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Abstract

:

There is a plethora of technology-assisted interventions for hand therapy, however, less is known about the effectiveness of these interventions. This scoping review aims to explore studies about technology-assisted interventions targeting hand rehabilitation to identify the most effective interventions. It is expected that multifaceted interventions targeting hand rehabilitation are more efficient therapeutic approaches than mono-interventions. The scoping review will aim to map the existing haptic-enabled interventions for upper limb rehabilitation and investigates their effects on motor and functional recovery in patients with stroke. The methodology used in this review is based on the Arksey and O’Malley framework, which includes the following stages: identifying the research question, identifying relevant studies, study selection, charting the data, and collating, summarizing, and reporting the results. Results show that using three or four different technologies was more positive than using two technologies (one technology + haptics). In particular, when standardized as a percentage of outcomes, the combination of three technologies showed better results than the combination of haptics with one technology or with three other technologies. To conclude, this study portrayed haptic-enabled rehabilitation approaches that could help therapists decide which technology-enabled hand therapy approach is best suited to their needs. Those seeking to undertake research and development anticipate further opportunities to develop haptic-enabled hand telerehabilitation platforms.
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1. Introduction


Strokes are the second leading cause of death and the third leading cause of disability globally [1]. In 2010, there were 16.9 million new strokes, 33 million stroke survivors, 5.9 million stroke-related deaths, and 102 million disability-adjusted life years lost due to strokes [2]. In Canada, the prevalence of stroke is 1.2% with approximately 405,000 Canadians experiencing a stroke in 2013. This number is expected to increase from 405, 000 to between 654,000 and 726,000 in 2038 [3]. The most common post-stroke deficiency is hemiparesis of the upper contralateral limb. This condition affects the functional independence and satisfaction among 50 to 70% of patients with stroke. Approximately 80% of patients experience acute hemiparesis while 40% experience this condition chronically [4]. Recovery of functional outcomes post-stroke is heterogeneous. About 71% of patients with mild to moderate upper extremity paresis achieved some dexterity after 6 months post-stroke, while the same was true for only 60% of severely affected patients. Only 5% of people who have undergone total paralysis have achieved functional use of their arm [4].



Patients who have had a stroke are often faced with permanent movement impairments that limit their ability to engage in meaningful occupations such as self-care, leisure activities, or work. Impaired hand function is among the most common effects of stroke [5]. Hand or upper limb weakness happens severely in up to 87% of patients with stroke [6,7]. The hand rehabilitation process aims to reduce spasticity, increase neuroplasticity enhance functional outcomes. Spasticity was defined by Lance et al. as “a motor disorder characterized by a velocity-dependent increase in tonic stretch reflexes with exaggerated tendon jerks, resulting from hyperexcitability of the stretch reflex” [8] (p. 485). Neuroplasticity, also known as neural plasticity, or brain plasticity, is the “capacity of neurons and neural networks in the brain to change their connections and behaviour in response to new information, sensory stimulation, development, damage, or dysfunction” [9]. While clinicians tend to profit from a substantial amount of time spent in treating spasticity and neuroplasticity after the stroke [10,11], studies show that they may not be having enough care. Compared with other patient populations, patients who have had a stroke spend more time inactive and alone or less active on rehabilitation units, more likely because of reduced sensorimotor capacity [12,13]. Hence, there seems to be a difference in practice between how much training stroke patients need and how much they receive. Therefore, it is beneficial to investigate ways to increase both the efficacy of training upper limb and hand movement. Robotic-assisted therapies are increasingly becoming available for stroke rehabilitation. The basic components of robotic-assisted therapy are (1) motorized mechanical component; (2) performance-related visual feedback; and (3) an interactive computer program that monitors progress. The ability to provide high-dosage and high-intensity interventions is a significant advantage of robotic-assisted devices [4]. A lack of devices targeting hand rehabilitation exists as most current devices target elbow and shoulder movements. Evidence shows that robotic-assisted therapy combined with virtual reality appears to be a valuable intervention for stroke rehabilitation [4].



