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Abstract

:

Due to the ageing population and an increasing number of stroke patients, we see the potential future of rehabilitation in telerehabilitation, which might alleviate the workload of physiotherapists and occupational therapists. In order to enable the use of telerehabilitation, devices aimed for home and independent use need to be developed. This paper describes the design of a robotic device for post-stroke wrist and finger rehabilitation and evaluates the movement it can perform. Six healthy subjects were tested in three experimental conditions: performing a coupled movement of wrist and fingers from flexion to extension without the device, with a passive device, and with an active device. The kinematics of the hand were captured using three Optotrak Certus motion capture systems and tracking 11 infrared active light-emitting diode (LED) markers. The results are presented in the form of base-line trajectories for all middle finger (MF) joints. In addition, the deviations of trajectories between conditions across all subjects were computed for the metacarpophalangeal (MCP) joint and fingertip of the MF and pinkie (PF) finger. Deviations from the base-line trajectory between measurement protocols and the root-mean-square deviation (RMSD) values indicate that the motion of the hand, imposed by the developed device, is comparable to the unconstrained motion of the healthy subjects, especially when moving into the extension, opening the hand.
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1. Introduction


Stroke is one of the leading causes of death and disability among adults worldwide, with its relative incidence doubling every ten years after age 55 [1,2,3]. According to the World Health Organisation, the number of people aged 65 and over will increase by 207% until 2050 [2]; therefore, it is expected that the economic and health burden related to stroke will continue to rise.



The reduction or loss of functional abilities is one of the most common consequences of stroke. It can cause, among others, motor and movement impairments, such as loss of coordination, strength and skills, reduced ability of fractionated movement, abnormal muscle tone, and paresis [1,4,5,6,7].



Even though a stroke usually affects both extremities on one side of the body, regaining or improving the upper limb function is more problematic than for the lower limb. A decreased upper limb function occurs in 85% of stroke patients. At 3–6 months post-stroke or even upon completing the standard rehabilitation program, its function is still not sufficiently restored in 50–80% of the patients, further limiting their activities of daily living (ADL) [1,8,9,10,11,12]. Meanwhile, improvements in the lower limb function and regaining the ability to walk are expected in 75–83% of patients [8].



Particularly problematic in the recovery of upper limb function is spasticity—its prevalence varies between 4% and 46% in different post-stroke stages [6,13,14,15]; however, it is most common in the chronic stage [13].



Physiotherapy plays a vital role in the post-stroke rehabilitation process. It primarily aims to maintain joint mobility, prevent loss of strength and changes in muscle tone, and improve voluntary movement control [16]. There are various approaches to the rehabilitation of motor and functional abilities of the upper limb post-stroke; however, it has been shown that the implementation of protocols that include regular, high-intensity, task-specific exercises, and focus of high repeatability of the movement is one of the most effective approaches [4,17,18,19,20,21,22,23,24]. Exercises involving a prolonged stretch of the affected muscles should also be included to reduce spasticity [25,26]. Commonly deployed rehabilitation exercises for the wrist and hand are the flexion-extension of the fingers, grasping of different objects, and flexion-extension of the wrist while keeping the fingers extended [27].



Providing high-intensity and task-specific rehabilitation exercise protocols with highly repetitive movements can be, despite their effectiveness, difficult or sometimes even impossible to ensure for all patients. Namely, such protocols are physically exhausting and time consuming for the therapists, as they require manual interaction and one-on-one work with each patient every day for several weeks [17,28].



Thus, there is a trend of increased use of robotic devices in stroke rehabilitation protocols because not only can they reduce labour costs [29] and therapists’ physical exertion [30,31], but they can also provide customised, high-intensity, repeatable, and task-oriented interactive exercises and enable an objective and reliable monitoring of the patient’s progress [17,22,24,32].



Another great advantage of using robotic devices for rehabilitation is that they can accurately and systematically control the amount of force applied to the patient and gradually change the level of assistance or resistance, therefore adjusting the exercise intensity to the patient’s abilities [33]. Most robotic rehabilitation devices usually offer different training modalities: passive, assistive, active, and resistive [22,32]. The training modalities are classified as in other forms of conventional therapy and describe the patient’s activity level while interacting with the device [22].



Studies have shown that the use of robotic rehabilitation devices, when used for post-stroke rehabilitation of the upper limb, can:




	
help improve the motor control, strength, and function of the upper limb [4,29,34,35], particularly if assistive, active, or resistive training modalities are being used [32,34,36];



	
have a beneficial effect on excessive muscle tone or spasticity and pain [37];



	
positively affect the patient’s progress, regardless of the rehabilitation stage [32];



	
have a comparable or even superior impact on the rehabilitation progress compared to the traditional approaches [18,35,38,39].








