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Abstract: Impairments of fingers, wrist, and hand forearm result in significant hand movement
deficiencies and daily task performance. Most of the existing rehabilitation assistive robots mainly
focus on either the wrist training or fingers, and they are limiting the natural motion; many mechanical
parts associated with the patient’s arms, heavy and expensive. This paper presented the design and
development of a new, cost-efficient Finger and wrist rehabilitation mechatronics system (FWRMS)
suitable for either hand right or left. The proposed machine aimed to present a solution to guide
individuals with severe difficulties in their everyday routines for people suffering from a stroke or
other motor diseases by actuating seven joints motions and providing them repeatable Continuous
Passive Motion (CPM). FWRMS approach uses a combination of; grounded-exoskeleton structure
to provide the desired displacement to the hand’s four fingers flexion/extension (F/E) driven by
an indirect feed drive mechanism by adopting a leading screw and nut transmission; and an end-
effector structure to provide angular velocity to the wrist flexion/ extension (F/E), wrist radial/ulnar
deviation (R/U), and forearm supination/pronation (S/P) driven by a rotational motion mechanism.
We employed a single dual-sided actuator to power both mechanisms. Additionally, this article
presents the implementation of a portable embedded controller. Moreover, this paper addressed
preliminary experimental testing and evaluation process. The conducted test results of the FWRMS
robot achieved the required design characteristics and executed the motion needed for the continuous
passive motion rehabilitation and provide stable trajectories guidance by following the natural range
of motion (ROM) and a functional workspace of the targeted joints comfortably for all trainable
movements by FWRMS.

Keywords: hand recovery; rehabilitation robotics; stroke; indirect drive system; grounded-exoskeleton;
continuous passive motion (CPM); wrist rehabilitation; assistive technologies

1. Introduction

A stroke around the world is the second reason for death and the third most significant
source of inability [1]. Among all 15 million, about 5 million die, 66% of these deaths occur
in case of individuals above the age of 70 years [2]. A significant number of individuals
with motor impairments are among the stroke survivors. In fact, in the initial motion,
all post-stroke survivors and patients with hereditary conditions may experience hand-
function impairments [3]. The hand is one of the foremost vital limbs of humans; it consists
of five fingers and a wrist, therefore advancing robotics technologies designed to restore
sensory-motor function [4,5]. In general, to manage the stroke’s debilitating impact on
patients’ upper limbs, particular finger and wrist exercises may help. The wrist is the
proximate range of the carpal bones shaped by the radius and the articular disks [6].
Rehabilitation care recommendations suggest that patients receive care for brain injury as
soon as possible [7]. The significant advancement in conventional recovery approaches has
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contributed to assistive robotics. Rehabilitation robotic has progressed and increased the
human quality of life significantly. Increasing emphasis was given to technical advances in
robotics during refurbishment training [8,9].

According to state of the art in the literature [10–12], rehabilitation robots listed into
two types: (1) portable devices support daily living activities ADLs. This group of systems
is wearable devices; they also can be fixed onto tables; they are configured to direct patients’
manipulators to execute simple ADL at home (e.g., holding things, grasping, and using a
phone). However, in the early stage of stroke, portability is not crucial since the victims
cannot perform normal ADLs. Nevertheless, challenges must be considered with these
systems; the number of required actuators increases with joints numbers to be trained,
which obviously leads to an increase in the essential energy supply, weight, complexity,
and cost. (2) the second group of assistive-robotic devices calls therapeutic systems, more
significant than the ADLs supporting devices. Due to their complexity and size, they are
often suitable only for therapeutic clinics and too expensive even for some local clinics.

Considering the mechanical characteristics, it binds to the target limb and passes the
movements into the affected limbs through the mechanical structure. Exoskeleton-based
structure and end-effector systems are the most common structures for assisting robots. The
comparison between the two approaches is that exoskeleton-based is an external framework
that reflects the body frame of the target limb’s skeleton; this approach can be grounded and
ungrounded, allowing an independent joints motion with a different number of degrees
freedom DOFs. However, because the human hand is a complex structure, exoskeleton-
based devices need to follow this complexity; a typical exoskeleton-based device called
Kawasaki [13] supports 18 DOF and uses 22 Servo motors. Another exoskeleton-based
system is called RUPERT IV [14], with 5 DOFs. Another device called Haptic Knob, Lam-
bercy [15] uses 2 DC brushed motors and provide 2 DOF. The end-effector-based devices, a
more straightforward and practical approach, in which the targeted limb interacts with the
end-point device with less mechanical integrations. Typical end-effector development; My
Scrivener, Obslap Reseach, LLC; Palsbo [16], this system provides 3 DOFs.

Regarding the gesture assistance mode developments, the rehabilitation devices can
be divided into interactive systems (e.g., haptic devices), passive mode, and active assistive
motion (AAM). At this point, AAM and passive assistive motion systems are the most
reported rehabilitation system. As a comparison, passive assistive systems can direct the
patient’s affected limb movement. These devices are only suited for stroke victims who
can lift their extremities; therefore, these systems are often not necessarily required to be
driven by an actuator [11,17]. Therefore, passive devices typically lighter in weight and
require less energy than active devices [10]. On the other hand, the AAM devices equipped
with the actuation unit, one of the widely utilized actuators in neurorehabilitation robotic
systems, is electric motors [18]. AAM devices are used to move patient limbs actively;
they are best used when they cannot perform simple ADLs movements. However, some
active devices consider passive because the end-user effort is not required; practically,
the end-user remains inert while the device provides an active motion to the integrated
joint. These systems help guide and guarantee that the patient’s limb follows the planned
workspace trajectory by providing continuous passive motion (CPM) [10].

