quantified the 

resistance strength of the upper limb. 

Posteraro et al. 

(2018) [38] 

 

Italy 

Using the NEEM and rehabilitation 

sessions, spasticity was measured during 

the rehabilitation period. 

5 post-stroke patients 

between 19-79 years 

(mean age, 61). 

The elbow brace was able to achieve 

approximately 50% of the full range 

of motion of extension and flexion of 

the elbow joint among all subjects. 

Washabaugh et al. 

(2018) [47] 
USA 

A passive robot was designed powered by 

the user's healthy elbow; the motor 

flaccidity is calculated by EMG. 

6 survivors of unilateral 

stroke. 

Subjects had high levels of muscle 

activation in the arm powered by self-

power compared to those performed 

by externally powered reduced motor 

camp. 

Baur et 

al. (2019) [25]  
Germany 

Two robots were used. ARMin, one used 

by the physical therapist and another by 

the patient, evaluates the level of 

alteration of arm movements. 

15 stroke patients and 

physiotherapists 

participated. 

36 right-handed 

participants with stroke. 

It was possible to quantify the 

common deficiencies in patients with 

stroke: altered quality of movement, 

resistance to passive movement, and 

reduced range of motion. 

Mochizuki et al. 

(2019) [37] 
Canada 

Kinematic information on shoulders and 

elbows was collected during the tasks 

performed and transmitted to a computer 

in real-time. 

70 patients with stroke. 

Patients with spasticity have greater 

deficits in motor function and 

proprioception. 

Sin et al. (2019) 

[43] 
Korea 

Developed an isokinetic device that 

combines with EMG. 

17 patients with stroke 

and mild elbow flexor 

spasticity. 

Isokinetic movement improves inter-

rater confidence by giving more 

standardized angle measurements and 

sensation capture. 

Chiyohara et al. 

(2020) [46] 

 

Japan 

The exoskeleton proportionally 

introduces a sensory state of the desired 

movement. 

36 right-handed 

participants with stroke. 

Passive training improved the 

reproduction of ordered movement 

and proprioceptive acuity. 

Pilla et al. (2020) 

[44] 
Italy 

Through training by NEEM together with 

EMG, biomechanical parameters, muscle 

activity, and motorcycle performance are 

evaluated. 

60 post-stroke patients 

were evaluated. 

The use of an exoskeleton was 

validated as an innovative 

methodology for evaluation of 

spasticity and functional rehabilitation 

with EMG recordings. 
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Figure 2. Passive Elbow Rehabilitation 

b. Hand 

Passive rehabilitation with a robotic exoskeleton in the hand can be used in the aftermath mainly of stroke, 

Duchenne muscular dystrophy [49], and cerebral palsy [50], since it provides mechanical support for the patient to 

acquire resistance, support, and perform activities of daily living (ADL). The mechanism that manages this type of 

exoskeleton consists of a passive system with the help of external forces that cause joint displacement, respecting the 

degrees of freedom [51] that a normal hand must manage, thus allowing a wide range of exercises to improve hand 

rehabilitation with the latest therapies combined with (PM&R) doctors experience. For example, the design of a glove 

may have a series of elastic actuators, with characteristics of basic mechanical modules: the actuator, responsible for 

forces, speeds, and displacements, that is, the glove motor, and, on the other hand, the set of transmissions that 

communicate the indicated commands to the actuator, all of this being part of the mechanics that made possible to 

carry out movements in an area with pain due to joint stiffness, also a precise anatomical fit to each area of the 

affected hand is also considered, allowing for a desired arc length and range of motion [51]. In contrast, a lightweight 

and mobile three-dimensional (3D) printed hand exoskeleton is presented, operating via tensioners and elastic cords 

that grant the user the ability to maintain active control of finger flexion and extension, thereby enabling effective 

grasping or releasing of objects [52]. 

Recovery of neural connections with the use of RER is a clinically important feature during post-stroke hand 

rehabilitation, this can be analyzed by collecting measures of cortical excitability through a resting motor threshold and 

potential signals over the hemispheres recorded at a predefined parameter, where EMG controls device communications 

through brain excitability by activating passive flexion-extension movement of the fingers and wrist joint by measuring 

electrical signals in skeletal muscles. Additionally, MyoPro emphasizes its PR approach in Bobath therapy [53, 54] 

through myoelectric signals from the paretic muscles, aiming to repeat the performed movements. This approach also 

helps moderate the co-contractions occurring in the agonist and antagonist muscles [55]. 

Some of the benefits of proper passive hand rehabilitation with RER include motor improvement, neuroplasticity, 

and spasticity control, which is speed-dependent on the programmed exoskeleton. Research indicates that this type of 

therapy allows the range of movement of the hand to be increased to a certain extent [56]. An example of this is the 3D-

printed hand exoskeleton, which by reducing the amount of effort needed to grasp objects allows greater movements 

without fatigue. This, in turn, increases the number of repetitions and aids in the practice of regaining strength and 

repetitive movements to perform ADL [52]. After a stroke, the interneuronal connections that help in the coordination 

and motor movement of the affected limbs are lost, which is why at the end of the therapies aimed at these people, a 

decrease in interhemispheric asymmetry and greater cortical excitability is shown in the ipsilesional zone hemisphere 

[57]. Furthermore, the exoskeleton and the tension in its cables counteract spasticity so that the individual reaches a 

certain range of extension with the fingers [52], as shown in Table 3. These are some of the multiple benefits derived 

from the use of RER in hand in post-stroke patients in passive rehabilitation therapy (Figure 3). 
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Table 3. Clinical results of passive hand rehabilitation by robotic exoskeleton 

Author (Year) Country Actuation Mechanism Application Results 

Hu et al. 