Therapists dealing with this population use strategies to improve motor behaviour to regain occupational performance. Treatment interventions such as materials-based training [14], task-related [15,16] or task-specific training [17,18] are common training methods for restoring function in the upper limb. Such training methods emphasize the patient’s active participation, the use of goal-oriented tasks or environmental features to drive motor activity, and the execution of the entire task or components of the task under different conditions. Several studies have failed to demonstrate the superiority of one type of conventional stroke training over another [19,20,21,22]. Our understanding of brain function and brain trainability is becoming more evident with identifying mirror neurons and the recent development of neuroimaging techniques. This training modality has traditionally been used in athletics in an intuitive manner [23,24] to review or reinforce the sequence of movements that make up the action to be taken. Mental practice has been shown to be effective in reducing impairment and improving functional recovery [25]. Literature shows that mental practice is an effective intervention when it is added to physical practice [25]. Although functional imaging has shown that mental practice induces similar cortical activation patterns, such interventions’ clinical efficacy in the treatment and functional recovery has yet to be demonstrated [25].



Retraining a motor task can be controlled more precisely than conventional treatment approaches by using a variety of technologies such as robots (e.g., [26,27,28,29,30,31,32]), virtual reality (e.g., [33,34,35,36]) and sensor-based devices (e.g., [37,38,39]). The complex nature of the human hands and arms and the various daily activities will contribute to an approach in which specific approaches were integrated to address the diverse needs of upper limb/hand rehabilitation. Further research is needed to determine the most effective technology-assisted intervention or combination of interventions. This paper aims (i) to draw a portrait of existing haptic-enabled hand rehabilitation in stroke patients, (ii) to map the use of haptic technology to support technology-assisted therapeutic interventions, and (iii) to investigate the effects of haptic-enabled interventions on the motor and functional recovery in patients with stroke. One of the common locations to apply haptic technology to provide biofeedback is the hand (e.g., [37,38,39,40,41]). Integration of haptic technology in hand therapy plays a significant role in the interaction between the body and the objects. A better sense of touch determines the efficacy of daily life movements. Haptics can be defined as “the perception of combined tactile and kinesthetic inputs during object manipulation and exploration” [42]. It is expected that the haptic feedback increases motor and functional recovery. It is hypothesized that the more different technologies are combined with haptic technology, the better the therapeutic outcomes.




2. Methods


The scoping review followed a four-phase flow diagram (Figure 1) put forth by the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement [43]. The methodology used in this review is based on the Arksey and O’Malley framework [44], which includes the following stages: identifying the research question, identifying relevant studies, study selection, charting the data, and collating, summarizing, and reporting the results.



2.1. Context


This scoping review included all studies conducted in various healthcare settings, such as acute care, long-term care, or sport medicine clinics, as well as studies conducted in laboratory settings for clinical research purposes (typically randomized controlled trial). Studies written in English and published in any country will be eligible for inclusion.




2.2. Type of Studies


The study types included in this scoping review are randomized controlled trials, quasi-experimental, case study, systematic review, meta-analysis, prospective cohort study. Alternative study designs were considered based on study quality.




2.3. Concept


The technology-assisted interventions examined in this scoping review are various (e.g., robotic device, brain-computer interface, virtual reality, haptic technology) applied to treating patients of any age undergoing hand rehabilitation after stroke. Interventions should target training, specifically the transport of the arm and/or manipulation of an object. Studies that explore the effects of technology-assisted therapy for the upper limb, involving hand and fingers, were included. The primary outcome of interest to be included was the motor and/or functional recovery of the paretic upper limb focusing on hand/fingers motion. Manuscripts reporting on interventions that did not involve haptic technology were excluded. Additionally, articles that focused on validating haptic technology from a technical standpoint or in laboratory conditions with healthy participants were excluded.




2.4. Search Strategy


The search was completed by a professional librarian (C.C.) using a blend of standardized vocabulary and keywords derived from relevant systematic reviews covering the different concepts included in the search [45,46,47,48] (Appendix A). The search strategy was peer reviewed by another librarian, using the PRESS standard [49].