However, many studies related to the post-stroke robotic rehabilitation of the upper limb primarily focus on the proximal arm joints, i.e., the shoulder and elbow, rather than the distal joints of the arm, i.e., the wrist and hand joints. The latter is interesting, as it has been found that therapeutic exercises for the distal arm joints can lead to functional improvements in both proximal and distal arm function [30,31,32]. Moreover, to improve the performance of ADL—reaching, gasping, manipulating, and carrying objects—the distal part of the arm must be included in the exercise protocol [22,40], as the functional improvements of the wrist and hand alone can significantly impact the functional improvement of the whole upper limb [41].



In addition to the frequent occurrence of spasticity, the problem of successful rehabilitation of the upper limb function may be that the onset of the distal arm joints’ movement recovery, compared to the proximal arm joints, usually occurs later. This delay means that even when patients regain strength and coordination in the shoulder and elbow joint, the function of the wrist and fingers is usually not yet restored, which further limits the ADL [42]. Patients especially wish to restore the ability of fine manipulation—writing, card playing, knob manipulation, and driving. Such manipulations require a coordinated action of several joints and muscles of the upper limb, particularly the wrist and hand joints [36].



Patients should continue to perform the therapeutic exercises even after discharge from the hospital. Lately, alongside robotic devices in rehabilitation, telerehabilitation technologies are also becoming increasingly used, especially in the neurological rehabilitation field. Compared to the traditional rehabilitation approaches, some of their most significant advantages are the reduced cost of the health care providers and enabling the patients to perform physiotherapy at home. The latter is especially beneficial for patients who have severe disabilities or live in rural areas and therefore could not as easily access the traditional rehabilitation services [43,44].



Given the fact that many hospitals and clinics discharge patients when they relearn how to walk—even if the function of the upper limb, especially its distal parts, has not yet been restored [9]—an appropriate rehabilitation device, designed for an out-of-clinic use, might help them to further recover the distal arm function. The device should provide therapeutic exercises for the wrist and fingers, such as flexion and extension of said joints. It should also have an adjustable level of assistance, motivate the patient by combining exercises with playing games during therapy and providing visual feedback, monitor therapy progress, enable independent use at home or in a nonclinical setting, and have relatively low manufacturing cost [33].



The state of the art shows multiple possible solutions regarding the design of such devices. Many patent records use wearable mechanical systems in the form of a glove or a soft splint covering the forearm, hand, or fingers. There are different moving segments, such as bars, pulleys, or belts, placed on the glove or splint alongside the hand and fingers. An actuator, usually placed on the forearm portion of the arm, moves the said segments back and forth, which results in the mobilisation of either one or more fingers or the wrist [45,46,47,48]. However, these devices seem difficult for donning and doffing—particularly in the case of spasticity or if the patients would try to use them independently. Devices, built in the form of exoskeletal mechanisms, such as [49,50,51], seem more suitable for independent use at home, regarding the complexity of the donning and doffing process. They use linear actuators or pneumatic muscles to actuate one or more degrees of freedom, which mobilises the wrist, fingers, or both.



However, none of the devices, covered in the state of the art, enable simultaneous movement of the wrist and fingers from flexion to extension with just one actuated degree of freedom (DOF). This article presents the design and verification of such a device, and it is organised as follows: after the Section 1—the introduction, the Section 2 describes the mechanical design of the device, its hardware components, and control scheme. It then describes the experimental protocol for measuring the similarity of hand movements with or without the device and the experimental setup used, followed by a description of data analysis. Section 3 presents the experimental results in the form of a visual comparison of hand trajectories in a sagittal view, graphs of deviations between experimental protocols, and a table of results for each subject. All the results are interpreted in the Section 4, which converges into the Section 5, in which some of the ideas for future work are presented.




2. Materials and Methods


The design objectives were set following the state of the art and requirements for telerehabilitation. The mechanical and control design parameters of the device were, alongside enabling the desired motion of the hand and different training modalities, focused on safety assurance—especially at the prevention of finger crushing, compression, or similar injuries, the adjustability of device’s ROM and dimensions, ensuring the back-drivability of the device and its electrical safety, the implementation of a watchdog timer supervision circuit, and other software safety checks.



2.1. Device’s Mechanism and Built


The developed exoskeleton robotic device consists of the proximal and distal part. The device’s linkage mechanism represents the distal part. It includes the mounting brackets, where the actuators are attached, seven parallel segments on each side—laterally and medially—and the proximal and distal finger rests that connect both sides of the segments. The segments on each side are connected in a parallel and successive manner, allowing the linkage to move from the bottom, flexed position into the top, extended position by actively rotating just one segment.