CPM machines are one of the most frequently cited methods of treatment supported
by the developed therapy exoskeletons. Passive mode is helpful to avoid early recovery
of muscular contractures. Thus, the CPM machine became more particularly helpful in
the initial phase in contrast to existing exoskeletons in literature. A significant number
have been indicated to improve the range of motion, displacement, and grabbing capacity
of the wrist or fingers neurorehabilitation robotics based on CPMs have been designed.
Moreover, they are the most popular technologies in the industry to improve motor-sensory
disability for upper-limbs. In the market commercial, CPM-based development can be
found [19–24]. The most highly developed existing commercial products are Amadeo,
Tyromotion [19], which is based on an end-effector design that uses an electric motor to
train five fingers for either hand. Another popular CPM machine developed by Sammons
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Preston Kinetec Masters [20], this system targets the fingers and wrist. Another commer-
cially available Hand Mentor TM, Kinematic Muscles [21], is a wearable orthosis that
uses one pneumatic actuator, targeting the wrist and four fingers. In addition, there are
inventions for rehabilitation, available from research laboratories, publishing, and studies,
in general targeting upper extremities and more specifically for finger grabs and for the
wrist, which is not available on the market. AMES, Cordo [25] is a stationary system
that supports one DOF, both [16,25] use electric actuator and train both fingers and wrist.
Another Stationary system called HWARD, Takahashi [26] supports 3 DOF and uses three
Pneumatic actuators. While Hasegawa [27] is a grasp assistance device that uses 11 DC
motors and supports 11 DOF. A recently published robot-looks called EULRR [28] uses
two commercial manipulators, each manipulator’s hand 7 DOF.

This paper presents a new design and development of a cost-efficient Fingers and Wrist
Rehabilitation Mechatronic System (FWRMS). Concerning the mechanical structure, the
proposed FWRMS combines a grounded exoskeleton and end-effector structures to provide
repeatable a continuous passive motion for either hand left or right. The proposed system
performs four essential movements of the hand which illustrated in Figure 1, the hand
movement, including one fingers flexion/ Extension (F/E); two wrist movements flexion/
Extension (F/E), and Wrist Radial/ulnar (R/U), deviation; forearm pronation/supination
(P/S). Furthermore, this paper also introduces a mechanical construction and transmitting
system that has managed to imitate the intended joints’ movements safely and comfortably
in the desired trajectories. We have also proposed a portable interactive controller in this
article, which allows the first user to choose the desired therapy and therapy parameters
via the developed control menu.
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The most recent related studies in the literature, which were carried out from the
literature by universities, research institutes, and studies, is concentrating on the design and
development of robotics focused on upper limb assistive-robot rehabilitation systems. This
section addresses some of the latest advances in the upper limb’s design listed in Table 1.

Table 1. Recent elated work.

System No. of Actuated
Movements Training Mode Transmission Schematic Type of Actuator Mechanical

Structure Type
Supported

Movements

[29] 2 Passive parallel mechanism 2* Servo motors Exoskeleton Elbow (F/E) and
shoulder (F/E)

[30] 1 Passive and active SPRM) with the
parallel mechanism DC motor Exoskeleton 1 finger

[31] 2 Passive and active parallel mechanism 2* pneumatic actuator End-effector Wrist (F/E, R/U)

[32] 6 CPM rope + toothed belt DC motors
Harmonic motors

End-effector and
exoskeleton

shoulder (F/E, I/E,
A/A), elbow (F/E,
I/E); wrist (F/E).

[33] 1 Active and Passive Cable-driven and
differential rotation PMS exoskeleton 1 finger (F/E)

Our FWRMS 7 CPM
Indirect screw

nut mechanism
and rotational

1* Electrical Stepper
motor

End-effector and
grounded-

exoskeleton

4 Fingers (F/E),
Wrist (F/E, R/U)

Forearm (S/P)
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In [29], the authors developed a 3D printed, wearable exoskeleton configuration based
on a hybrid control system that incorporates impedance and admittance controls to define
the workspace trajectory, then corrects these trajectories using electromyographic (EMG)
feedback signals with two degrees of freedom, targeting the upper limb to provide elbow
and shoulder joint flexion and expansion gestures.

In [30], the authors designed a wearable exoskeleton mechatronics system based
on active and passive control approaches for single-finger rehabilitation. The proposed
device is operated by a field-programmable gate array (FPGA) and controlled through
an Android smartphone application. They employed an asymmetric pinion and rack
system (SPRM), which is driven through a parallel mechanism. The developed approach
is a portable mechatronics system that utilizes a DC motor. The authors used a rear-
mounted module placed on the patient’s forearm, which connected a Bowden cable’s hand
exoskeleton design.

In [31], the authors developed a parallel wrist rehabilitation robot (PWRR), suitable
mostly for patients suffering hypertonia, stroke, or wrist injuries. The proposed approach
is based on an end-effector structure that performs constant rehabilitation training for the
wrist joints, consisting of two rotational DOFs for wrist F/E and R/U movements. Two
pneumatic actuators power the proposed PWRR to transfer the movement to the wrist
R/U and F/E joints, respectively.

Authors in [32], developed a heavy stationary end-effector robot performing in total
six DOFs: dividing as (1), three DOF of the shoulder joint with different: (F/E), inter-
nal/external rotation (I/E), abduction/adduction (A/A); (2), one DOF of the elbow joint:
(F/E); one DOFs: (I/E); one DOF of the wrist joint: (F/E). The proposed end-effector
system with a tension mechanism based on cable-driven modular parallel joint driven by a
toothed belt, the transmission mechanism used a rear-mount to transmit motion for the end
joints, derived by DC Servo motors and harmonic motors. The authors used an external
computer-controlled machine to perform continuous passive rehabilitation.

