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SUMMARY:
This study reports the development of a novel robot-assisted task-oriented program for hand rehabilitation. The developmental process consists of experiments using both healthy subjects and subjects who have had a stroke and suffered from subsequent motor control dysfunction. 

ABSTRACT: 

A robot-assisted hand is used for the rehabilitation of patients with impaired upper limb function, particularly for stroke patients with a loss of motor control. However, it is unclear how conventional occupational training strategies can be applied to the use of rehabilitation robots. Novel robotic technologies and occupational therapy concepts are used to develop a protocol that allows patients with impaired upper limb function to grasp objects using their affected hand through a variety of pinching and grasping functions. To conduct this appropriately, we used five types of objects: a peg, a rectangular cube, a cube, a ball, and a cylindrical bar. We also equipped the patients with a robotic hand, the Mirror Hand, an exoskeletal hand that is fitted to the subject’s affected hand and follows the movement of the sensor glove fitted to their unaffected hand (bimanual movement training (BMT)). This study had two stages. Three healthy subjects were first recruited to test the feasibility and acceptability of the training program. Three patients with hand dysfunction caused by stroke were then recruited to confirm the feasibility and acceptability of the training program, which was conducted on 3 consecutive days. On each day, the patient was monitored during 5 min of movement in a passive range of motion, 5 min of robot-assisted bimanual movement, and task-oriented training using the five objects. The results showed that both healthy subjects and subjects who had suffered a stroke in conjunction with the robotic hand could successfully grasp the objects. Both healthy subjects and those who had suffered a stroke performed well with the robot-assisted task-oriented training program in terms of feasibility and acceptability.
INTRODUCTION: 
Most (80%) stroke patients experience a deficit in the hand and have difficulty in independently performing manual tasks that are pertinent to daily living1. However, the complex nature of manual tasks means that it is a significant challenge to design a task-oriented training program for hand rehabilitation2. In recent years, many robotic devices have been developed for hand rehabilitation3,4, but few training protocols assisted by robotic devices allow a patient to interact with real objects. It is unclear exactly how a task-oriented training program for hand function rehabilitation can be applied using robotic devices for patients who experience hand dysfunction due to stroke.
Task-oriented training is used to improve hand function5,6 and is commonly applied in the rehabilitation for upper limb dysfunction due to stroke. It is used to increase neuroplasticity and is highly dependent on individual neurological deficits and functional demands7. However, during task-oriented training, patients experience difficultly in manipulating objects if hand function is impaired. Examples of this include poor grasp or limited pinch functions. Therapists also show difficulty in guiding patients’ finger movements individually, which therefore limits the variation of grasping tasks. Robotic devices are thus necessary to increase the effectiveness of task-oriented training by explicitly guiding hand movement during repetitive training2,8.