Figure 1 shows a lateral (A) and medial (B) view of the mechanism, depicting the successive connection of the segments. The numbers in Figure 1 correspond to the following parts—the mounting bracket (1), actuator (2), upper (3), middle (4), lower (5), central (6), triangular (7), oval (8), and the end (9) segment.



The dimensions and connections between the segments determine the mechanism’s movement, which, in turn, determines the movement of the wrist and fingers. The movement in the wrist is more dependent on the dimensions of the upper (3), middle (4), and partially the central (6) segment. By contrast, the movement of the fingers depends more on the dimensions of the oval (8), end (9), and lower (5) segment. The lower segment (5) is the only actively driven segment.



The proximal (11) and distal (12) finger rest connect the lateral and medial portion of the segments—they are marked, along with the forearm support (10), in Figure 2. The proximal finger rest (11) is installed between the central (6) segments, and the distal finger rest (12) is installed between the end (9) segments. The proximal finger rest (11) supports the metacarpophalangeal (MCP) joints, and the distal finger rest (12) supports the fingers beyond their proximal interphalangeal (PIP) joints. The PIP joints are not supported. The thumb is secured at the bottom of the proximal finger rest (12) inside of a fixation element, which allows for the position of the thumb to be adjusted laterally or medially. The fingers are individually fastened on the distal finger rest (12) with an elastic band, which runs through the openings in the finger rest—this allows the fingers to slide slightly back and forth along the finger rests while moving from flexion to extension. Distal finger rests of different dimensions can help adjust the distance between the proximal (11) and distal (12) finger rest, thus making the device adaptable to different lengths of patients’ fingers, as well as to the use with the left or right hand.



The mounting brackets (1) with actuators (2) connect the distal part of the device with its proximal part. The latter consists of an aluminium base—where the brackets are attached laterally and medially—and an aluminium profile with a forearm splint (10) attached to its top. This configuration allows the forearm splint (10) to be slid forward or back—distally or proximally—along the aluminium profile. Therefore, the distance between the forearm splint (10) and the proximal finger (11) rest can be reduced or increased, making it adjustable to the length of the patients’ metacarpal bones.



A mechanical blockage with discrete steps is implemented on the upper part of the bracket (1) to limit the device’s range of motion (ROM), ensuring safety and preventing excessive extension of the wrist and fingers. Movement into flexion is limited by the shape of the end segment (9) itself, preventing thumb compression in the flexed position.



The desired coupled movement of the wrist and fingers from flexion to extension (A), the 3D model of the device (B), and the actual device and its ROM (C) are depicted in Figure 2.




2.2. Actuation


Even though all of the device’s segments can move by actively rotating only one segment, we decided to use two actuators—one on each side of the mechanism—to neutralise sheer forces and ensure more even weight distribution. Therefore, two 24 V, 90 W, direct current (DC) motors with a graphite brush commutation system (maxon Group, Sachseln, Switzerland) actuate the device. Electrical motors were chosen because they are efficient, reliable, produce little noise, moderate torque and speeds, and have low operational and maintenance costs.



Each actuator has a housing diameter of 35 mm, weighs 340 g, and consists of a right-angle gearhead—with a 4.125:1 gear ratio and 86% efficiency; planetary gearhead—with a 5.8:1 gear ratio and 80% efficiency; and a DC motor—with a nominal torque of 105 mN·m. The selected gear ratios ensure the back-drivability of the device. This way, in case of a power failure, the residual motor torque is not high enough to lock the device in a fixed position—from where patients could not remove their hand—which is crucial for ensuring safe use in a nonclinical environment or by the patients themselves.



The configuration allows the device to produce at least 3.46 Nm of torque, which should be sufficient for enabling passive, assistive and active training modalities, especially for the patients who suffer from paresis, plegia and hypotonia, or mild to moderate spasticity.




2.3. Control System


The control system was designed upon a Raspberry Pi 4 microcomputer with a server version of a Raspbian operating system (OS). Raspbian is a Linux system distribution, optimised for Raspberry Pi hardware. Our control system uses its lite version—a barebones implementation, with a real-time kernel installed.



Robot control is a computationally demanding task and calls for a multithreaded approach. Therefore, the processes and tasks were divided among the four processing cores of the microcomputer, based on their timing requirements, as shown in Figure 3.



The program consists of several functionally split real-time and non-real-time processes. The real-time processes must be executed at specific time intervals, while the non-real-time processes do not require such strict timing. Therefore, the processes with similar time requirements run together on the same core. The first core is used for non-real-time processes such as high-level decision execution and OS functionalities. All other three cores are hidden from the OS interrupts and only work on their respective tasks: position and force control of the motors, communication, sensor data acquisition, and motor position tracking. Since the real-time processes managing cores are isolated from the Raspbian OS, their timing efficiency is increased.