In [33], the authors develop a single finger exoskeleton robot that can provide active
and passive rehabilitation. The proposed system is driven by an antagonistic two pneu-
matic muscles (PMs); the transmission mechanism is based on cable transmission and
differential rotation, which drives a diseased rotation to mechanical wheels which linked
all the finger joints proximal (1) interphalanx; (PIP), (2) middle interphalanx (MIP); (3), and
distal interphalanx (DIP). An external computer is used to control the proposed robot.

Compared to the current state of the art. A set of assistive-robots rehabilitation systems
has been developed, as already summarized above. However, relatively few orthoses are
configured to train the fingers and wrist joints in the same design. Currently, most of the
available related rehabilitation robotic in literature targets either upper arm and forearm
joints (e.g., elbow, shoulder, and some including wrist joints), or just the finger joints, since
the fingers have different and complex structures and mechanisms. Therefore, it should
be noted that there are still some challenges in designing a single device that can train
the fingers and the wrist joints together at the same design [16,20,21,25]. However, most
of the available devices are too expensive, complicated, heavy structured, and too many
mechanical parts linked to the patients’ arms can be unconformable to both therapists and
patients. In addition, certain devices are a static platform or intended for some specific
applications, specific hand and joint, like fingers joints or just the wrist joints. Furthermore,
many existing devices control over an external PC without embedded control implementa-
tion. Therefore, compared to the current works in literature, the FWRMS developed in this
paper contributes. Technically, FWRMS adopts a combination of grounded-exoskeleton
structure driven by an indirect feed drive mechanism and an end-effector structure mecha-
nism driven by a rotational motion mechanism. Both mechanisms are powered by a single
dual-sided actuator, significantly reducing the cost, overall structure complexity, noise, and
weight. We have implemented an embedded software and embedded hardware without
needing an external PC from a controlling perspective. It was designed to a portable
control unit to enable the first user through developed software menu to control the range
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of motion (ROM), speed, and the repetition times [17] generated by the device towards the
patient’s hand depending on the functionality of the finger mobility and wrist. Generally,
the developed exoskeleton fingertips and wrist attachments are removable, replaceable,
and sterilizable. Eventually, the concept and the design of FWRMS were developed at
Debrecen University with respect to the technical and strict clinical requirements presented
in Section 2. The system is designed for research investigations and prototyping, with the
help of Rehabilitation Practitioners.

The rest of this article is as follows: Section 2 defines the technical and clinical require-
ments. Afterward, Section 3 describes the general mechanical design steps and concepts;
This section includes a Section 3.1 which demonstrates the fingers mechanism design, and a
Section 3.2 which illustrates and wrist with the 3D modeling. Followed by Section 4, which
explains the hardware development and implementation. Afterward, Section 5 describe the
software control strategy and implementation. Ultimately, Sections 6, 6.1 and 6.2 demon-
strate the experimental tests, procedures, and experiential test results and discussions.
Finally, Section 7 illustrates the conclusion and future works.

2. Technical and Clinical Requirements

From the designers’ and therapists’ perspective, some clinical and technical criteria
should be considered when designing a mechatronics system that interacts with humans. It
is essential to integrate the motor-learning standards and practice in any neurorehabilitation
assistive design. Health considerations still need to be considered in the design process
of the assistive-robots rehabilitation system. Since, in some cases, the fingers are flexed
because of the muscular weakness of the extender. It is indeed indispensable for the
recovery system to practice finger extension and reinforce the muscle function by finger
flexion training [34]; hence a detailed ergonomic design is needed. At any rate, both
the therapist and the patients should psychologically accept the rehabilitation robot [11].
Surly in a robotic-assisted therapy exercise, safety is critical in the recovery process. Since
the therapist usually determines and schedules the rehabilitation process and sessions.
The therapist is the vital factor in the recovery process; in fact, the rehabilitation robotics
advancement should help the therapist (first-user) to support the patients (end-user) in
the treatment period; thus, the therapist should control the force between the robot’s end-
effector and the extremity affected. Additionally, based on the affected limbs’ functionality
and mobility, the therapist must regulate the ROMs, actuators Speed, and the device’s
repetition times towards the patient’s limbs. The designer must consider the anatomy of
the targeted limbs, the number of DOFs created by these limbs, ROMs’ limitations, and the
forces needed to move them.

Moreover, particular concerns about the external mechanical structure, such as the
exoskeleton fingertip’s attachments of the rehabilitation robot that directly integrate with
different patients’ limbs, should be non-toxic material and serializable material. However,
it would be worthwhile if they are removable and replaceable in winding up. The set-up
should quickly and effortlessly fix the patient’s arms without hurting them, and it can be
fit for different hand sizes.

3. Design of FWRMS

The proposed FWRMS, shown in Figure 2a,b can be defined as a combination of
grounded-exoskeleton and end-effector mechatronics system to provide a continuous
passive motion for both the fingers and wrist joints. At the mechanical mechanism design
phase, it is crucial when a mechanical system is designed for hand rehabilitation; three
essential aspects must be taken into consideration. Consequently, the consideration of all
the criteria mentioned above requires three key factors. It is (1); the number of controlled
DOFs (2), the number of mechanical connections (MCs), human phalanges (3), exoskeleton
mechanism structure. To accomplish one DOF for finger F/E, two DOFs for wrist F/E, R/U,
and one DOF for forearm P/S, the designed mechanism for finger extension should have
the facility positioned on the hand. A mechanical modeling and mechanism simulation
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method was required to understand then reduce the complexities of the mechanical and
electrical structure between the fingers. The proposed system was designed and assembled
using Autodesk® Inventor® Professional software (2020, Autodesk, Inc, San Rafael, CA
, USA, 2020), while the 3D hand model was developed using Autodesk® Maya® (2020,
Autodesk, Inc San Rafael, CA , USA, 2020). Most of the designed components were printed
3D, and each part was manufactured with the easy to use and bio-degradable polylactic
acid (PLA) filament. In accordance with physiological configurations of the trainable joints
(by FWRMS), both the grounded-exoskeleton, end-effector structures, and the number
of degrees of freedom (DOFs) are constructed. The FWRMS is powered by one stepper
motor on one side of the actuator, which provides a rotating motion transformed into a
linear displacement using a mechanism of indirect feeding, which enables the finger to
be displaced through the leading screw and nut transmission. The motor’s other side
is used to drive a rotational angular velocity into the wrist and forearm joints. Figure 2
demonstrates the 3D structure of the overall architecture and human–robot integration.
The proposed prototype’s overall exterior dimensions are 40 × 25 × 20 cm with a total
mass (including the actuator, the driver, and all the attachments) of 9 kg.
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3.1. Fingers Mechanism Design