Previous studies only used rehabilitation robots for task-oriented training on upper-limb reaching tasks3. It is unclear how robot-assisted rehabilitation can be employed for task-oriented training targeting at hand function. An exoskeletal hand, HWARD, has been used to guide the fingers to grasp and release objects8. However, this device does not allow varied grasping patterns because it lacks the necessary degrees of freedom. Recently, other devices that target moving a patient’s fingers individually have been developed9. However, these devices have not previously been used for neurorehabilitation. The robotic devices mentioned above are all unilateral robots. In contrast, the robotic hand system presented here needs the cooperation of unaffected and affected hands. The robotic hand system is specifically designed for rehabilitation purposes using the master–slave mechanism to achieve symmetric bimanual hand movements. The system consists of an exoskeleton hand (worn on the affected hand), a control box, and a sensory glove (worn on the unaffected hand). Each finger module of the exoskeleton hand is driven by a motor with one degree of freedom and its joints are linked using a mechanical linkage system. Two sizes, S and M, are designed to fit different subjects. The control box provides two therapeutic modes, the passive range of motion (PROM) and mirror-guided motion modes, through which the patient’s affected hand can be manipulated by the exoskeleton hand. In the PROM mode, the control box sends input commands to the exoskeleton while moves the subject’s hand to perform full finger flexion/extension. It contains two modes: single-finger mode (acts in sequence from thumb to little finger) and five fingers mode (five fingers move together). In the mirror-guided motion mode, the master (sensor glove)–slave (exoskeleton hand) mechanism is implemented, in which the movement of each finger is detected by the sensor glove and signals of the joint angles are transmitted to the control box to manipulate the exoskeleton hand.
When equipped the robotic hand system, the subjects were instructed to move their affected hands under the guidance of the exoskeleton hand controlled by unaffected hands which is bimanual movement training (BMT)10. According to previous research, BMT is able to activate similar neural pathways in both hemispheres of the brain and prevent the trans-hemisphere inhibition that hinders the recovery of neuronal function in the lesion hemisphere10. Brunner et al.11 compared BMT to constraint-induced movement therapy (CIMT) in sub-acute stroke patients. They suggested that BMT tends to activate more neural networks in both hemispheres than CIMT, and there was no significant difference in improvement of hand function between the BMT and CIMT approaches. Sleimen-Malkoun et al.12 also suggested that through BMT, stroke patients are able to re-establish both paretic limb control and bimanual control. That is to say, training should comprise bimanual tasks that focus on using the affected arm. Moreover, the coordination of both hands is necessary for activities of daily living (ADL)
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11,12
. Therefore, it is crucial to develop a bimanual robot-assisted task-oriented training program for post-stroke patients and objects that can be grasped or pinched by patients wearing the robotic hand system. 
In this study, a variety of grasping objects were designed based on the needs of occupational therapy and the mechanical properties of rehabilitation robots. A task-oriented training protocol was developed using robotic rehabilitation devices for patients with distal upper limb dysfunction due to stroke. The purpose of this study was to investigate the feasibility, and acceptability of the task-oriented training program using an exoskeleton robot and newly designed grasping objects. 
PROTOCOL: 
The training protocol and informed consent document were reviewed and approved by the Institutional Review Board of the Chang Gung Medical Foundation. The details of the study and the procedures were clearly explained to each subject. 
1 Recruitment of three healthy adults 
1.1 Perform the screening process using the following inclusion criteria: (1) age 20–60 years, (2) already signed informed consent, (3) normal function in upper limbs, (4) Mini-Mental State Examination (MMSE) score ≧24.
1.2 Conduct Trial 1: manipulating objects without wearing the robotic hand system.
1.2.1 Instruct the subject to sit upright in a chair with a firm back and no armrests. Seat the subject in front of a table. Stand by the subject’s non-dominant side.
1.2.2 Teach the subject how to manipulate the designed objects for 5 min. Include a palmar prehension to pick up the peg, a lateral prehension to pick up the rectangular cube, a three-point chuck to pick up the cube, a spherical grasp to pick up the ball, and a cylindrical grasp to pick up the cylindrical bar.

NOTE: The objects are shown in Figure 1A. The experimental setup is shown in Figure 1B. The subjects learned the specific grasp patterns for each object. The grasping pattern is shown in Figure 2.
1.2.3 Place two bases bilaterally in front of the subject’s hands. Place each object used in the rehabilitation on top of these bases to assist manipulation. For all the objects, repeat the following sequences 20 times. Ask the subjects to grasp the objects in the starting area of the base, lift, and move them to the midline and release using their non-dominant hands. 
1.2.4 At the same time, measure the success rate for these 20 attempts. Perform this procedure on 3 consecutive days. The success rate is the number of successful manipulations per 20 attempts x 100%. Successful manipulation is defined as when the subjects are able to complete the sequences with specific grasp pattern according to the objects and without dropping them.
1.3 Conduct Trial 2: manipulating objects using robotic hand system (Figure 3).