2.5. Databases


The preliminary search was completed in Medline (OVID) and then translated for Embase (OVID), CINAHL (EbscoHost), Cochrane Library, Scopus and Web of Science.





3. Results


A total of 3136 results were generated from the literature search. After removing duplicates and screening titles and abstracts, full-text articles for 516 articles were retrieved. Those reported on the use of technology to support hand therapy intervention targeting the motor and functional recovery, without necessarily mentioning technology types in the title and/or abstract. Of those, 42 peer-reviewed articles involved the use of haptic technology in particular to support the hand therapy intervention and were included in the study. Articles were published between 2001 and 2018 with an average of 2.6 (±1.8) articles per year (Figure 2). Of the articles, 61% were published in the USA (26 articles). Three articles were published in Sweden, two in Taiwan, China and Italy, and one article in Australia, Canada, Netherlands, Russia and the United Kingdom.



Figure 3 represents the characteristics of the studies reported in the 42 included articles. Of the articles, 43% (n = 18) were feasibility studies followed by non-randomized trials (21.4%), longitudinal studies (19%) and randomized controlled trials (17%) (Figure 3a). Most of the studies (64%) were carried out by occupational therapists or physiotherapists (Figure 3b). Many studies have not reported explicitly the profession of the person who is responsible for the therapy and the evaluations. The studies involved an average of 9.9 participants (±9.51), ranging from 1 to 40 participants. Figure 3c shows that the number of participants tends to be low in most studies with some outliers studies, including higher numbers such as 30 or 40 participants. The interventions included about 14.8 sessions (±8.8) ranging between 8 and 35 sessions. Figure 3d shows that the number of therapeutic sessions tends to be low in most studies.



3.1. Technology to Support Hand Rehabilitation


The articles related to haptics as targeted intervention modalities involved a combination of haptics associated with one to three other intervention modalities: robotics and/or virtual reality and/or gaming). Figure 4 shows the modalities of interventions classified by the number of technologies involved, namely two technologies or three or four. The combination of haptics with robotics and virtual reality was the most represented combination of intervention modalities to support hand rehabilitation (13 articles), followed by haptics and virtual reality (9 articles) and haptics and robotics (7 articles) (Figure 4). The interventions included in the 42 articles are described in Table 1.




3.2. Outcomes


We evaluated the clinical outcomes from the included articles. Two reviewers evaluated the outcomes and classified them into three categories of effect: “negative effect”, “no effect” and “positive effect”. Positive and negative effects as defined in this section refer to a trend in the outcomes or significant results, meaning that, for example, tendencies to positive results and presence of significant results were both considered “positive effect” and vice-versa. Figure 5 shows the repartition of effects according to each modality of interventions calculated as a number of occurrences of every outcome throughout the articles. Interventions involving three technologies (47%, 20 articles) tend to show more positive effects and less negative effects than the other combinations.




3.3. Outcome Classification


We classified the outcomes according to the International Classification of Functioning, Disability and Health (ICF) to portray health aspects evaluated in the retrieved articles. Outcomes mainly matched two ICF components, “body function” and “Activity and Participation”. Figure 6 illustrates the representations of ICF components and domains according to each combination of intervention modalities. “Body function” is the most represented ICF component with almost the same repartition over the three combinations of intervention modalities (in percentage).




3.4. User’s Perspective


Eight articles had investigated user perspective using a total of eight questionnaires and two evaluation scales. Six articles mentioned perception of motor function based on questionnaires. Ease of use, comfort, satisfaction, interest, motivation, and perception of results was mentioned once through questionnaires. None of the papers included users’ feedback on safety when using haptics.