The control system was developed using the C programming language, as it allows for faster running time than other frequently used programing languages, for example, Python.



The low-level control of the device includes:




	
motor position control;



	
communication with patient’s user interface, using Bluetooth connection;



	
acquiring sensor data from:



	-

	
strain gauge based force sensors,




	-

	
incremental encoders of the motors,




	-

	
torque measurements from the motors.












Motor drives, ESCON module 50/5 (maxon Group, Sachseln, Switzerland), regulate the force and velocity of the motors and enable analogue measurement of the motor’s torque. An incremental position encoder is integrated into each motor, monitored by the motor driver and the assigned microcomputer core. In order to enable telerehabilitation services, connectivity is implemented via Bluetooth connection of the device with the patient’s user interface. The latter is further connected to the web portal that enables the therapist to define or modify the therapy protocol, insight into individual therapy reports, and overall rehabilitation progress and adherence. The communication with hardware peripherals is provided by using pulse-width modulation (PWM) for the motor drives and serial peripheral interface (SPI) for the analogue-to-digital converter (ADC). The control scheme includes two groups of analogue signals, torque measurements from both motor drivers, and force measurements from the future force sensor. To interpret these signals, we use 10-bit ADC circuits.



The initial calibration of the device encompasses the controlled motion throughout the complete ROM in both directions. The end-positions of the joints are determined by the detection of the increased motor current values. The absolute joint position is calculated from the lower bound, counting the encoder outputs. The initialization procedure needs to be performed prior to donning; otherwise, the detection of excessive force at the distal finger rest stops the calibration process and issues an error message.



The high-level control is used to set the movement boundaries, the level of assistance or resistance, and to choose between the four training modalities—passive, assisted, active, and resistive. In the passive mode, where the device is active and the patient is passive, position control is implemented using the encoder feedback and the proportional-derivative (PD) control approach. Figure 4 depicts a block diagram of such a PD control. The first inputs of the controller are the high-level decision parameters defined by the therapist—such as maximum ROM and maximum permissible force. These parameters are considered in the safety procedures that limit or decrease the controller’s output to prevent violation of any safety requirements. Since the device should be positioned flat on the table during operation and the motion is executed only in the sagittal plane, the effect of gravity on the device is known and can therefore be compensated based on the joints’ positions. This compensation is performed in order to minimise the steady-state error. The motion reference is determined according to the prechosen parameters, while the proportional and derivative constants were tuned for critically damped behaviour.



In the assistive mode, the device facilitates motion in parts of the movement, which the patients cannot yet perform themselves—only assisting the motion when needed. The device acts as a mass-damper-spring system in this mode, allowing the patient to deflect the device from the reference position by implementing an impedance control approach. Figure 5 depicts the block diagram of the assistive mode. It differs from the passive mode mainly in substituting the PD regulator for an impedance control block. This block calculates the desired force based on the current position, velocity, acceleration, and other high-level parameters—i.e., the level of assistance and the parts of movement where they are applicable.



In the active mode, where the patient is performing the movement through the set ROM without any active assistance from the device, the latter acts only as a measuring tool, gathering the signals from the incremental encoders, installed at motor axes, and force sensors, installed at the distal finger rest.



Direct force control is implemented in the resistive mode, where the device generates controlled resistance, opposing the patient’s motion. Figure 6 depicts the block diagram of the resistive mode. It is again similar to the passive mode, with the difference being that the force, instead of position, is regulated. Force feedback is provided by the strain gauges installed on the distal finger rest, while the reference force is determined by the position of the wrist joint, gradually decreasing in extension.



In all training modes, the data from the encoders and the interaction forces between the patient’s hand and the distal finger rest can be used for therapy progress evaluation. Even though this is still in the development stage, the high-level control already encompasses a human-controlled feed-forward position control and a passive training modality that guides the patient’s hand and wrist through cyclical flexion and extension every five seconds.




2.4. Experimental Validation


Validation measurements were carried out to investigate whether the device can replicate a coupled movement of the wrist and finger joints in healthy subjects, spanning through full flexion and extension.



2.4.1. Data Acquisition


The measurements took place in the Laboratory of Robotics at the Faculty of Electrical Engineering, Ljubljana, Slovenia.



The subjects were healthy individuals with no prior acute or chronic injuries that would limit the ROM of their wrist or fingers. The group of participants consisted of six people—four males and two females—mean age 29.5 years ± 6.7 years, mean body weight 73 kg ± 18 kg, and mean height 178 cm ± 12 cm. Anthropometric characteristics of the subjects—weight, height, and hand dimensions—are shown in Table 1.