NOTE: The mechanisms of the robotic hand system are as follows. In the exoskeleton hand, the joints in each finger module are designed in mechanical linking and driven by an individual linear actuator with a constant speed of 10 mm/s. The exoskeleton has different ranges of motion in each finger module (thumb: MCP= 0° to 55°, DIP= 0° to 70°; index and middle fingers: MCP= -10 ° to 55°, PIP=0° to 35°, DIP=0° to 35°; ring and little fingers: MCP= -5 ° to 55°, PIP= 0° to 35°, DIP= 0° to 35°). In the sensor glove, each finger module is installed with a flex sensor which measures the joint angle and sends input signals to the control box through cables.
1.3.1 Sensor glove setup (Figure 1B, b)
1.3.1.1 Put the sensor on the subject’s dominant hand. Use the Velcro to secure the wrist.
1.3.2 Exoskeleton setup (Figure 1B, b)
1.3.2.1 Use a clean pad to wrap the non-dominant hand from left to right. Fasten the Velcro snugly.
1.3.2.2 Loosen the thumb mechanism of the exoskeletal hand to allow adjustment of the thumb-opening angle. Place the non-dominant hand in the exoskeletal hand. Fasten the fingers one by one, beginning with the forefinger and finishing with the thumb. 
1.3.2.3 Fasten the Velcro to the palm through the fastening ring. Then, fasten the Velcro parallel to the wrist through the fastening ring. Adjust the thumb to a comfortable angle and then tighten the thumb mechanism. 
1.3.3 Control box setup (Figure 1A, c)
1.3.3.1 Insert the cables for the exoskeletal hand and sensor glove into the sockets in the exoskeletal hand and sensor glove, respectively. After that, insert the cables for the exoskeletal hand and sensor glove into the socket in the control box. Finally, insert the power cable into the control box and connect it to an outlet with the correct voltage.
1.3.4 Conduct a warm-up session (The PROM mode)
1.3.4.1 Switch on the control box and adjust the mode to Five Fingers. This mode allows the exoskeleton hand to move the subject’s fingers passively. Ask the subject to perform a grasp-and-release task guided by the exoskeleton hand for 2.5 min.
1.3.4.2 Switch the mode to Single Finger and let the exoskeletal hand move the subject’s fingers individually and passively. Ask the subject to extend and retract individual fingers for 2.5 min, guided by the exoskeletal hand.
1.3.5 Conduct a robot-assisted bimanual movement session.
1.3.5.1 Switch the mode to Mirror. In this mode, the movement of the non-dominant hand wearing the sensor glove controls the exoskeleton hand’s movements. Any movement that is made by the sensor glove is mimicked and mirrored by the exoskeletal hand. For example, a flexion of the sensor glove’s index finger corresponds to a flexion of the exoskeleton’s index finger.
1.3.6 Instruct the subject to perform a grasp-and-release task for 2.5 min and make individual finger movements for a further 2.5 min while wearing the sensor glove. This action is mirrored by the exoskeleton hand, which guides the subject’s non-dominant hand in performing the required tasks.
1.4 Conduct the task-oriented session. 
1.4.1 Teach the subject how to manipulate the designed objects using the robotic hand system for 5 min. Include a palmar prehension to pick up the peg, a lateral prehension to pick up the rectangular cube, a three-point chuck to pick up the cube, a spherical grasp to pick up the ball, and a cylindrical grasp to pick up the cylindrical bar.

1.4.2 Place two bases bilaterally in front of the subject’s hands. Place each object used in the rehabilitation on top of these bases to assist manipulation. For all the objects, repeat the following sequences 20 times. Ask the subjects to grasp the object in the starting area of the base, lift, and move them to the midline and release using the robotic hand system. 
1.4.3 At the same time, measure the success rate for these 20 attempts. Perform this procedure on 3 consecutive days. The success rate is the number of successful manipulations per 20 attempts x 100%. Successful manipulation is defined as when the subjects are able to complete the sequences with specific grasp pattern using the robotic hand system and without dropping them.
NOTE: The success rate will be used to assess the feasibility of the bimanual robotic hand system in healthy subjects. 

2 Recruit three stroke patients to determine the applicability of the training program
2.1 Perform the screening process using the following inclusion criteria: (1) age 20–60 years; (2) signed informed consent; (3) diagnosed with unilateral stroke ≧ 1 month (4) Modified Ashworth Scale (MAS) score ≦2; (5) Brunnstrom stage ≦2; (6) MMSE score ≧24.
2.2 Conduct Trial 1: manipulating objects when not using robotic hand system (Figure 2).
2.2.1 Let the subject sit upright in a chair with a firm back and no armrests. Seat the subject in front of a table. Stand by the subject’s affected side. Place a sling under the subject’s elbow and exoskeleton hand to support his/her affected arm.

2.2.2 Teach the subject how to manipulate the designed objects for 5 min. Include a palmar prehension to pick up the peg, a lateral prehension to pick up the rectangular cube, a three-point chuck to pick up the cube, a spherical grasp to pick up the ball, and a cylindrical grasp to pick up the cylindrical bar.