4. Discussion


This paper aimed to (i) portray existing haptic-enabled hand rehabilitation in stroke patients, (ii) to map the use of haptic technology to support technology-assisted therapeutic interventions, and (iii) to investigate the effects of haptic-enabled interventions on motor and functional recovery in patients with stroke. The results revealed that literature on the topics is recent, small and sparse, as shown in Figure 2 and Figure 3. The literature on the use of haptics as a technology to support hand therapy spanned over the two last decades, and articles are published first in North America than in Europe and Asia. Most of the studies involved a low number of participants and may include methodological biases as only 17% of the studies were randomized controlled trials. Lack of randomized clinical trials involved the last trend in health technologies is expected as, historically, most of the innovations are evaluated as part proof-of-concept and feasibility studies involving a tiny group of participants. The successful technologies get marketed speedily, and the conduction of randomized controlled trials may be expensive and complicated to run in some legislations. Developers may lean toward trusting real-world evidence elaborated throughout the post-commercialization phase rather than waiting for randomized controlled trial outcomes. Haptics is a technology that is increasingly integrated into hand rehabilitation, and it is used in combinations with up to three technologies: robotics and/or virtual reality and/or gaming. Robots are a technology that helps stroke patients move their limbs during practice so that clinicians save time and effort when treating patients and increasing the amount of therapy for each patient [77,78]. Virtual reality is a technology used successfully with stroke patients and other conditions such as Parkinson’s disease [79] to create an interactive virtual world to fully immerse the patient in sensory and virtual feedback environments [80]. Virtual reality has been recommended to improve upper limb rehabilitation as an alternative that is more motivational and cost-effective than traditional care, mainly used for stroke patients. However, this field of investigation requires more research in terms of feasibility and usefulness in the telerehabilitation model with other neurological conditions [80,81]. Video games or console-based therapy are also used in rehabilitation, and its introduction offers results comparable to conventional therapy [82]. Haptic technology is a technology used to emulate the sense of touch by applying forces to the user and provide kinesthetic and tactile stimulation. Haptics can be used in virtual reality, augmented reality, rehabilitation robots and exoskeletons [83] to enhance the patient experience. Studies have shown that haptic technologies’ sense of touch is essential for dexterity and manipulating objects involving fine motor skills, which could not be stimulated without haptic devices [40,41]. This review explored the effect of using haptics in combination with different technologies on hand rehabilitation outcomes hypothesizing that the more different technologies are combined with the haptics, the better the therapeutic outcomes. This review revealed that using three or four different technologies showed more positive outcomes than using two technologies (only one technology + haptic device/component). In particular, when normalized in the percentage of outcomes, combining three technologies presented more positive rehabilitation outcomes and less negative outcomes than combining haptics with one other technology or with three other technologies. The most cited combinations of three technologies identified in this study were “robotics and virtual reality and haptics” represented by 13 studies representing 32% of the studies. This combination appears to best fulfill the rehabilitation needs as the robotic part enables strengthening the hand and upper limb. Virtual reality helps reproduce and practice the mental image of the task to be performed and the haptic biofeedback improves dexterity and fine motor skills retraining [55,56,57,58,59,60,61,62,63,64,65,66].



Most of the studies reported on body functions (80% of the outcomes) compared to the other health domains, such as activity and participation as defined by the ICF framework, meaning that most interventions focused on hand functions without necessarily involving and evaluating the patient in meaningful daily tasks and occupations. This clinical direction would have to do with potential technical challenges. While it is expected that there will be endless possibilities for virtual environments, it is also likely that the provision of biofeedback in simulated daily tasks is a complex development. This complexity could be explained by the emergence of the use of haptics in hand therapy. The use of haptics to provide a patient with biofeedback is more developed in the rehabilitation of the arms [84,85,86,87,88]. Surprisingly, none of the articles included involved telerehabilitation as a model of rehabilitation. Although home-based telerehabilitation is an emerging trend [89] that has been shown to be needed in pandemic times, home-based telerehabilitation targeting hand therapy appears to be uncovered by research and development. Barriers to technology-enabled telerehabilitation services for hand therapy include the weakness of the patient’s impaired upper limb and the complexity of applying a targeted passive range of motion tasks to patients who are not trained in the medical field (e.g., stretching impaired fingers with the unimpaired hand). Further research in this direction is needed to provide the general public with user-friendly and clinically approved digital platforms. Haptic devices have the potential to be implemented in the future as a diagnostic telerehabilitation tool used during clinical examination especially in palpation and special tests since in today’s age this action is not possible [90]. This futuristic feature could help conduct a thorough patient assessment without the need for face-to-face visits and decrease by the same fact the cost and effort for both the clinician and patient. The inclusion of haptic-supported virtual examination could be an interesting solution for providing telerehabilitation in complex contexts, such as for patients living in rural, remote or underserved communities, or during pandemics (e.g., the COVID-19).