In order to reduce the complexity of the measurements, our measurement protocol focused on the wrist, middle (MF), and pinkie (PF) finger—the third and fifth digit—joints. The thumb was not included in the analysis because this device does not actively target rehabilitation of its function. We chose to focus on the MF and PF because, in most people, MF is the longest; furthermore, it is positioned in the middle of the hand. Therefore, it can be, as such, also a good representation of the movement for the index and ring finger—the second and fourth digit. The PF, by contrast, is usually the shortest finger of the human hand and has its PIP and distal interphalangeal (DIP) joints’ axes noticeably misaligned with the other three fingers.



We used 11 active infrared light-emitting diode (LED) markers, sampled at 100 Hz—they were placed, posteriorly, on the forearm, ulnar, and radial styloid process, MCP, PIP, DIP joints, and fingertips of the MF and PF. The task for each protocol was described to the subjects, who then performed the three measurement protocols in the same order, for 30 s each:




	
P0 protocol—active movement through the available ROM, spanning from the full coupled flexion of the wrist and fingers to their full extension, with the thumb held in opposition, only using the device’s proximal part to have the forearm secured in the splint. The movement speed was optional;



	
P1 protocol—active movement through the device’s available ROM with a passive device equipped. The movement speed was optional;



	
P2 protocol—passive, actuated movement through the device’s available ROM, where only the device was actively contributing to the movement. The device was moving through its available ROM so that one cycle of the movement—from flexion into extension and back—lasted five seconds.








The 3D movement of the LED markers was captured using three Optotrak Certus NDI (Northern Digital) motion capture systems. According to [52], this motion tracking system has an absolute error of less than 0.1 mm. Figure 7 depicts the layout of the cameras 1, 2, and 3 (A), and a subject within the measurement set-up, prior to the start of the P0 protocol (B). Camera 1 was placed on a rack, positioned diagonally, above, and in front of the subject, capturing the motion through the middle part of the movement; camera 2 was placed below and angled up towards the subject, capturing the movement in the flexion; and camera 3 was set under the ceiling, behind the subject—it can also be seen in Figure 7B, capturing the movement in the extension.




2.4.2. Data Analysis


The Matlab (The MathWorks, Inc., Natick, MA, USA) programming platform was used to process and analyse the acquired data. We used spline interpolation to interpolate the missing markers and then filtered the data to remove undesirable artefacts—e.g., artefacts that have a temporal structure faster than the human motion. Therefore, a fourth-order, bidirectional Butterworth low-pass filter with a cutoff frequency of 5 Hz was utilised. The use of a bidirectional filter prevented the phase shift from affecting the data.



Measurement samples were then transformed into a common coordinate system, which had its origin coincide with the position of the marker on the radial styloid process. The negative x and the positive y-axes of the said coordinate system were determined by the markers placed on the ulnar styloid process and the forearm.



Then, the data were cut into individual, discrete moves, spanning either from the flexed into the extended or from the extended into the flexed position of the measured joints—which allowed us to categorise the motion data by the subject, the direction of the movement, and the experimental condition. We then inspected these discrete moves for unwanted artefacts and averaged them into base-line moves for each subject and protocol. However, since the movement in the P0 and P1 protocol was performed with a nonpredefined and varying speeds, we averaged the data in the spatial domain to obtain base-line trajectories for the moves of each joint during different protocols for each subject.



In order to compare trajectories between protocols, subjects’ base-line joint trajectories were computed from the P2 protocol. The P2 protocol was chosen for the base-line because it was performed at a constant speed and—as only the device was actively performing the movement—had the highest movement repeatability. Namely, we were expecting lower repeatability of the movement in the P0 protocol, as the subjects only had to simultaneously extend or flex the wrist and fingers—without a specific task to perform or an object to grasp. Therefore, we deemed the protocol P0 less suitable for the computation of the base-line joint trajectories.



The deviation from the base-line trajectory was then calculated along 100 equidistant points for every discrete move in P0 and P1 protocols. This way, we obtained the minimal distance from each equidistant point on the base-line trajectory to the corresponding point on the trajectory of the discrete move under consideration.



Signed deviation was used, meaning that the deviation is negative if the point on the discrete move is closer to the wrist joint than the point on the base-line trajectory. The deviation is positive if the point on the discrete move is further away from the wrist joint than the point on the base-line trajectory.



Lastly, the trajectories were normalised, starting with flexion and ending in extension, and averaged across all trials and across all subjects for each condition.