(2014) [58] 
China 

Robotic neuromuscular electrical 

stimulation system powered by EMG, 

cyclic signals in the muscles that 

improve strength, trigger 

neuroplasticity, and functional 

reorganization of damaged muscle 

areas (prevents muscle atrophy). 

73 patients with unilateral 

ischemic brain injury or 

intracerebral hemorrhage of at 

least 6 months. 

Effective at improving motor function 

and coordination at the wrist and 

shoulder/elbow compared to robots 

without neuromuscular electrical 

stimulation. 

Borboni et al. 

(2016) [51] 
Italy 

It is based on two main modules: the 

actuator, which generates forces and 

displacements, and the elastic 

transmissions that go to the fingers. 

This approach allows for efficient 

activation and precise motion 
transmission. 

35 participants aged 45 to 80 

years, with upper extremity 

functional disabilities after acute 

stroke. One group of 16 patients 

with total paralysis and the other 

groups included 14 patients with 
partial paralysis. 

The partial paralysis group 

demonstrated a more significant 

decrease in wrist swelling and pain. 

However, the pain reduction did not 

reach the threshold considered 
clinically significant. 

Wu et al. (2017) 

[59] 
China 

Electromyography-driven 

neuromuscular electrical stimulation 

robot system to perform sequential 

movements of elbow extension, wrist 

and hand opening, and wrist and 
elbow flexion, to assist arm reaching, 

grasping, and withdrawal function in 

daily activities. 

24 post-stroke patients with 

upper limb motor deficits who 
received 20 training sessions. 

Helps to loosen muscle contractions, 

improve limb coordination, and 
perform daily activities. 

Ambrosini et al. 

(2019) [60] 
Italy 

Hybrid RS combining 
electromyography-activated 

functional electrical stimulation with 

a passive exoskeleton for upper 

extremity training. 

7 adults in the subacute stage of 

stroke who underwent the 

RETRAINER-ARM system. 

Improvement of motor functions, 

better range and accuracy of motion. 

Dudley et al. 

(2019) [52] 
USA 

The passive exoskeleton of the hand 

has tensioners and elastic cords that 
allow extension and flexion. 

Manufactured with 3D printing and 

PLACTIVEMT, it facilitates mobility 

in hands affected by a stroke. 

A man aged 67, over six months 
post-stroke, experienced the 

effects on his right hand due to 

the stroke. 

The scores of the Fugl-Meyer 

evaluation, Box and Block tests were 
improved with the use of the device. 

Additionally, the subject had greater 

EMG activation in his extensor. 

Brihmat et al. 

(2020) [50] 
France 

The ArmeoSpring device is a passive 

exoskeleton for upper limb 

rehabilitation. Patients perform 
assessment exercises in a three-

dimensional space, with adjustable 

weight support, allowing autonomous 

movements with visual and auditory 

feedback. 

30 hemiparetic patients after 

stroke. 

The study concludes that 

ArmeoSpring is effective in reliably 

and quantitatively assessing motor 
deficits in post-stroke patients. 

Accuracy in structuring testing 

sessions is improved with specific 

parameters such as PeakVel and 

Score. 

Huang et al. (2020) 

[61] 
China 

Electromyography-driven 

neuromuscular electrical stimulation 

robotic hand and another EMG-

driven robotic hand system for 

chronic stroke patients. 

30 post-stroke patients had 20 

experimental robotic hand 

training sessions. 

The device with neuromuscular 

electrical stimulation had better results 

in voluntary motor recovery, muscle 

coordination and patients obtained 

greater release of contractures. 

Singh et al. (2021) 

[57] 

 

India 

Predefined threshold in EMG for the 

activity of the EDC muscle through 

wrist extension and finger flexion. 

23 patients with chronic stroke. 

Improvement of cortical excitability in 

the ipsilesional hemisphere that may 

be due to new neuronal 

reorganizations. Decrease in 

interhemispheric asymmetry. 

Hsu et al. (2022) 

[56] 
Taiwan 

Through an automatic passive range 

of motion exercises, it provides three-

finger, five-finger, and mirror-guided 

movement models for flexion and 
extension of the affected hand. 

12 chronic stroke patients with 

severe upper extremity 

hemiparesis. 

Combined robotic exoskeleton 

therapy with traditional manual 

training increased hand function and 

strength. 

Pundik et al. (2022) 

[55] 
USA 

Myoelectric signals are collected 

through a predefined threshold 

through electromyogram sensors of 

paretic muscles (flexors, finger 

extensors, biceps and triceps), 

activating the motors and initiating 

practice and coordinated movement. 

13 people with chronic 

moderate/severe arm weakness 

due to stroke (n = 7) or traumatic 

brain injury (n = 6). 