User’s perspectives on the use of haptic technology in hand rehabilitation need to be addressed in future research. This scoping review revealed that there was no information on how haptics specifically affected the patient–robot interaction as well as engagement in the practice and adherence to the therapy. Clinicians’ perspectives on using haptic technology in hand rehabilitation and how it impacted their practice were not addressed either. Haptic technology can emit high force outputs, and users may suffer from decreased motor and functional levels allowing them to counteract this external mechanical stress. This risk of mechanical stress is worthy of exploration through continuous verbal questions throughout the therapy or the use of self-perceived scales (e.g., comfort, pain). Therefore, including user perspective in technology-enabled hand rehabilitation research is critical in promoting user-centred approaches to technology development and exploring novel therapeutic approaches. In the absence of validated questionnaires and consistent methodologies, it is recommended to integrate qualitative or mixed methods into the clinical trials to gather patients’ and clinical views on their experience with the technology deployed as part of the therapy.




5. Limitations


This study explored the literature that included clinical outcomes related to haptic-enabled hand rehabilitation, which is limited in terms of finding technologies per se. Technologies that are published in technical journals or any other academic report or grey literature have not been included in the current study. This means that the included studies did not cover potential haptic-enabling technologies targeting hand rehabilitation that did not undergo clinical studies or tested on humans to validate clinical relevance. This paper aimed to present the technologies that are already available on the market or are more likely to be available, and that underwent clinical studies.




6. Conclusions


This study identified and presented haptic-enabled rehabilitation approaches that could help therapists decide which technology-enabled hand therapy approach is best suited to their needs. Results have shown that combining three technologies, such as robotics and virtual reality and haptics, has produced better results than when only two technologies are combined. The use of four technologies did not necessarily show better results. Further research is encouraged to explore the provision of haptic biofeedback for complex daily tasks, such as simulated cooking tasks or actual keyboard typing.
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Appendix A


Search strategy



	
Robotics/



	
Exoskeleton device/



	
Man-Machine Systems/



	
Orthotic Devices/



	
Self-Help Devices/



	
Automation/



	
Therapy, Computer-Assisted/



	
(electromechanical or “electro mechanical” or mechanical or mechanised or mechanized or driven or “assistive device*”).tw,kw.



	
(robot* or automat* or “computer aided” or “computer assisted” or “power assist*”).tw,kw.



	
(orthos* or orthotic*).tw,kw.



	
or/1–10 [Robotic Concept]



	
Computer Simulation/



	
software/



	
Mobile Applications/



	
Video Games/



	
Computers/



	
exp Microcomputers/



	
exp Cell Phones/



	
Games, Experimental/



	
(“virtual realit*” or VR).tw,kw.



	
simulat*.tw,kw.



	
((interactiv* or virtual) adj2 technolog*).tw,kw.



	
“augmented realit*”.tw,kw.



	
(smartphone* or “smart-phone*”).tw,kw.



	
((mobile or cell or smart) adj2 phone*).tw,kw.



	
(iphone* or android* or ipad*).tw,kw.



	
(“personal digital assistant*” or “handheld computer*” or “handheld device*”).tw,kw.



	
(“mobile app” or “mobile application”).tw,kw.



	
(“serious game*” or “serious gaming”).tw,kw.



	
or/12–29 [Virtual Reality Concept]



	
Wearable Electronic Devices/



	
Touch/



	
exp Touch Perception/



	
haptic*.tw,kw.



	
biofeedback.tw,kw.



	
(tactile or tactual).tw,kw.



	
((force or tactile or touch) adj2 (feedback or perception)).tw,kw.



	
“sensory substitution”.tw,kw.