The mechanical parts of the finger’s mover demonstrated in Figure 3a. Some of the
fingers mechanical parts are a follow-up to recently developed [35]. From Figure 3a, we can
observe the linear dynamic model of the proposed mechanical structure and transmissions
mechanism, which is composed of an electrical motor holder, the base, a mechanical
coupling, leading screw, nut, supporting bearings, sliders, linear motion ball bearing,
a worktable. The FWRMS finger’s rehabilitation mechanism design has the following
characteristics: adopting an indirect feed drive with leading screw and nut mechanism.
The leading screw and the motor’s shaft connected through mechanical couplers. The
motor’s torque operates a rotational angular velocity, which generates a dynamic force
between the external thread of the leading screw and the nut’s internal thread; at this point,
once the revolution is provided, the screw and nut threads convey the thrust. In this design,
the nut is positioned then fixed at the button of the worktable. The driven nut then induces
a linear displacement to the worktable. Eventually, this mechanism makes the rotational
torque convert into translational velocity.
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feed drive screw and nut mechanism design with all parts; (b) front view of the worktable with exoskeleton fingertips
design, since the fingers’ anthropometric and positions of the right and the left hand, are not the same, especially the pinky
finger. Therefore, we designed five adjustable fingertips holder to be suitable for either hand’s pinky finger; (c), side view
3D structure model of the FWRMS device and human finger interaction; (d), Front view, 3D structure model of the human
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By taking advantage of produced linear displacement, the exoskeleton fingertips, as
demonstrated in Figure 3b, were placed, and fixed on the top of the worktable, designed to
be the exoskeleton fingertips holder. The same displacement will transfer to each exoskele-
ton fingertip. Furthermore, the exoskeleton fingertips designed to converts the driven
displacement again into rotary motion, which is copying the finger’s nature trajectory
workspace; in other words, the exoskeleton rotation range will be limited to the patient’s
fingers ROM; this mechanism assists the patient to freely and neutrally move their fingers.
This mechanism’s advantage is that the patient places their hand (load) onto the machine,
leading to fewer mechanical parts integrations; this is considered a safety and comfort
feature, not the opposite, where the mechanical assemblies are placed on the patient’s
fingers and top palm. Moreover, the fingertip’s holder is adjustable to fit different hand
sizes and lengths for either right or left hand, as demonstrated in Figure 3b. Additionally,
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since the exoskeleton fingertip is the integration part between the patient’s fingers and
FWRMS, they are designed to remove, changeable, and more hygienic. The base limits the
worktable’s mechanical structure and exoskeleton fingertips to limit driven displacement
with respect to the finger’s workspace.

Eventually, regarding the finger’s rehabilitation, the end-users arm should be fixed and
appropriately fastened from the lower side of the forearm by using woven belts throughout
the therapy process. The hand forearm cuff support presented in Figure 3a; ultimately,
Figure 3c,d shows the 3D structure of the proposed fingers grounded-exoskeleton design
machine and end-user hand and fingertips integration.

3.2. Wrist and Forearm Mechanism Design

The wrist joint links the hand and the forearm together, the wrist formed by a series of
eight carpal bones and a soft tissue wrapping them, basically the wrist important small joint
anatomic planar structure. The wrist joint performs one DOF for wrist flexion/extension
and one DOF for wrist radial/ulnar deviation [32,36]. One DOF by the forearm joint is
process supination/pronation (S/P), thanks to the elbow joint [37]. FWRMS approach
provides a continuous passive motion to the wrist joint movement (F/E, R/U) and forearm
(P/S) from the other side of a dual-sided actuator used to power these joint movements.
The motor’s torque causes the angular velocity to rotate with different ranges; these ROM
are limited to the same functional ROM of targeted joint movement. Moreover, the motion
can be started just from the zero position to ensure more safety.

Furthermore, we designed special mechanical attachments to integrate and transmit
these ROM to the desired joints movement. For each targeted joint movement, the attach-
ments are designed to handle the hand palm as fastened to it. In the preliminary set-up,
the mechanical handles must be individually and physically integrated with the actuator
shaft; then, they either fix or replace another handle. This solution significantly reduces
the complexity of the mechanical structure’s entire space and cost. In general, the 3D
mechanical structure of the wrist rehabilitation for wrist F/E attachment and mechanism is
illustrated in Figure 4.
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For the wrist R/U handles, Figure 5 demonstrated the robot-human integration and
the top and side view of 3D structure and real object movement of the rehabilitation robot
mechanism, while Figure 6 illustrated the forearm P/S attachment mechanism.
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attachment mechanism.

Like the design of finger therapy, the forearm should be configured to the robot in
the wrist rehabilitation. Firstly, the end-users must be guided to position their forearm
on the mechanical forearm support then tie it using woven belts fixed onto a chair. Then
fasten their palms to the desired already motioned attachments only by replaceable Velcro
straps. However, to get smother therapy, the patients should sit on a seat, and the targeted
joint and the device should be equal in height, then the patients should produce a grabbing
capability to hold the end-effector of the proposed machine during therapy sessions.