Increased function in the extremity 

and decreased motor impairment in 

response to the device. 

https://jneuroengrehab.biomedcentral.com/articles/10.1186/s12984-021-00867-7#auth-Neha-Singh-Aff1
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Figure 3. Passive Hand Rehabilitation 

3.1. Active Rehabilitation 

In active rehabilitation, the use of a robotic exoskeleton system is used as a guide for post-stroke patient's performance 

of exercises and activities, making movements in a range from very low to higher intensity as necessary, allowing, for 

example, so that the patient can recover to a certain extent and even completely the functions compromised in a stroke 

and at the same time the neuronal connections recovery. It is classified as active when voluntary physical effort is made 

mainly in carrying out movements. In this case, it is usually used when there is no longer extreme pain caused by the 

consequences of the stroke, weakness, atrophy, paralysis, spasticity, and mainly neuromuscular coordination 

compromise. Unlike PR, this retrains the brain to communicate with the muscles, leading to better neurorehabilitation 

and allowing them to relearn certain movements [62], further reducing muscle pain. Also, AR is usually applied in the 

first periods of rehabilitation of post-stroke patients. Although it is called AR, the system used is passive as it primarily 

requires the user's support to perform the exercises. 

Furthermore, AR primarily focuses on achieving greater voluntary motor activity, muscle strengthening, flexibility, 

stability, precision, and improving blood flow. It enables a greater extent of liberated muscle spasticity [61], provides 

comfort [63], and contributes to reducing the presence of pathological muscle coactivation [64] and pain. 

a. Elbow 

Active rehabilitation with a robotic exoskeleton that trains the elbow joint allows the recovery and improvement of 

the functions corresponding to the musculoskeletal and nervous system involved, such as the elbow joint itself, as well 

as the related muscles, which mainly include the triceps brachii, biceps brachii muscles through the various movements 

performed [59, 65, 66], Additionally, it contributes to its trajectory synchronization and coordination [17]. The use of 

exoskeletons is recommended when there is a difficulty performing movements due to muscle weakness or spasticity 

[17, 65] affecting the range of extension and flexion of the elbow joint, adding that in many cases there is a poor response 

of the arm commanded by the brain [17]. Due to this, unlike PR, it generates better conditions for the development of 

neuroplasticity [23] and requires voluntary physical effort on the part of the individual when performing movements 

with the elbow joint. 

Among the benefits of AR with RER for the elbow, it has been observed that improvements in spasticity and motor 

function [65] are more pronounced when the exercises are performed consistently with adequate rest periods. are more 

pronounced when the exercises are performed consistently with adequate rest periods It is recommended to have 

guidance and supervision from a specialist during rehabilitation sessions [17]. 

The functioning RER mechanisms for active elbow rehabilitation vary according to different degrees of technology, 

for example, the case of basic exoskeletons for AR consists of a robotic skeletal frame that adapts to the elbow and 

allows stretching or flexion of the arm in the same direction as the affected arm, allowing the healthy arm to guide the 

movements of the affected arm, in addition, increasing the variety of different rehabilitation exercises, interest and 

motivation in them, accuracy, levels of cooperation, reducing the effort, rehabilitation time and improve stability [59, 

65-68] as shown in the results of Table 4. These are some of the multiple benefits derived from the use of RER in elbow 

in post-stroke patients in active rehabilitation therapy (Figure 4). 
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Table 4. Clinical results of active elbow rehabilitation by robotic exoskeletons 

Author (Year) Country Actuation Mechanism Application Results 

Herrnstadt et al. 
(2015) [17] 

Canada 
The exoskeleton operated using a master 
arm and a slave arm. 

All the proprioceptive and haptic 

feedback exercises were performed by 7 
chronic stroke patients. 

The error in the proprioception 
measurement was reduced. 

Pignolo et al. 

(2016) [23] 
Italy 

The robotic exoskeleton works by a 

master-slave exoskeleton system. 

52 stroke patients participated, and the 

exercises performed were single and 

multiple movements including elbow 
flexion-extension. 

Improved the efficiency and the variety 

of rehabilitation exercises in comparison 

to a single exoskeleton structure. 

Das Neves et al. 

(2019) [65] 
Brazil 

Using EMG, in conjunction with the peak 

torque of the elbow flexor muscles in 

maximum voluntary contraction and 

considering the kinematic range. 

12 healthy volunteers and 15 post-stroke 

volunteers performed different 

movements quantifying the range of 

motion of the elbow. 

Certain poststroke volunteers exhibited 

a significant increase in the range of 

elbow motion. 

Kopke et al. (2020) 

[66] 
USA 

This exoskeleton works using EMG 

technology. 

12 stroke patients and 12 control patients 

completed the study, and the exercises 

included both movements and holding 

the position, with proprioceptive and 

visual feedback. 

It allowed to recognize the ability of an 

LDA-based classifier to calculate user 

intent in patients' tasks. 

Liu et al. (2021) 

[67] 
China 

It has a coordination quantifier to permit 

generate the initial path and the position 

controller that allows to track the final 

path that is corrected by human contact 

force. 

Between the rehabilitation exercises, the 

4 stroke patients drank water and touched 

their heads to see coordination issues. 

This work managed to maintain the 

active motivation of the patient while 

increasing movement coordination, 

keeping the safety and predicting the 

elbow joint data much better. 

Ren et al. (2023) 

[68] 
China 

Through different controls including 

bilateral control and sEMG. 

6 healthy patients performed exercises of 

bilateral coordination. 

This exoskeleton showed a better 
prediction effect and a little tracking 

error in joint motion, also the Unity3D-

based game system increased the 

interest in the rehabilitation. 

Wu. et al. (2023) 
[59] 

China Surface electromyography (sEMG). 