	
(“electro-tactile” or “electro tactile” or electrotactile).tw,kw.



	
(“electro-vibration” or “electro vibration” or electrovibration).tw,kw.



	
((vibrat* or servo or stepper) adj2 (motor or motors)).tw,kw.



	
“wire actuator*”.tw,kw.



	
piezoelectric*.tw,kw.



	
pneumatic*.tw,kw.



	
“shape memory alloy*”.tw,kw.



	
solenoid*.tw,kw.



	
“electro-active polymer*”.tw,kw.



	
electrode*.tw,kw.



	
(vibrotactile or vibration).tw,kw.



	
wearable*.tw,kw.



	
or/31–50 [Haptic Concept]



	
(technolog* adj2 assist*).tw,kw.



	
or/11,30,51–52 [Technological assistance concept]



	
Hand/



	
wrist/



	
(hand* or wrist* or finger* or thumb*).tw,kw.



	
or/54–56 [Hand Concept]



	
exp cerebrovascular disorders/ or brain injury, chronic/



	
(stroke* or cva or poststroke or “post stroke”).tw,kw.



	
(cerebrovasc* or cerebral vascular).tw,kw.



	
(cerebral or cerebellar or brain* or vertebrobasilar).tw,kw.



	
(infarct* or isch?emi* or thrombo$ or emboli* or apoplexy).tw,kw.



	
and/61–62



	
(cerebral or brain or subarachnoid).tw,kw.



	
(haemorrhage or hemorrhage or haematoma or hematoma or bleed*).tw,kw.



	
and/64–65



	
hemiplegia/ or exp paresis/



	
(hempar* or hemipleg* or brain injur*).tw,kw.



	
or/58–60,63,66–68 [Stroke Concept]



	
and/53,57,69



	
(rehabilitat* or rehab or “occupational therap*” or physiotherap* or “physical therap*”).tw,kw.



	
exp Physical Therapy Modalities/



	
exp Occupational Therapy/



	
or/71–73 [Rehabilitation Concept]



	
70 and 74
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Figure 1. Study selection process [50]. 
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Figure 2. Frequency of publication per year. 






Figure 2. Frequency of publication per year.



[image: Applsci 11 03712 g002]







[image: Applsci 11 03712 g003 550] 





Figure 3. (a–d) Characteristics of the interventions reported in the included articles. 
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Figure 4. Combinations of hand rehabilitation technologies. 
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Figure 5. Outcomes according to number of technologies involved. 
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Figure 6. Outcomes classified according to intervention modality and the ICF framework components and domain according to intervention modality. 
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Table 1. Portrait of the haptic enabled interventions retrieved in this scoping review. This table shows the technologies used in hand rehabilitation in combination with haptic technologies. Each row presents a study, and studies are classified by the number of technology involved in the intervention ranging from two to four technologies.
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Number of Technology

	
Combinations

	
Description

	
Ref ID






	
Two

Technologies

	
Haptic and gaming

	
A system that can physically assist or resist the user in playing the therapy games. For example, in Breakout Therapy, the force feedback joystick physically assists in hand movement by predicting the trajectory of the ball after each rebound

	
[37]




	
Haptics and

robotics

	
Special robot handle generating cutaneous sensory inputs for the middle and index fingers, the thumb, or the palm of the subject + InMotion2 robot

	
[31]




	
Haptic system enabling classification of the signals for the real-time identification of a command; exoskeleton of a hand (robotic orthosis) + BCI system consisted of an EEG, encephalograph, and a personal computer

	
[32]




	
Haptic 3 DoF robot: a singly actuated 3 DoF device for assisting in reaching movements in three dimensions across the user’s workspace

	
[27]




	
Haptic Master to correct trajectory performance guided by extra proprioceptive feedback

	
[28]




	
A magnetic plate that is equipped with a force sensor that gauges how hard the fingers press + Vibrotactile glove system designed with light fabric for greater wearability, which is a finger training system in which users interact with the computer

	
[30]




	
An industrial robot (5 DoF desktop robot with position-based control) converted into a novel sensory system incorporating force feedback combined with a graphical interface