3. Results


The results regarding the shape, deviation of the trajectories, and their root-mean-square deviations (RMSD) are described in this section.



3.1. Form of the Motion Trajectories


Figure 8 depicts representative trajectories of the markers on the MF joints for all three experimental conditions for one of the subjects. The trajectories are depicted in the sagittal plane—along the x and z-axis, showing how each marker was moving as the subject performed the protocols. The solid lines represent the trajectories obtained from each protocol—the blue colour represents the P0 protocol, the red colour represents the P1 protocol, and the yellow colour represents the P2 protocol. The dashed lines of the same colours are used to help visualise the corresponding positions of skeletal structures of the hand at the specific points along the trajectories—the markers were used as a representation of the wrist and finger joints positions. The point (0, 0) in Figure 8 represents the wrist, and the lines along the negative x-axis represent the forearm. From left to right, the trajectories in Figure 8 correspond to the movement of the markers on the MCP, PIP and DIP joint, and the tip of the MF.



The shape of the trajectories in Figure 8 shows a similarity of the wrist and finger movement across different experimental conditions. The shapes of trajectories in the P1 and P2 protocol, especially when moving into flexion, are expectedly similar, as the device constrained the subject’s movement. We can also observe a substantial difference between P0 and the other two protocols regarding the amount of flexion—during the P0 protocol the subjects could, in general, achieve a greater amount of flexion because they were able to flex the wrist and fingers completely, i.e., making a fist. That was not possible during the other two protocols, P1 and P2, as the device has a limited amount of flexion to prevent the bottom of the distal finger rest from compressing the thumb, which is fixated at the bottom of the proximal finger rest. Compared to P0 or P1, we can also observe a greater extension of the MF joints during P2 protocol, which could mean that the device moved the MF joints past their active ROM and into the passive ROM.




3.2. Trajectory Deviations


To numerically evaluate the similarity of the trajectories of the selected MF and PF joints across different protocols, we calculated the deviation of trajectories from a base-line joint’s trajectory, obtained during P2 protocol. The yellow lines in Figure 8 depict the base-line trajectories of the MF for one of the subjects during the P2 protocol; however, Figure 9 shows graphs with the normalised results, averaged across all subjects, for the MF’s and PF’s MCP joint and the fingertip.



Graphs in Figure 9 titled MF MCP and PF MCP show deviations in the movement of the MF’s and PF’s MCP joint, and graphs titled MF tip and PF tip show deviations in the MF’s and PF’s fingertip movements. The blue colour represents the P0, and the red represents the P1 protocol. Whiskers were added to the graphs to help visualise the standard deviation (SD) of the data. Both protocols were compared to the P2 protocol—yellow, which represents the baseline and can be barely seen, as its values are close to zero.



The deviations in the MCP joints can be interpreted as a base error since the trajectories of the MCP joints stem directly from the wrist flexion and extension and are, as such, not directly impacted by the device. The base error can be attributed to movements of the markers due to the skin’s elasticity.



To estimate how well the device mimics the movement of the unconstrained wrist and fingers of the healthy subjects, we can use the fingertip deviations. The normalised motion starts in the flexed position, at the left of the x-axis. The deviations in both graphs, MF tip and PF tip, show a considerable difference between the P0 and P2 protocols and also between the P0 and P1 protocols in the first half of the normalised motion, i.e., flexion; however, this was expected because, as stated before, during the P0, the subjects were able to move through their entire ROM, flexing their fingers into a fist. At the same time, that could not be performed during the P1 and P2 protocol, as the device has a limited ROM when moving into flexion, from both safety and mechanical standpoints. The normalised motion ends in the extended position, at the right of the x-axis, where the results are within the base error, indicating sufficient similarity of the trajectories between the P0 and P2 protocols, as well as the P1 and P2 protocols, meaning that the device adequately mimics the movement of the wrist and fingers into extension.



To further analyse the deviations of the trajectories for the MF, we computed the root-mean-square deviation (RMSD) of the deviation values between the P0 and P2 protocol for each of the subjects. We computed the RMSD values for the movement into flexion and the extension separately. Table 2 presents the obtained RMSD values and the SD for the MCP joint and the fingertip deviations.



The results from Table 2 are consistent with the results shown in Figure 9. Except for the subject B, the MF MCP deviations are within reasonable levels of error for both flexion and extension. Their cumulative average across the subjects, excluding the subject B, gives us a value of 0.5 cm, which most likely stems from an error due to skin elasticity, which is present in every measurement.