4. The Hardware Design and Implementation

We designed a user-friendly, low power consumption, and portable control unit to
implement the proposed system’s objectives. Figure 7 illustrates the hardware composition
and relationship. The electrical scheme is divided into two subsystems operated by two
microcontrollers; they are connected to one other via the serial interface (UART) through a
master-slave relationship as demonstrated in Figure 8c. We used a twisted cord cable with
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a baud rate of 9600 bps to connect the two subsystems; this cable is flexible; it goes between
30 cm to 2 m; this feature allows the control unit holder (first-user) to move freely, without
needing to be close to the patient or the machine. This interface enables the first subsystem
(master), which serves as the interaction unit with the first user, to send a preprogrammed
command characters to the second subsystem (slave). The first subsystem is composed of
the following parts:

1. A display unit, a 16 × 2 LCD (Liquid Crystal Display), it is a low-cost, fundamental
display module. Technically, it has 16-pin, which can display 16 characters per
line; each character appeared in a 5 × 7 pixel matrix. Functionally, it displays the
preprogrammed therapy characters; unlike other primary display devices such as
seven segments, there is no limitation of displaying unique and custom characters; as
a function, all the control parameters display through it.

2. Three pushbuttons with LEDs, and a buzzer, is implemented. The first pushbutton is
employed to start the therapy. The second pushbutton is utilized to pause/resume
the therapy execution session temporarily, and the third pushbutton deactivates the
actuation unit and cancels the therapy immediately; this is important as a safety
feature at the hardware level. Furthermore, whenever a pushbutton clicks, the buzzer
gives a piping sound to notify and confirm the taken action.

3. An incremental rotary encoder with a center pushbutton was employed. It is efficient
input hardware for mechatronics systems, where the angular position is required; they
come with buttons attached. It can be clicked by pressing the knob and is recognized
by the Arduino just as any other pushbutton; the advantage of using rotary encoders
is that their rotation is limitless. We have used a 24-pulse mechanical, incremental
rotary encoder with a pushbutton switch to scroll through software designed menus
and select control parameters options.

4. The master controller, an Arduino nano based on an AT-mega328P microcontroller,
owns the advantage of low cost, compact size 18 × 35 mm, persuasive functions,
and lightweight 7 g, which significantly reduce the size and weight of the portable
control. Arduino nano consists of 8 analog input pinouts, operates by 5 VDC operating
voltage, 1 KB EEPROM, 2 KB SRAM, and 32 KB flash memory. The required current
per each I/O pinouts is 40 mA. All input data and output commands of the first
subsystem’s pushbuttons, LEDs, buzzer, and LCD, and the incremental rotary encoder
are controlled through it.
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RX pin which, once the therapy is executed then RX and TX pins of each Arduino vice versa send back.

The second subsystem (slave) receives the first subsystem’s commands; it is on an
Arduino Uno board based on the ATmega328 microcontroller. Technically it has six digital
I/O pins, six analog inputs, a 16 MHz crystal oscillator, the operating voltage is 5 VDC,
1 KB EEPROM, 2 KB SRAM, 32 KB flash memory, the required current per each I/O pinouts
is 20 mA. This subsystem design to control the actuation unit. Beside the microcontroller, it
essentially consists of the following parts.

1. Concerning the actuator, a hybrid bipolar dual shaft stepper motor is utilized in the
actuation unit. A step motor is a brushless DC electric motor which often employed
in the biomechatronics system [38]. Precise positioning control in medical devices
is essential. We utilized a NEMA23 stepper motor with the configurations of; a
two-phase motor with four leading wires, holding torque 1.3N.m, rated current 4A,
rated voltage 3.3 VDC, external dimensions 56.4 × 56.4 × 56 mm, and the dual shaft
dimensions are 8 mm 6.35 mm. Figure 3 shows a 3D motor model and motor’s
implementation. Generally, brushless motors use non-periodic movements; it breaks
a full revolution into several equivalent steps; hence the step motor does not rotate
but steps, the step angle of used motor is 1.8 degrees per step.

2. Regarding single driving, A 2m542 stepper driver is used to control our system’s
desired steps. The 2m542 driver has the specifications of; supply voltage of 24 VDC, a
pulse input frequency ranged from 0 to 200 kHz, micro-steps up to 25600 steps/rev,
with the implementation of a robust 32-bit Digital Signal Processing (DSP) processor.
The DSP acquires the control command and converts it to the operation command of
the motor. As per the motor operation commands, the DSP transmits the required
signals to the drive circuit. This technology considerably enhances the stepper motor’s
efficiency and reduces motor’s vibration, with the benefits of low noise, less current,
and lower heating. Moreover, this technology can accomplish smoother motion
performance at low speeds by significantly minimizing variations from the desired
motor speed.

3. Moreover, mechanical limit switches, as implied by their name, limit switch are elec-
tromechanical devices. Mechanical limit switches have the advantage of high accuracy
and repeatability, reliable, and low power consumption devices. We implemented two
limit switches to control the worktable’s mechanical functional range. The switches
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were engaged in controlling the travel worktable limit, to ensure that the worktable
will be within the preselected fingers F/E displacement range.

Concerning power management of the FWRMS’s machine, we employed two power
converters to supply stable voltage and the required current for different hardware compo-
nents. The enter system’s power supply unit includes: an AC/DC converter, which takes
AC 110-260v as input, and gives 24 VDC, 51–100 W power, and 4.2 A current. This 24 VDC
is used to supply the stepper motor driver and the motor. Then we implemented a DC/DC
converter to supply 5 VDC was needed to supply two microcontrollers, and the rest of the
electronics components.