	
[29]




	
The ARMin III exoskeleton, which can apply torques directly to each of the 6 DOF of the arm (3 shoulder torques, elbow, flexion–extension, supination–pronation, wrist flexion–extension). The robot applies haptic walls that are exponentially related to each individual joint’s error from its ideal position

	
[26]




	
Haptics

and VR

	
A CyberGlove and a Rutgers Master II (RMII) haptic glove. The two sensing gloves are integrated with VR exercises running on the PC host. RMII glove applies forces to help the patient open the hand before switching to the target of the exercise

	
[51]




	
A semi-immersive workbench that uses stereographic shuttered glasses, a 3D image displayed above the tabletop was observed by the user. The system has also a haptic game selection menu

	
[52]




	
2 PHANToM devices placed perpendicular to each other for the pinch movement and reconfigured to provide hepatic feedback for the pinch task. Haptic feedback was provided for the thumb and index finger, so that the participants felt they were lifting a real cube with mass

	
[53]




	
The PneuGlove used in conjunction with a VR environment (the virtual hand is controlled by the user, who attempts to open the hand sufficiently to grasp the objects displayed), to provide haptic feedback in addition to the assistance of finger extension

	
[33]




	
Four VR hand exercises developed using the WorldToolKit graphics library. Rutgers Master II glove, a compact haptic interface, was used to apply force to the user’s fingertips. It uses non-contact position sensors to measure the fingertip position in relation to the palm

	
[34]




	
VR environments designed for impairment and task-specific training using discrete tasks. Augmented feedback was provided in the form of sensory feedback using haptic cues

	
[36]




	
An immersive VR environment based on the classic story of Alice in Wonderland + The PneuGlove system provides pneumatic assistance to digit extension to help with hand opening or resistance to finger flexion to provide haptic feedback

	
[35]




	
Visual and haptic feedbacks were implemented using the Handshake proSENSE Toolbox. The haptic device is focused on a single finger haptic display, in which the force is exerted at the fingertip.

	
[54]




	
VR tasks were formulated to ensure that pinch movements were required to complete each task and that the patients experienced finger strengthening. Here, 2 Novint Falcon devices operated in coordination to simulate the haptic perceptions of 2 fingertips (perceived the reaction force of the surface and/or the weight of the box).

	
[55]




	
Three

Technologies

	
Haptics,

Robotics

and VR

	
CyberGlove Haptic MASTER, a 3 DoF, admittance controlled (force-controlled) robot + Simulations for the hand alone, the arm alone, and the hand and arm together using Virtools software package with the VRPack plug-in + haptic guidance of arm movement in 3D space that is adaptive in real-time as well as on a trial-by-trial basis

	
[56]




	
PHANTOM robot and the WREX swiveling wrist support + Virtual Reality Robotic and Optical Operations Machine (VRROOM) + Forces only applied by the robot during the Error Augmentation treatment phase

	
[57]




	
CyberGrasp, an exoskeleton device placed on the dorsum of the hand which allows for multiplane arm motion while exerting an extensor force on each individual finger + the virtual piano trainer + CyberGrasp, a force-reflecting exoskeleton that fits over a CyberGlove data glove

	
[58]




	
Haptic Master, a 3 DoF admittance controlled (force-controlled) robot + A haptic system with force feedback available only for pronation/supination + VR environments enabling multiplane movements against gravity in a 3D workspace

	
[59]




	
Haptic MASTER + using Virtools software package with the VRPack plug-in + CyberGrasp to facilitate individual finger movement by resisting flexion of the adjacent fingers in patients with more pronounced deficits allowing for individual movement of each finger.