The same can be observed from the MF tip RMSD values during extension. The values are again within reasonable error levels, with most of them close to the 0.5 cm mark. That is, if we take that into account, the part of the RMSD values is probably a consequence of skin deformations due to finger fixations. Namely, Figure 9 shows that towards the extension, there are no major differences in the amplitude of the deviations for the P0 and P1 protocol, meaning that only the measurement error remains. An apparent exception here, according to Table 2 is subject F, where the RMSD value was 5.3 ± 1.0 cm. It could happen that the thumb stopped the movement of the bottom finger rest into further flexion, as subject F was the subject with the largest hand; however, the subject did not report any discomfort during the measurement protocols. The highest RMSD values were observed for the MF tip movement into flexion, with an average value of 2.4 cm. This means that the trajectory of the MF tip, when moving into flexion, was noticeably different when performing the P0 compared to the P2 protocol. The highest values were observed for the subject F.



Even with the outliers in the subjects B and F, the averaged values of the RMSD show that the MF’s MCP joint overall movement and the MF’s tip movement into extension did not differ considerably between the P0 and P2 protocols. On the other hand, higher values of the RMSD of the MF tip in Table 2, with noticeably more negative values of trajectory deviation, as seen in Figure 9, point toward an overall difference in the execution of the MF flexion between the P0 and P2 protocols and a reduced flexion during the P2 protocol.





4. Discussion


The experimental validation showed that the developed device is properly adapted to the anthropometric characteristics of measured subjects as none of the subjects experienced any discomfort during protocols P1 and P2.



High repeatability and intensity of the movement are essential in post-stroke rehabilitation protocols [4,17,18,19,20,21,24]. Results from Figure 8 and Figure 9 and Table 2 show that the similarity of the trajectories was higher during the P1 and P2 protocols, indicating higher movement repeatability when using the device—passive or active. Such a result was expected, as the device, regardless of a relatively complex mechanism, only has one active DOF, constraining the movement of otherwise many DOFs of an unconstrained hand.



Figure 9 and the values gathered in Table 2 show a considerable difference in finger trajectories during flexion between different protocols. Trajectories during extension, however, are relatively similar. We can deduce that subjects, while unconstrained, did not tend toward decoupled movement, i.e., first flexing the fingers and then the wrist, or vice-versa, which means that our device can adequately mimic the coupled extension of the wrist and fingers. That is a promising result since post-stroke patients usually have at least partially preserved ability to flex the wrist and fingers [53]; therefore, the hand rehabilitation protocols should prioritise recovering the ability to open the hand—to extend the wrist and fingers.



The selected actuators proved sufficiently strong to perform the passive training modality. We selected the actuators with gear ratios that were as high as possible and, at the same time, did not hinder the device’s back-drivability. In the future, we plan to test the device and its different training modalities on post-stroke patients with hemiplegia and low to moderate spasticity. It could happen that the actuators might not be strong enough to implement the resistive training modality. Even though more powerful actuators are available, their application poses an issue for the device’s independent, home telerehabilitation use, as a nonbackdrivable device seems unacceptable regarding the patient’s safety. However, such a nonbackdrivable version of the device could be used in an outpatient or ambulatory setting under the supervision of a qualified person.




5. Conclusions


The article presents a robotic device for post-stroke wrist and finger exercise. The device enables the wrist and finger joints’ coupled movement from flexion to extension, except for the thumb. Even though the device’s mechanism has numerous segments, it only has one actuated DOF. Alongside achieving the target movement—the coupled flexion and extension of the wrist and finger joints, provided with just one active DOF—the objectives were to develop a device that:




	
is simple for donning and doffing, so that the patients could do it themselves, even in case of spasticity;



	
is safe, so that the device can be used at home, in a nonclinical environment and also in the telerehabilitation applications;



	
is adaptable to different patients in terms of their abilities and hand dimensions;



	
is easy to use, portable, and has a relatively low manufacturing cost.








The movement that the device enables was compared to the unconstrained coupled movement of the wrist and finger joints of healthy subjects. Deviations from the base-line trajectory between measurement protocols and RMSD values show satisfactory results regarding the device’s movement, especially when moving into extension. The main two disadvantages of the developed solution are attributed to the targeted simplicity of the design and the safety assurance requirements. The limited torque capabilities of the actuation system originate from the back-drivability and the demand for inherent safety. The simple and affordable design, based on a single actuated DOF, imposes coupled motion of the wrist and finger joints; therefore, the fingers and wrist cannot be trained separately, which can be seen as a disadvantage. In the future, we are planning to also implement the assistive and resistive training modality. It is also planned to conduct measurements with post-stroke patients to further evaluate the device’s suitability for post-stroke telerehabilitation.