4 healthy persons and 4 stroke patients 

performed repetitive trajectory exercises 
six times according to each condition. 

Promote the active participation of 

patients and the safety of training, also, 

benefits the position control accuracy, 
upgrading the active cooperation level, 

smoothness, reducing the effort and 

improving stability. 

 

Figure 4. Active Elbow Rehabilitation 

b. Hand 

Active rehabilitation with a hand-robotic exoskeleton consists of a persistent human-machine interaction involving 

assisted assistance of the robotic device subject to the user's intention to move the hand [69, 70]. Patients chosen for this 
type of therapy have a greater range of motion and a lower level of spasticity, measured by tests such as the MAS and 
the MTS, it can be said that this criterion determines their participation [57]. Other determining factors include 
neuroplasticity, muscle recovery, medication regimen, absence of neurological or nervous injuries, and 
musculotendinous or bone fracture [69]. The use of RER for hand is supervised by personnel who usually know the 
protocols using the myoelectric system [57]. 
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As for the materials that can be used for manufacturing RER applied on hand, polylactic acid is mainly used in three-
dimensional printing, while others choose to use Velcro material for the supporting parts. In addition, the ergonomics of 
the patient are ensured since the gloves have a design based on the physiological anatomy of the hand, allowing the 

structure to accommodate the flexion/extension points of each joint, mainly in the thumb and index finger, enabling the 
execution of fine movements. In the same way, the concept of DOF is usually associated with the metacarpophalangeal 
(MCP), distal interphalangeal (DIP), and proximal interphalangeal (PIP) joints. It is also commonly observed that there 
are more than 5 DOF, as there are 2 DOF per finger or even more if there is simultaneous and coordinated movement 
among them [57, 71]. 

There is evidence of different types of RER for hand activation, some studies of robotic hand devices such as ReHand, 
explain that their system works through Brain-Computer Interfaces (BCI) and that it includes a stage of acquisition, 
processing, control of external devices and feedback of brain signals [69, 71]. This provides a better understanding of 

how exercises recommended by the PM&R physicians can be implemented and prioritized. Other works indicated that 
the glove allows the extension of the fingers through the tensioners and the correct position during the exercises, either 
with intention or with the help of electrical stimulation in the muscles, and conversely retracts the fingers once the 
movement is completed [70] meaning that voluntary movement can be guided by RER functions in a safe way. Finally, 
it is common to see various hand-held exoskeletons such as the Hero device that has a gyroscope or sensors that detect 
the intention of movement through a threshold that allows the activation of the system and the performance of exercises 

[72-75]. 

In RER for hand use, several conditioning factors must be considered, including neuroplasticity, muscle recovery, 

the medication regimen, the absence of neurological or nervous injuries, and musculotendinous or bone fracture, being 
these few reasons that explain why the use of RER for hand is supervised by specialists who know the neuromuscular 
system and the protocols. Therapy sessions focus on five standard ranges of motion, guiding device operation through a 
medical and biomedical framework for practical applications of RER [74, 76]. The related information is shown in Table 
5. These are some of the multiple benefits derived from the use of RER in hand in post-stroke patients in active 
rehabilitation therapy (Figure 5). 

Table 5. Clinical results of active hand rehabilitation by robotic exoskeleton. 

Author (Year) Country Actuation Mechanism Application Results 

Franck et al. (2018) 

[70] 
Netherlands 

A dynamic hand orthosis was used. The 

hand is maintained in an extension 

position with the support of the device 

and in flexion by the patient's hand 

movement. The support can be adjusted 

to the hand opening support. In addition, 

an electrical stimulation device, the 

Mcrostie, was placed by placing a 

cathode and an anode to stimulate the 

arm muscles. 

Involving 8 sub-acute stroke 

patients. 

75% of accident patients with Subacute stroke improved 

their ability to use the affected arm in daily activities 

between the start of training and follow-up. However, as 

all eight participants were included during the subacute 

phase after stroke, the improvements in arm-hand skill 

performance may also be attributable to other factors, i.e., 

(a) spontaneous recovery, and (b) therapy received as such, 

usual, (c) the application of the dynamic orthosis in 

combination with electrical stimulation, or (d) a 

combination of these factors allows the affected arm-hand 

to be used for passive and active stabilization tasks, such 

as preparing bread while making a sandwich. 

Yurkewich et al. 

(2019) [72] 
Canada 

Through the extension and flexion force 

(push-pull force from a single screw-

driven linear servo actuator that is 

mounted on the dorsal surface of the 

glove on the inside. line with the next 

two sets of cable guides) received by 

brides in the index, middle and thumb 

fingers. A gyroscope detects movement. 

 

2 chronic stroke survivors with 

severe hand disability. To 

determine the threshold that 

activates movement, 4 patients 

(18 to 35 years old; 3 women). 

participated. Finally, there were 

5 participants. 

 

The patients showed reduced touch sensation in the 

fingers, palm, and forearm, using a standardized 

assessment, also, the participants did not show pain, 

according to a standardized scale. The HERO glove 

showed greater extension in the index finger and 

progressive progress was seen in the thumb and index 

fingers. The robot allows gripping or pinching movements 

to be carried out and patients showed greater performance 

on tasks as part of the exercises. 

Yurkewich et al. 