	
[56]




	
NJIT RAVR system consists of CyberGlove combined with the Haptic Master + Virtual piano trainer + the robotic arm provides tracking of multiplane movements against gravity in a 3D workspace

	
[60]




	
NJIT-RAVR system using a CyberGlove and a Haptic Master + NJIT Track0Glove system + VR simulations for customized motor training

	
[61]




	
NJIT RAVR System including Haptic Master to produce haptic effects, such as spring, damper and constant force and to create haptic objects like blocks, cylinders and spheres as well as walls, floors, ramps and complex surfaces + A suite of simulations for training shoulder, elbow, wrist and finger movements using the Virtools software package

	
[62]




	
RMII glove is an exoskeleton device that applies force to the user’s fingertips and uses noncontact position sensors to measure the fingertip position in relation to the palm + the CyberGlove, a sensorized structure worn on the hand + VR simulations consist of four exercises: range, speed, fractionation, and strength

	
[63]




	
Haptic Master robot coupled to the Grasp Assistance robot—via a 3 passive DoF gimbal + interactive virtual worlds (e.g., cleaning the table) + haptic feedback when touching the object

	
[64]




	
Haptic Master that can move in the virtual learning environment by means of an avatar that is shown on the screen + haptic feedback can be provided to either support or challenge the participants

	
[65]




	
Haptic Master’s to program the robot to produce haptic objects + VR gaming simulations that translates movement of both the upper arm and the hand

	
[66]




	
A 6 DoF PHANTOM Premium 3.0 robot + a haptics/graphics display combining a projected stereo, head-tracked rendering on a semi-silvered mirror overlay display with a robotic system that can record wrist position, track movements and generate force feedback + A cinema-quality digital projector combined with LCD shutter glasses

	
[67]




	
Haptics,

Robotics

and Gaming

	
Arm Coordination Training 3D system providing a haptic interface to simulate various loading conditions while subjects performed arm reaching movements with avatar and game feedback + haptic feedback consisting of a simulated viscous environment that prevented subjects from moving on the haptic table + Air Hockey 3D game

	
[38]




	
FINGER robotic exoskeleton providing 2 levels of assistance + Musical computer game in the style of Guitar Hero

	
[68]




	
Haptics,

VR and

Gaming

	
Four hand exercises simulations developed with WorldToolKit (Sense 8) + Rutgers Master II-ND (RMII) force feedback glove prototype + Simple games that provided frequent feedback about the success of the action as well as the quality of the performance to encourage participation and concentration

	
[69]




	
Four hand exercises simulations developed with WorldToolKit (Sense 8) + RMII glove has a dedicated electropneumatic control interface to provide force feedback to the patient’s fingers + simple video games developed with WorldToolKit (Sense8) graphics library

	
[69]




	
PHANToM haptic device + Reachin 3.0. Reachin API, a 3D model programming (haptic interface) + grasping and reaching game.

	
[70]




	
4 hand exercise simulations developed with the WorldTool Kit graphics library + Rutgers Master II-ND (RMII), a force feedback prototype glove + games designed to exercise one parameter of finger movement at a time

	
[39]




	
PHANToM devices + tasks displayed using a desktop personal computer and shutter glasses (StereoGraphics) to provide a three-dimensional view of stimuli + Reaching, Ball Shooting, Rotation and Pinch games

	
[71]




	
Four

Technologies

	
Haptics,

Robotics,

VR and

Gaming

	
A desk-mounted robot + a haptic stylus. + a semi-immersive workbench + 3D Bricks game

	
[72]




	
Amadeo, A 5 DoF hand rehabilitation robotic device named + incorporated Real-time force and position signals + highly repetitive functional VR tasks + Flying bird and Spaceship games

	
[73]




	
Amadeo, A 5 DoF hand rehabilitation robotic device named + 2D, one 3D VR-based RGS and a 2D transferring virtual environment + Flying bird

	
[74]




	
CyberGlove + haptic (force), visual and auditory feedback + 3D graphics were displayed on a flat personal computer screen using only shadows and perspective cues to give the illusion of depth. + computer games using graphics feedback to encourage participation and concentration

	
[75]




	
Haptic Master + 3 more DoF can be added to the arm by using a gimbal, with force feedback available only pronation/supination + Stimulated unimanual “virtual mirror” + Piano Trainer, Space Pong, Plasma pong, bird hunt and Hammer games

	
[76]








VR: virtual reality; DoF: Degree of Freedom.
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