6. Patents


Patent application for the “Mechanism of the robotic device for the exercise of wrist and fingers” was submitted to the Slovenian Intellectual Property Office (SIPO) on 29 June 2021.
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The following abbreviations are used in this manuscript:



	ADC
	Analogue-to-digital converter



	ADL
	Activities of daily living



	DC
	Direct current



	DIP
	Distal interphalangeal (joint)



	DOF
	Degree of freedom



	LED
	Light-emitting diode



	MCP
	Metacarpophalangeal (joint)



	MF
	Middle finger



	OS
	Operating system



	PF
	Pinkie finger



	PD
	Proportional-derivative



	PIP
	Proximal interphalangeal (joint)



	PWM
	Pulse-width modulation



	RMSD
	Root-mean-square deviation



	ROM
	Range of motion



	SD
	Standard deviation



	SPI
	Serial peripheral interface
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Figure 1. Sketch of the device’s mechanism, lateral (A) and medial (B) view. The numbers in the figures correspond to the following parts—1: mounting bracket, 2: actuator, 3: upper segment, 4: middle segment, 5: lower segment, 6: central segment, 7: triangular segment, 8: oval segment, and 9: end segment. 
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Figure 2. The desired movement (A), 3D model with supportive parts of the device marked—10: forearm support, 11: proximal finger rest, and 12: distal finger rest (B), and the actual device, moving through its available ROM (C). 
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Figure 3. Multithreaded approach to robot control and embedded hardware communication. 
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Figure 4. A block diagram for the passive mode of operation with all the used hardware and signals. 
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Figure 5. A block diagram for the assistive mode of operation with all the used hardware and signals. 
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Figure 6. A block diagram for the resistive mode of operation with all the used hardware and signals. 
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Figure 7. The measurement set up with three cameras—1, 2, 3 (A), and a subject within the measurement set-up (B). 
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Figure 8. The MF joints’ trajectories in the sagittal plane for one of the subjects and all three experimental protocols: P0—blue, P1—red, and P2—yellow. 
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Figure 9. Deviation of the finger joints’ trajectories from their base-line trajectory. 
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Table 1. Sex, age, dominant arm, and anthropometric properties of the subjects.
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	Sex
	Age/Years
	Weight/kg
	Height/cm
	DA
	W-MF MCP/cm
	W-PF MCP/cm
	LMF/cm
	LPF/cm
	HW/cm





	Subject A
	M
	25
	75
	194
	R
	10.5
	9.6
	11.0
	7.9
	8.0



	Subject B
	M
	27
	88
	186
	R
	10.3
	8.3
	10.7
	7.9
	8.6



	Subject C
	F
	28
	60
	164
	R
	9.4
	7.4
	9.6
	7.2
	7.8



	Subject D
	M
	25
	65
	174
	R
	9.8
	8.8
	11.0
	8.0
	8.2



	Subject E
	F
	27
	52
	169
	R
	9.5
	8.6
	9.8
	7.6
	7.5



	Subject F
	M
	43
	100
	186
	R
	9.8
	8.8
	11.0
	8.0
	10.0







DA—dominant arm, where R is the right dominant arm and L is the left dominant arm. W-MF MCP—distance between the wrist and the MF MCP joint; length of the third metacarpal bone. W-PF MCP—distance between the wrist and the PF MCP joint; length of the fifth metacarpal bone. LMF—distance between the MF MCP joint and the MF tip; length of the MF. LPF—distance between the PF MCP joint and the PF tip; length of the PF. HW—hand width, with thumb in opposition
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Table 2. The RMSD values between the P0 and P2 for each of the subjects.
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MF MCP

	
MF Tip




	

	
Flexion/cm

	
Extension/cm

	
Flexion/cm

	
Extension/cm






	
Subject A

	
0.3 ± 0.1

	
0.6 ± 0.1

	
2.9 ± 1.3

	
0.7 ± 0.4




	
Subject B

	
1.7 ± 0.1

	
1.4 ± 0.1

	
1.1 ± 0.2

	
0.8 ± 0.1




	
Subject C

	
0.5 ± 0.1

	
0.2 ± 0.1

	
1.3 ± 0.6

	
0.4 ± 0.2




	
Subject D

	
0.7 ± 0.2

	
0.4 ± 0.1

	
1.8 ± 0.6

	
0.2 ± 0.1




	
Subject E

	
0.7 ± 0.3

	
0.4 ± 0.2

	
2.0 ± 0.6

	
0.9 ± 0.3




	
Subject F

	
0.5 ± 0.1

	
0.2 ± 0.2

	
5.3 ± 1.0

	
1.6 ± 0.1




	
Average

	
0.7 ± 0.5

	
0.5 ± 0.4

	
2.4 ± 1.6

	
0.7 ± 0.5
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