2.2.3 Place two bases bilaterally in front of the subject’s hands. Place each object used in the rehabilitation on top of these bases to assist manipulation. Ask the subject to manipulate the five different objects using his/her affected hand 20 times. Support the subject in moving his/her upper arm if needed. 
2.2.4 At the same time, measure the success rate for these 20 attempts. Perform this procedure on 3 consecutive days.
2.3 Conduct Trial 2: manipulating objects using robotic hand system (Figure 3).
2.3.1 Fit the exoskeleton hand to the subject’s affected hand and the sensor glove to the unaffected hand. Repeat steps 1.3.1–1.3.3. Place a sling under the subject’s elbow and exoskeleton hand to support his/her affected arm.
2.3.2 Conduct a warm-up session (The PROM mode).
2.3.2.1 Switch on the control box and adjust the mode to Five Fingers. Ask the subject to perform a grasp-and-release task guided by the exoskeleton hand for 2.5 min.
2.3.2.2 Switch the mode to Single Finger. Ask the subject to extend and retract individual fingers for 2.5 min, guided by the exoskeleton hand.
2.3.2.3 Switch the mode to Mirror. Instruct the subject to perform a grasp-and-release task for 2.5 min and make individual finger movements for a further 2.5 min while wearing the sensor glove. This action is mirrored by the exoskeleton hand, which guides the subject’s affected hand in performing the required tasks.
2.3.3 Conduct a task-oriented session.
2.3.4 Teach the subject how to manipulate the designed objects using the robotic hand system for 5 min. Include a palmar prehension to pick up the peg, a lateral prehension to pick up the rectangular cube, a three-point chuck to pick up the cube, a spherical grasp to pick up the ball, and a cylindrical grasp to pick up the cylindrical bar.

2.3.5 Place two bases bilaterally in front of the subject’s hands. Place each object used in the rehabilitation on top of these bases to assist manipulation. For all the objects, repeat the following sequences 20 times. Ask the subjects to grasp the objects in the starting area of the base, lift, and move them to the midline and release using the robotic hand system. 
2.3.6 At the same time, measure the success rate for these 20 attempts. Perform this procedure on 3 consecutive days. The success rate is the number of successful manipulations per 20 attempts x 100%. Successful manipulation is defined as when the subjects are able to complete the sequences with specific grasp pattern using the robotic hand system and without dropping them.
NOTE: The success rate will be used to assess the feasibility of the robotic hand system in stroke patients. 
3 Patient evaluation

3.1 To assess acceptability, ask the subjects following questions at the end of each session: (1) was the robotic hand system helpful for you to manipulate the objects? (2) were there any adverse events happened during or after the training program?
REPRESENTATIVE RESULTS: 
A total of six subjects were enrolled in this study, including three healthy subjects and three post-stroke subjects. The demographic data of both groups are shown in Supplementary Table 1. The average age of the healthy group was 28 (range: 24–30), whereas the average age of the patient group was 49 (40–57). The average assessment scores of the patient group were as follows: (1) MMSE=27 (26–29), (2) FMA=11.3 (6–15), (3) MAS=1, (4) Brunnstrom stage=2.

In Step 1, the subjects in the healthy group (n=3) perfectly manipulated all of the objects with and without the robotic hand system (Supplementary Tables 2–6). The average success rates over the 3 days without the robotic hand, as shown in Figure 4, were as follows: peg=100±0% (mean ± S.D.); rectangular cube=100±0%; cube=100±0%; ball=100±0%, nd cylindrical bar=100±0%. The average success rates over the 3 days using the robotic hand, as shown in Figure 4, were as follows: peg=100±0%; rectangular cube=100±0%; cube=100±0%; ball=100±0%, and cylindrical bar=100±0%. The results supported the feasibility of the robotic hand system in the healthy group.
In Step 2, all the patients (n=3) exhibited difficulties in manipulating the objects without the robotic hand system (Supplementary Tables 2–6), showing 0±0% success rates for all objects, but their success rates increased significantly when they used the robotic hand system (Figure 4). Specifically, their success rates were as follows: peg=98.89±1.92%, rectangular cube=97.78±3.84%, cube=97.78±2.55%, ball=99.44±0.96%, and cylindrical bar=100±0%. The success rates when using the robotic hand system in the patients were similar to those in the healthy subjects. The results supported the feasibility of the robotic hand system in stroke patients.