Ultimately, some tests executed on the mentioned components approve their function-
ality and ability to operate the proposed prototype system efficiently. Finally, the electronic
component is designed and fabricated as a printed circuit board PCB. We adopted through-
hole technology (THT) to prepare the final PCB through the thermal transfer method. This
technology is simple and provides sustainable connectivity. It used anti-corrosion proper-
ties. After the PCB is prepared, the holes were drilled to place the electronics component
then solder them as demonstrated in Figure 8a,b which also illustrate this. The portable
control unit’s implementation and the external dimensions of the portable control unit are
12 × 8 cm and overall weight is 300 g.

5. Software Control Method Implementation

One of the software control development’s crucial objectives is to obtain a user-
friendly and safe control unit to carry out all the trainable joints movement. The developed
software’s control model was created to run as a menu, coded using the C programming
language. A menu is one of the most straightforward ways users can navigating through
and interact with devices with various features. The menu approach is used at most of
our ADL devices (e.g., Smartphones, PCs, and TVs), in almost every electronic device
with a screen. We initialized the needed libraries for each input and output I/O devices’
interface pins in the code. The incremental rotary encoder’s enrollment enables the users to
scroll through the menu items (control parameter options) by turning the encoder’s shaft
to the right or left. In contrast, the central pushbutton of the encoder is used to select the
desired menu item. The developed embedded software enables the therapist to control the
necessary therapy control parameters includes the ROM, speed, and repeat time generated
towards the patient’s limb.

The developed menu structure is summarized in Figure 9. The menu item starts with
a welcoming message; the main menu contains the trainable joint’s movement (therapy
type). In addition, we built a sub-menu that contains therapy control parameters includes:
ROM/Distance, speed, repeats time for each therapy type. Once the therapy control
parameters are selected, the menu item waits for a start button to be pressed. The therapy
session can be started simply by clicking the control unit’s start button. The program
runs and executes until the therapy repeat time finishes. Moreover, during the therapy
execution, the developed software monitors and displays the execution repeat’s numbers.
The control steps implementation to start a therapy are summarized as follows.

1. A confirmation warning will emerge from the sub-menu after selecting the desired
trainable joint from the main menu, asking whether or not to confirm the type of
therapy chosen; this is an additional safety feature at the software level.

2. After confirming the chosen F/E range, the second step is to select the desired ROM
degrees for the wrist and forearm joints or minimum and maximum displacement
to flex and extend the wrist and forearm therapy fingers. FWRMS controller is
programmed to provide the Wrist F/E with controllable rotational ROMs ranged from
0◦–78◦/0◦–68◦, Wrist R/U from 0◦–28◦/0◦–38◦, while Forearm S/P from 0◦–88◦/0◦–83◦.
as shown in Table 2. To achieve these degrees, we implemented a position control
method for the stepper motor. The necessary steps of the position control method of
the used stepper motor include: Since the used motor step angle is 1.8 degrees, which
means, for each step, the motor rotates 1.8 degrees; by using a simple calculation, the
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number of steps produced by the motor that needed to achieve the desired degrees
for example 45 degrees can be determined (revolution Steps for each revolution =
45/step angle, (45/1.8 = 25 Steps for each revolution). practically, in order to achieve
the desired 45 degrees, the motor driver sends 25 pulses into the step pin. Therefore,
in the backend code, the developed loop has 25 iterations, so the step pin for pulse
generation is adjusted on a high state and then low for each iteration. Once the
25 derived steps are executed, we add a two-second delay and then alter the rotation
orientation by turning the direction pin on a low state pin, in that method we could
also control the repeat numbers of the motor execution. In the developed menu items
the users can select the number of the desired repeats ranged between 0–200 repeat.
This method of was applied at all therapy execution control, and FWRMS took
advantage of these steps to control and set the desired angular position.

3. However, for the execution method for finger F/E is specified, the machine will look
to extend the fingers to a desired maximum value of extension; until it is executed, it
will look then to the desired flexion minimum value. The controller checks whether
the fingers have reached those limits by tracking the stepper motor steps via the
stepper driver to control the desired steps. Therefore, no position feedback sensor is
required, which significantly reduces our proposed system’s overall cost. However,
for the finger’s F/E, we have limited the derived steps numbers in the developed main
menu to match the worktable’s functional range. As demonstrated in in Figure 10
the displacement range is between (0 to −8 cm) for fingers flexion (0 to +8 cm) for
fingers extension. These ranges of displacement are enough for the functional ranges
of different fingers.

4. It is crucial to define a starting position, which is considered as a safety position.
Therefore, before and after any therapy session, the exoskeleton fingertips return to
their starting position (zero position). Figure 10 demonstrates the summarized block
diagram of the control working flow. The actuator starts spinning until it reaches
the worktable’s maximum workspace physically clicks the first limit (+LS) switch.
Once the +LS signals are registered, the controller disables the motor’s driver’s pulse
signal. Eventually, that leads to stop the stepper motor, then return to the motor start
spinning again in the opposite direction until the worktable reaches the other limit
switch (−LS); once the −LS signal confirmed, the motor driver provides the stepper
motor with the required pules until it reaches the predefined zero-position.

5. In the developed menu items, the users can adjust the therapy speed. We have
implemented the speed control to drive the desired therapy speed of the desired
therapy. The digital step motor driver’s pulse frequency (Hz) determines the motor
speed. The pulse frequency induces the oscillatory motion. It specifies how quick to
replicate a move of a certain step in a certain time. The motor pule frequency can be
transformed into rpm, which indicates the revolving motion. Therefore, to regulate
the stepper motor rotation speed can only be done by modifying the motor driver
pule frequencies or the input pulse numbers. However, it is essential to limit the
maximum motor speed on the software level; we have limited the selectable speed
range for the wrist F/E, R/U, and Forearm S/P between 0–10 rpm. On the other
side, the required speed for fingers F/E mechanism is higher than the other joints;
because of the leading screw and nut’s transmission mechanism, we have limited
it to the range between 0–80 rpm, which is enough to drive smooth motion for the
fingers. Table 2 summarized these technical configurations of the proposed FWRMS;
it is worth to mention these specifications were selected based on the suggestions of
professional therapists at the Rehabilitation Clinic, University of Debrecen.
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Table 2. Technical specifications of FWRMS device.