(2020) [73] 
Canada 

Through the extension and flexion force 

(push-pull force from a single screw-

driven linear servo actuator that is 

mounted on the dorsal surface of the 

glove on the inside. line with the next 

two sets of cable guides) received by 

brides in the index, middle and thumb 

fingers. A gyroscope detects movement. 

 

11 people who had minimal or 

no finger extension (Chedoke 

McMaster hand stage 1 to 4) 

after stroke to assess how well 

they could perform ADL and 

assessments of finger function 

with and without using the 

HERO Grip glove. 

The participants showed statistical improvement using 

standardized scales, all during the period of use of the 

HERO glove. Tasks assigned as part of the exercises, such 

as: grip or pinch, finger extension, range of motion, etc., 

were better performed with the use of the orthosis. 

Cantillo-Negrete et 

al. (2021) [69] 

 

Mexico 

EEG signals were recorded using a cap 

with 11 active electrodes. BCI systems 

comprise four stages: acquisition, 

processing, control of external devices, 

and feedback of brain signals. Mental 

rehearsal of movement, movement 

attempt, or motor intention (MI) elicits 

activations in the sensorimotor cortex. 

7 subacute and 3 chronic stroke 

patients (M = 59.9 ± 12.8) with 

severe upper limb impairment 

were recruited in a crossover 

feasibility study to receive 1 

month of BCI therapy and 1 

month of conventional therapy 

in random order. 

Patients were less affected after either of the interventions, 

suggesting that both interventions effectively increased 

upper extremity motor function in stroke patients. The 

ReHand-BCI could also benefit motor recovery due to the 

closed-loop communication it provides between the 

patient and the affected upper limb. This hypothesis is 

reinforced by other BCI studies reporting accident 

rehabilitation outcomes lower cerebrovascular outcomes 

in control groups that received feedback only passive 

movement or sham feedback. 
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He et al. (2021) 

[74] 
China 

The interaction forces between the 

patient and the binding cuffs were 

analyzed to pinpoint the patient's 

intention to move, applying six-

dimensional pressure sensors and 

force/torque sensors to the forearm and 

upper arm binding cuffs. In that sense, 

the forces of interaction were converted 

to the speed of command in the articular 

space with a method of admission 

control. 

This project involved 8 

participants with hemiplegia due 

to a first-ever, unilateral stroke. 

These results are only preliminary due to the limited 

number of subjects. Patients showed significant 

improvements in movement, smoothness in joint space, 

postural synergy error, and intention response rate. 

Singh et al. (2021) 
[77] 

 

India 

The device is actively initiated by the 

EDC (Communist Finger Extensor) 

muscle electromyogram (EMG) 

reading, with the robot's movement 

activated only if EMG thresholds are 

exceeded and provides real-time 

adaptive performance, interactive visual 

biofeedback. 

This project involved more than 

300 patients (n > 300) who were 

chosen from the outpatient clinic 

of the Department of Neurology, 

AIIMS, New Delhi, for three 

years, from July 2016 to January 

2019. 

All patients in RG (Robotic-therapy Group) (n = 12) and 

CG (Control Group) (n = 11) (all right-handed patients 

with stroke, age = 41.9 ± 11.1 years, Male: Female = 19:4) 

completed successfully the therapy-sessions in 30–34 

days. 

Pundik et al. (2022) 

[55] 
USA 

The device completes the movement 

started by the user and directs the action 

of the coordinated movement (such as 

dissipating the joint contraction of the 

agonist and antagonist muscles). Both of 

these aspects are essential elements of 

ML (motor learning). The motors inside 

the device start only when the EMG 

voluntarily generated by the individual 

reaches a threshold level; This activates 

the device to help the patient complete a 

movement. 

This study was associated with 

thirteen individuals with 

moderate/severe chronic arm 

weakness due to stroke (n = 7) or 

head trauma (n = 6). 

Post-hoc analysis was used to assess differences between 

time points. Given the limitations of sample size, it was 

only adjusted for lesion type and baseline score, 

understanding that the interpretation of results related to 

lesion type is intertwined with age differences. 

Xia et al. (2022) 

[71] 
China 

The host computer processes data 

collected by the slave computer and 

sends commands via the interface 

program. The overall control system is 

composed of four major parts, including 

the hand exoskeleton, host computer, 

slave computer and a wearable 

controller. Hand rehabilitation 

exoskeleton control flow diagram for the 

three rehabilitation modes. 

This project was conducted on 

healthy volunteers. 

The effectiveness of the handheld exoskeleton system in 

stroke patients in this project is visualized for testing in 

patients. 

Chen et al. (2023) 

[75] 
China 

The admission control method was 

applied to overcome robotic inertia and 

transform intentions into desired 

postures with mechanical outputs to 

calculate and complete the 

instantaneous discrepancy between the 

target position and the UE (upper 

extremity) position in real-time via the 

Jacobian matrix. 

This project involved 80 patients 

randomly assigned to the 

intervention and included in the 

analysis. 

Relative to ANCOVA, higher baseline scores were 

significantly associated with correspondingly greater 

improvements in EAMT therapy; No significant 

differences were found after adjustment for the remaining 

features. The results were stable with sensitivity analyses 

on models that imputed missing data, unadjusted models, 

and models by the protocol set. 