In Step 3, all the patients reported that the robotic hand system was helpful to manipulate objects. In addition, all the subjects completed the procedure in 3 consecutive days without reporting any adverse events. The results supported the acceptability of the training program.
FIGURES:
Figure 1: Experimental objects and design. (A) Designed objects: (a) peg (head: 4.5 cm diameter, body: 3 cm diameter, BRS=3), (b) rectangular cube (1 cm x 4 cm x 4 cm, BRS=4), (c) cube (4 cm3, BRS=4), (d) ball (6 cm diameter, BRS=5), (e) cylindrical bar (4 cm diameter, BRS=5) and (f) base; (B) Experimental setup: (a) Sling, (b) exoskeleton hand, and (c) control box.
Figure 2. Subjects manipulating objects without using a robotic hand system

Figure 3. Subjects manipulating objects using a robotic hand system

Figure 4. Results of grasping tasks. The results showed a difference between the healthy and patient groups (Mann-Whitney U test) without using the robot (Non-Robot condition), but the difference was no longer observed with the robot (Robot condition).

DISCUSSION:
The results of this study showed the following: (1) both groups could successfully grasp the objects provided with the robotic hand system. They were able to complete this task with a nearly 100% success rate, which verifies the feasibility of the proposed robot-assisted task-oriented training program. (2) There were no reports of injury or adverse events during the study period and all patients reported that the robotic hand system was helpful to manipulate objects. This confirmed the acceptability of the robotic hand system and the training program. 

This is the first protocol that uses a bilateral robotic hand system to interact with real objects
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. Everyday activities depending on hand function are complicated15, especially bimanual tasks12, such as putting on pants or wringing a towel. We propose that the training program involving practicing different grasping patterns bimanually will be able to facilitate subjects’ hand function and enhance actual ADL performance. The objects for this study were designed with feasibility, stability, and elasticity in mind. Specifically, the shapes, sizes, and materials of the objects were designed to fit the rigid joint positions of the exoskeleton hand and allow adequate sensory feedback. In addition, each shape was designed to train a different grasp pattern outlined in the “Brunnstrom stage.” It gives therapists a structured system that allows them to grade the difficulty of the task. Moreover, the robotic hand system can be applied to stoke patients who have a severely impaired hand function (i.e., Brunnstrom stage ≤2). They can obtain motor experience and sensory input through the assistance of the exoskeleton robotic hand. 
The robotic hand system has several limitations. The movement speed of the exoskeleton hand is fixed and unable to accurately match the movement speed of the sensor glove. This might influence the effects of BMT and limit the variation of training tasks. The small exoskeleton hand might be too big for some subjects, because it was designed based on a male’s hand. The exoskeleton hand only has one degree of freedom in finger movement and the position of the thumb is fixed, which prohibits three-dimensional movement of the fingers and increases the difficulty of interacting with real-life objects. The weight of the exoskeleton hand is a burden for stroke patients. They showed difficulty reaching out independently with the robotic hand, so a suspension system applied to the arms and forearms is necessary to support the proximal part of the affected upper limbs and assist the hand-training program. 

It is important to enhance the symmetry between the sensor glove and exoskeleton hand to achieve truly bimanual-mirrored movements. Extra fixation should be applied to fit smaller hands. A refined version of the exoskeleton hand should be equipped with more adjustable joints to allow the robotic hand to perform multi-dimensional movements and complicated hand training tasks. Furthermore, a portable type of the robotic hand system with the rehabilitation programs remotely planned by therapists may be applied in home-based rehabilitation programs. 
There were several limitations in subject inclusion that may affect the generalization of applying the training protocol. This is a pilot study for assessing the feasibility and acceptability of the training program and thus the sample size is very small. The functional characteristics of the stroke patients are quite homogeneous, with MAS = 1, Bunnstrom stage = 2, and FMA score ranging from 6 to 15. These patients have severe motor impairment at their affected hands, so that, following the augmentation using the system, they had a significant improvement in the motor performance as compared with their prior state, a property that may overestimate the effect of our robotic system. In addition, we recruited subjects with lower spasticity for easily guiding the movement of the affected hands by the robotic system, but these devices might not be suitable for patients with strong spasticity. As a feasibility and acceptability study, we did not conduct post-treatment assessments. After this study, we will conduct a randomized controlled trial to characterize the effects of the robotic-assisted task-oriented training program.
This study aimed to develop a novel robot-assisted task-oriented hand rehabilitation program. The protocol created extensively covered the setup and requirements of the procedures while assessing the program’s feasibility and acceptability. The program was concluded to be feasible, acceptable, and safe. The results of the program demonstrated that the training protocol and the objects specifically designed for robot-assisted rehabilitation are suitable for neurorehabilitation for stroke patients. In order to verify these findings, a randomized controlled trial is necessary to determine the therapeutic effect of the training program.
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