Joint Joint ROM FWRMS ROM Repeat Time Speed

Wrist F/E 0◦–80◦/0◦–70◦ 0◦–78◦/0◦–68◦ 0–200 repeat 0–10 RPM
Wrist R/U 0◦–30◦/0◦–40◦ 0◦–28◦/0◦–38◦ 0–200 repeat 0–10 RPM

Finger F/E DIP 0◦–0◦/0◦–80◦ 0◦–0◦/0◦–80◦ 0–200 repeat 0–80 RPM
Forearm S/P 0◦–90◦/0◦–85◦ 0◦–88◦/0◦–83◦ 0–200 repeat 0–10 RPM
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6. Experimental Tests

As stated in Section 3, FWRMS design is a desktop upper limb rehabilitation robot that
adopts a grounded-exoskeleton and end-effector mechanism to drive and assist the patient’s
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fingers and wrist to the desired trajectories and ROMs. In this section, we performed
experimental tests to check the proposed CPM’s performance and stability. Moreover, this
analysis compares the experimental joint trajectories acquired during freehand movements
(without FWRMS) and sets them as desired trajectories and ROMs. On the other hand, the
actual trajectories, positions, and ROMs are caused by the proposed system (with FWRMS).
In this way, we can obtain the workspace trajectories, ROM angles, and displacements, and
the FWRMS prototype can be validated.

For that purpose, we implement the motion capture acquisition system (Kinovea®

v0.9.3 [39]). Kinovea® is based on 2D motion analysis software. It is a reliable system that
can measure the kinematic parameters. It was approved as a method to evaluate criteria re-
lated to time [40,41], used for various fields, including clinical therapeutic analysis [40–43].
For advanced analyses, objective and quantitative evidence may be given. Moreover, it
is used as a diagnostic technique and an instrument for assessing the outcomes of under
test intervention [44]. The quantitative and objective findings would help understand the
FWRMS’s openness.

6.1. Experimental Procedure

One participant is involved in the experimental tests; the participant was a healthy
man with no noticeable neurological or mental disabilities. the participant was 30-years-old,
168 cm tall, and weighed 74 kg, and we hypothesized that the right hand of the participant
was the affected side. A primary configuration was carried out to test and capture the de-
sired and the actual trajectories and then superimpose them in the finger’s F/E experiment.
In the first stage, the FWRMS was installed and fixed onto a table; then, the participant
was guided to sit on a chair, place his right arm over the developed forearm support,
and then fix it using a Velcro strap. Parallel to the participant’s fingers and the FWRMS
device, we fixed an HD camera in a certain position to capture the finger’s movement.
Initially, before linking up the participant’s fingers to the developed exoskeleton fingertips;
the participant performed a fingers F/E (without FWRMS); these gestures were video
recorded, then temporarily, the camera recording was paused. Afterward, the participant
was then instructed to place his fingertips to the top of the developed exoskeleton fingertip
template and fix it with single-use injury tape plaster or small Velcro strap, as shown in
Figures 2b and 3c,d which illustrate human–robot integration of fingers F/E experiment.
Following selecting the therapy’s control parameters and starting the device, as described
in Section 5, the exoskeleton fingertip moved to the home position. Then the device starts
moving accords the preselected F/E ROM degrees with a slow-motion used to extend the
finger and flex it back. At the same time, we resume the video recording to capture the
finger motion induced by FWRMS. Subsequently, the captured video data were analyzed
using the Kinovea®. However, since all fingers follow the same phalanx trajectories, we
have decided to track only the index finger for simplicity.

For the first part of the video, in which the participant performed a finger F/E (without
FWRMS), we placed a passive marker onto the finger phalange (DIP) to acquire the DIP joint
natural workspace trajectory with respect to the coordinate frame to execute a Cartesian
trajectory. Following the second part of the same captured video, we placed another
passive tracking marker onto the actuated DIP joint driven by FWRMS. Ultimately, as a
result, we obtain the desired trajectory superimposed to the actual trajectories that were
induced using FWRMS, as shown in Figure 11b. Like the finger’s F/E, the initial setup was
applied in the case of wrist F/E, R/U, and forearm S/P, respectively, as briefly explained
in Section 3.2.
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Figure 11. A real-time experimental setup of the index finger’s workspace trajectories measurement: (a) Index finger fixation
actual range of motion (ROM) angle, workspace trajectory, and position caused by FWRMS. (b) index finger extension
actual (black curve) and desired (black curve) workspace trajectory. (c) Index finger joints (MCP, Distal Interphalangeal PIP,
and Proximal Interphalangeal DIP) grasping ROM. (d) the overall grasping angle of the index finger.

6.2. Experimental Results and Discussion

Figure 11a,b elucidates the experimental implementation performing a continuous
passive motion of the finger F/E. The solid red curve demonstrates the DIP phalanx
workspace trajectory caused by FWRMS, and the solid black curve illustrates the DIP
joint trajectory workspace without the FWRMS. In contrast, the yellow highlighted value
presents the DIP joint’s current position in the set coordinate frame. It is easy to confirm that
the actuated DIP phalanx movement caused by FWRMS is within the natural functional
trajectory workspace of the DIP phalanx; without FWRMS, and they are closely associated
towards each other. Moreover, further analysis was carried out to study the finger joints’
ROM (DIP, PIP, and MCP), driven by FWRMS to perform a finger F/E. As illustrated,
Figure 11c,d, the MCP joint achieved 56 degrees, 67 degrees by PIP, and 50 degrees by DIP.
These ranges are considered within the normal functional grasping range of motion of the
index finger.