 

Figure 5. Active Hand Rehabilitation 

https://ieeexplore.ieee.org/author/37088961803
https://jneuroengrehab.biomedcentral.com/articles/10.1186/s12984-021-00867-7#auth-Neha-Singh-Aff1
https://loop.frontiersin.org/people/200172
https://sciprofiles.com/profile/2261537?utm_source=mdpi.com&utm_medium=website&utm_campaign=avatar_name
https://www.ahajournals.org/doi/10.1161/STROKEAHA.122.041480
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4. Discussion 

After reviewing and analyzing the various publications included, it becomes evident that early rehabilitation during 

hospitalization has made significant strides in the treatment of post-stroke patients. The recovery of motor function 

hinges on factors such as training time, exercise frequency, exoskeleton intensity, spasticity assessment, improvements 

in neuroplasticity, and post-application follow-up of RER for elbow-hand [65, 78]. The exoskeletons used for this 

purpose suggest a good position and correct functioning, that is, achieving a natural range of movement in the joints of 

interest, also improving the speed of action, without significantly affecting the non-target joints, avoiding stiffness in 

unwanted areas and improving motor function [5]. Furthermore, their implementation through dynamic therapies and 

rehabilitations with a certain degree of complexity as more realistic practice, high frequency, progression, and feedback 

seeks to reestablish neuronal integration, allowing neuroplasticity in these patients [18, 57]. 

The WHO, in its package of rehabilitation interventions for adult stroke patients, including survivors of cerebral 

ischemic stroke and cerebral ischemic stroke, recommends functional stroke rehabilitation interventions for motor 

functions and mobility focusing on the use of the hand and arm use, indicating that for assessment of hand and arm use 

is 20 minutes, for constraint-induced movement therapy is up to 60 minutes and for functional training, which may 

include virtual reality training, use on hand and arm is 20 minutes per rehabilitation session, there are also medical 

sessions centered on exercise tolerance functions, ADL, work and employment, participation in community and social 

life, among others [79]. Similar positive outcomes have been observed with alternative training systems in post-stroke 

patients. For instance, a program comprising 27 sessions of 30 minutes each, utilizing passive exoskeleton technology, 

has demonstrated efficacy [60]. Similarly, in EMG-driven robotic systems 30-minute therapies are performed for lateral 

and vertical activities with 10 minutes of rest to avoid muscle fatigue [61], and the one used in the neuromuscular 

electrical stimulation robotic system consists of 40 minutes of repeated exercises and assisted movements with 10-minute 

rest between each 20-minute practice due to muscle fatigue [80]. 

Passive rehabilitation with RER in contrast to traditional rehabilitation methods indicates greater effectiveness in the 

early stages of post-stroke recovery. One of the consequences of surviving a stroke is hemiplegia, in which cases, passive 

rehabilitation is used in early recovery therapy, When the patient cannot contract the muscles adequately, in traditional 

rehabilitation the required exercise repetition numbers, force used, and precision are limited based on human assistance 

compared to RER assistance that passively follows a training trajectory in predefined time with high tracking precision 

enabled by the specialist-regulated RER, contributing to improving muscle contraction function and at the same time 

can eliminate joint spasm [62]. Some studies indicated that scores of the Fugl-Meyer scale with RER compared to 

conventional therapy show greater improvement after receiving rehabilitation [23]. 

4.1. The Evaluation of Spasticity 

Currently, in the rehabilitation with RER for elbow-hand, after a stroke episode in patients, the degree of spasticity 

is evaluated by MAS [43] and MTS performed by the PM&R. However, despite their usefulness, they are not completely 

reliable since they depend on the experience and knowledge of the specialist [25], which is why the importance of 

accurate measurement through the use of an exoskeleton is highlighted for a correct rehabilitation strategy. Likewise, 

several studies mention clinical evaluation to measure the impact of robotic therapy by comparing clinical results before 

and after the intervention [43], these include the Fugl-Meyer Upper Extremity Evaluation (FMA UTE) that rates motor 

impairment from 0 to 66, the Action Research Arm Test (ARAT) to measure the function of the upper extremities and 

especially the Functional Independence Measure (FIM) [81], the latter consists of a scale that evaluates not only the 

manual part but also the dependence or independence of the patient across levels of functionality, Moreover, during 

repetitive exercises, it has been observed that patients may apply grip pressure that is either insufficient or excessive 

compared to the given reference, a phenomenon attributed to spasticity-induced abnormal muscle activation [82]. 

One of the resulting challenges lies in the limitations of traditional methods, which fail to capture all the 

characteristics of muscle hypertonia, which is why a quantitative and objective evaluation is proposed through multiple 

techniques to validate the reliability of the exoskeleton when differentiating the results obtained in healthy and affected 

populations or limbs using various parameters such as maximum speed, final angle used in passive elbow stretch. One 

of the advantages is the continuous monitoring during each rehabilitation session even during each movement 

highlighting small changes in addition to the early detection of the recovery plateau avoiding excessive sessions, as well 

as characterizing kinematic and proprioceptive deficits providing sensitive and quantitative information [38, 45, 83]. 

There is a lack of sufficient research on the correlation between medical scales and measurements performed by robotics 

applied in rehabilitation [45]. However, a significant relationship has been observed between the activity of the muscles 

captured by EMG and the kinematic recordings of the sensors on the flexion/extension of the elbow joint [65], so its use 

is proposed to obtain metrics related to the MAS clinical scale [40, 42-44]. 
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4.2. Motor Recovery Importance 

The use of elbow-hand RER has helped in the improvement of patients, several studies have concluded that there is 

significantly better motor recovery in those assisted by robotic devices [60]. Robotic assistance is tailored to execute 

pre-programmed passive and continuous movements, which effectively reduce muscle tone, enhance joint mobility, and 

facilitate active movements between the machine and the operator. These interventions contribute to the restoration of 

motor control through positive cortical reconfiguration following traumatic brain injury such as stroke [4]. Additionally, 

other studies indicated that working with a bimanual wearable robotic device (BWRD) favors motor recovery [17].  

On top of that, other studies have indicated that integrating the RER with functional electrical stimulation (FES) may 

have the potential to improve the recovery of motor functions and depends on its application area to facilitate effective 

training [60] and other works suggested incorporating neuromuscular electrical stimulation (NMES) in muscle activities 

can lead to enhance muscle coordination [58]. In patients with chronic stroke, if it is used in the distal muscles, it causes 

better recovery in the total upper limb, for example, in the wrist, it also can achieve improvement in the function of the 

elbow. In the long term, it is better to use the robotic device in conjunction with neuromuscular electrical stimulation 

driven by EMG, which in turn has better results in muscle coordination in the elbow joint [61, 80]. Moreover, it has been 

determined that to measure neuromuscular electrical stimulation of the superficial plane of the muscles, surface 

electrodes are sufficient [60], however, fine wire electrodes are required for deep-plane muscles. EMG is also combined 

with FES for passive exoskeletons designed for upper limb suspension resulting in satisfactory improvements in overall 

patients who can perform movements more smoothly and quickly without limitations in the coordination [60, 84]. 

A specific benefit of the use of RER, is that unlike traditional rehabilitation, where more physical human factors are 

considered in the application of rehabilitation therapy, the use of RER for active training of patients allows the 

neuromotor system rehabilitation [63], while adjusting the compliance of human-robot interaction in many areas of 

different jobs based on customized practical training requirements. which can be programmed to help the patient induce 

active participation during rehabilitation training with repetitive trajectory tracking that can be configured with a RER, 

which makes it possible for the patient with severe paralysis to comply with the RER-assisted training task and at the 

same time contributes to the safety of training [62]. 

4.3. Neuroplasticity Benefits 

A specific benefit of RER in neuroplasticity is highlighted when traditional rehabilitation methods can show 

unsatisfactory results due to insufficient patient motivation compared with the repetitive task-oriented training mixed 

with game-based VR training may induce neuroplasticity of the motor system, some studies suggest this as key benefits 

in terms of upper extremity neurorehabilitation [60, 84]. 

Robotic devices such as exoskeletons designed for hand and elbow rehabilitation can induce positive cortical 

hemodynamic changes maximizing the sensorimotor aspect in patients with subacute stroke [85]. In this population, 

exoskeletons were used in the upper extremities, and brain electrical activity was recorded through 

electroencephalography (EEG), using software that analyzes 84 regions of interest according to the 42 Brodmann areas 

that exist for both hemispheres. This methodology enabled the measurement of brain integration between nodes and the 

degree of brain segregation, revealing the notable increase in neuronal connectivity for this type of case [86]. Moreover, 

some robotic models are controlled via BCI, this technology has been tested in post-stroke patients and helps in their 

recovery, promoting neuroplasticity. A study with this type of therapy indicates less cortical Event-Related 

Desynchronization (ERD) activity in sagittal regions in the alpha band, which signals a better connection of the 

sensorimotor cortex with the hand, as well as greater beta activity in the frontal region, probably because BCI therapy 

stimulates the growth of the motor cortex in response to the tasks performed [69]. 

This explanation is supported by other research demonstrating neuronal plasticity in response to action observation 

or visual stimulation, which motivates individuals to perform movements, thereby reinforcing motor memory [87]. 

Likewise, neuroplasticity not only focuses on the fractionation, direction, and improvement of the quantity and quality 

of repetitive movements but also focuses on the stimulation of synergistic control through reflexes, that generate 

reactions that are inherent to the stimuli of the afferent pathway, that is, without voluntary effort, as demonstrated in 

movement therapies [77]. Besides, it was found that exoskeleton therapy in post-stroke patients increases cortical 

excitability in the ipsilesional hemisphere and produces significant interhemispheric changes. This is verified by the 

decrease in the motor threshold at rest and the increase in the amplitude of the motor evoked potential, where it is 

speculated that thanks to plastic reorganization and use-dependent plasticity, the motor function would be recovered 

more easily [57]. However, in the context of BCI, some proposed neurorehabilitation systems can be understood as a 

prospective mode of telerehabilitation [88], therefore, when it is observed that stroke can cause the loss of axon 

functionalities, it is necessary to mention that there are new alternatives that can complement all of this, such as artificial 

neurotransmitters (ANT), powerful chips implantable in the brain area as proposed by Neuralink, which can improve 

rehabilitation [89], allowing the patient to connect to a smart device such as a computer, without direct physical 

connection only with thoughts [90] giving us a better view of the human brain at the same time [91] an a yet to be seen 
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a better improvement of its functionality [92], Nonetheless, the implementation of such technologies raises medical, 

ethical, and moral considerations, and only time will reveal whether they represent the optimal approach in these 

domains.  

On the other hand, the authors analyzed the kinetic parameters of the data obtained from a RER for elbow-hand: 

movement time and maximum speed, the first term indicates the temporal efficiency of the movement and the second 

refers to its ease. Consequently, and as expected, within and between test sessions carried out with the device, movement 

time was shorter with respect to maximum speed, indicating a greater sensitivity to change. This phenomenon can also 

be described as a "learning effect," which, in the context of hand and elbow rehabilitation, denotes the ability to recover 

neural connections by adapting to new circumstances [50]. 

4.4. Frontiers and Upcoming Potential Innovations 

Actual studies recognized the need for long-term studies and larger population samples because some indicate that 

the testing period is short compared to the ideal time to conduct such studies [17], giving us a better understanding of 

the effectiveness of RER for elbow-hand. In addition, some identified the small sample size of the patients evaluated as 

their limitation of the study [66], others point out that the specific effects of RER for elbow-hand should be studied [23], 

because all this together will contribute to improving the clinical application of RER for elbow-hand. The need to adapt 

RER for elbow-hand to the individual needs of people and the importance of collaboration between health professionals, 

engineers and scientists of RER for elbow-hand applications and programming is manifested in different studies that 

indicated and suggested that the comfort of the RER for elbow-hand and its level of lightness is susceptible to 

improvement [59], integrating the RER for elbow-hand with patient-specific parameter settings could be beneficial [47], 

as some studies have already customized self-driven exercises, and expanding the protocol to obtain quantifiable 

measures of subjects' conditions is recognized as an excellent option [17], all of this could be possible with better 

possibilities if in the requisition of RER for elbow-hand, there was the participation of different professionals such as 

engineers, PM&R physicians, therapists [25] and physiotherapists [37] as medical technologist in physical therapy, 

medical technologist in occupational therapy, medical technologist in speech therapy, social worker, psychology, 

nutritionist and many more, when working and cooperating together better results can be achieved. 

The potential of new technologies is recognized in the trend of recent times, so the current and future path of elbow-

hand rehabilitation involves integrating the latest technological advances in RER for elbow-hand, a primary reason is 

that robotics has an inherent role in recovery because it has an inherent ability to perform tasks accurately, reliably, and 

is better suited to measuring and quantifying patient performance [17, 93], this is the robotic assistance path [50], 

bringing these promising systems into a stage of routine operation is the future [23] allowing to obtain and utilize 

kinematic data, such as movement time and peak velocity with more details [17] allowing to obtain and utilize kinematic 

data, such as movement time and peak velocity with more details [58], the latest advances in technology, such as the 

integrations of Artificial Intelligence (AI), can help the sick person and all the professional staff involved, reducing 

physicians and therapists’ physical effort during complex exercises. These increase the frequency and length of the 

sessions and allow constant feedback during therapy itself [24], complementing all professional's work and maximizing 

the efficiency of the clinical applications in RER for elbow-hand. 

5. Conclusion 

The main objective of passive and active rehabilitation in post-stroke patients with elbow-hand exoskeletons is 

highlighted, which is neurorehabilitation while restoring motor functions to normal levels, optimizing interaction 

capacity, and saving time and resources, whose path is the implementation of new technologies and the potential that all 

this offers in the improvement of clinical applications with obtaining great, more effective, and efficient results. The 

potential of PR and AR regarding robotics in the global context has been identified and presented a comprehensive and 

updated view of the current state of clinical applications and results derived from using RER in elbow and hand in post-

stroke patients (Figure 6). 

Therefore, it is important to remember that patients with diabetes, uncontrolled hypertension, deterioration of 

mental status, severe aphasia, and wrist contractures are excluded as suitable candidates for the  use of the 

exoskeleton. Likewise, if the RER is used for elbow-hand exceeding the times indicated by doctors and PM&R 

specialists, the risks suffered by the stroke survivor are discomfort and consequently the usage limitation of the 

exoskeleton; it is also observed that significant changes in muscle activity, mobility, decreased task performance, 

alterations. in balance and posture, as well as neurovascular supply, imbalances in gait parameters, and the precision 

of the movements. In summary, the current and future path of the RER for elbow-hand involves the constant 

integration of the latest technological advances, the improvement of future research times, the population, and the 

adaptation of RER for elbow-hand to the individual needs of post-stroke patients and professional collaboration to 

achieve better results in the clinical applications. 
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Figure 6. Electromyogram System Analysis for Rehabilitation Exoskeletons 

6. Abbreviations 

3D Three-dimensional FIM Functional Independence Measure 

ADL Activities of daily living MAS Modified Ashworth Scale 

AI Artificial Intelligence MCP Metacarpophalangeal 

AR Active rehabilitation MTS Modified Tardieu Scale 

ARAMIS Automatic Recovery Arm Motility Integrated System NESM- γ NEUROExos Shoulder-elbow Module - γ 

ARAT Action Research Arm Test NEEM NEUROExos Elbow Module 

ANT Artificial neurotransmitters PIP Proximal interphalangeal 

BCI Brain-Computer Interfaces PICOC Population, intervention, comparison, outcomes, and context 

DIP Distal interphalangeal PM&R Physical Medicine and Rehabilitation 

DOF Degrees of freedom PR Passive Rehabilitation 

EDC Extensor Digitorum Communis RS Robotic System 

EEG Electroencephalography RER Robotic Exoskeleton for Rehabilitation 

EMG Electromyography sEMG Surface Electromyography 

ERD Event-Related Desynchronization UL Upper Limb 

FES Functional electrical stimulation WHO World Health Organization 

FMA UTE Fugl-Meyer Upper Extremity Evaluation   
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