Besides, we have also accomplished a graphical description by analyzing the video
data used for both the opening and closing phases. Figure 12a,b shows a comparative
analysis between; (1) the desired DIP phalanx displacement, which plotted a solid blue
curve; (2) the actual DIP phalanx displacement induced by FWRMS, which is plotted by
solid orange. It is straightforward to understand that the participant performed a finger
flexion and extension two times, and the plotted displacements are in both vertical and
horizontal orientation, respectively. Figure 12a plots the horizontal X axis, while Figure 12b
describes the vertical displacement in the Y-axis.
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Figure 12. Continuous passive motion rehabilitation experiment of s typical finger DIP flexion and extension joint displace-
ment;(a), horizontal displacement; (b), vertical displacement.

Moreover, we can also observe that FWRMS drives 80 mm of total displacement at
the horizontal axis to open and close the index finger and −39 mm displacement at the
vertical axis; these displacements values are considered within the normal functional range
of the index finger. Besides, the actual guided trajectory corresponds to the planned desired
trajectory, and all the finger joints (DIP, PIP, and MCP) traveled concurrently without
any movement discomfort. Accordingly, the results indicate that the motion of the finger
rehabilitation design is stable. However, it can be observed that the actual and desired
displacements of the DIP phalanx have a small percentage of error during the execution of
the movement. It is worth noting an error percentage, about 0.874% error at the vertical
axis and 1.257% error at the horizontal axis. The error rates are limited mainly by the
friction between the external threads of the lead screw and the internal threads of the nut
and the vibration caused by the movement. However, these small errors do not influence
the CPM rehabilitation characteristics and the proposed device’s performance.

Similar to the previous method, the wrist motion was studied and analyzed with
and without the FWRMS device. In this experiment, we selected the desired ROM for
wrist F/E to be (0◦–70◦/0◦–60◦); these degrees were chosen to be within the wrist’s normal
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ROM. Passive markers and angle measurement markers were located using the motion
capture system on the targeted joint to acquire these ROM angles and trajectories; After
the therapy started, the system moved smoothly according to the preselected ROM with
low rpm. As can be observed in Figure 13a,b the end-user performed flexion and wrist
extension gestures. From Figure 13a,b we can see; (1) the desired workspace trajectories of
the wrist F/E demonstrate black curve demonstrates the workspace trajectories (without
FWRMS); (2) the actual motion of the wrist F/E workspace trajectories (with FWRMS)
which indicated by the blue curve. In regards, the yellow highlighted value presents the
current position of the wrist in the predefined coordinate frame. We can also observe
that the two trajectories are relatively identical towards one another, and the participant
has confirmed that there is no movement discomfort of the device. Furthermore, we can
observe the actual (with FWRMS) ROMs of the wrist F/E are (0◦–71◦/0◦–57◦).

Appl. Sci. 2021, 11, x FOR PEER REVIEW 19 of 23 
 

 
Figure 13. The real-time experiments of wrist joints workspace trajectories. (a), the actual ROM 
angle of the wrist fixing, the workspace trajectory, and the position caused by FWRMS. (b), actual 
wrist extension (blue curve) and desired (black curve) workspace trajectory and position. (c), the 
actual radial deviation of the wrist (blue curve) and the desired (black curve) workspace trajectory. 
(d), the actual wrist ulnar deviation ROM angle, workspace trajectory, and position caused by 
FWRMS. 

Like previous tests, we conducted an experiment to evaluate the wrist R/U joint’s 
functional region with and without the FWRMS machine. In this experiment, we selected 
the desired R/U ROM (0°–24°/0°–38°). Once the therapy was executed, the end-user per-
formed wrist R/U motion, as shown in Figure 13c,d which indicates; (1) the black curve 
which describes the workspace trajectories without FWRMS; (2) the blue curve which de-
scribes the workspace trajectories induced by FWRMS. Moreover, Figure 14b plots a 
graphical analysis that indicates a comparison study between the desired and actual ROM 
angles of the wrist R/U during the experiment’s execution. The solid blue curve is plotting 
the desired ROM angles. While the dashed orange curve is plotting the actual ROM an-
gles. Although comparatively both trajectories in Figure 13c and ROM angles in Figure 
14b are functionally matching towards each other, but it is slightly observable that there 
is a slight error between them; it is worth nothing as an error; the sum calculated RMSE 
was 0.984 mm. 

Figure 13. The real-time experiments of wrist joints workspace trajectories. (a), the actual ROM angle of the wrist fixing, the
workspace trajectory, and the position caused by FWRMS. (b), actual wrist extension (blue curve) and desired (black curve)
workspace trajectory and position. (c), the actual radial deviation of the wrist (blue curve) and the desired (black curve)
workspace trajectory. (d), the actual wrist ulnar deviation ROM angle, workspace trajectory, and position caused by FWRMS.

We applied the same previous approach in the finger F/E; to create a graphical
representation for wrist F/E ROM. Figure 14a plots a comparative analysis between the
desired and actual ROMs angle of the wrist F/E during the experiment’s execution. It is
straightforward to observe that the end-user is performing a single F/E wrist. The vertical
axis stands for the wrist’s angle, while the horizontal axis stands for the execution time.
The graph consists of two curves: the solid blue curve demonstrates the desired (without
FWRMS) ROM angle. While the orange dash curve illustrates the actual (with FWRMS)
ROM angle of the wrist F/E. It is possible to note the similarities between the two ROMs.
However, from Figure 13a,b and Figure 14a we can find an observable error between the
two ROMs and the workspace trajectories; the sum measured by root means square error
RMSE of 1.14 mm.
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radial/ulnar deviation joint.

Like previous tests, we conducted an experiment to evaluate the wrist R/U joint’s
functional region with and without the FWRMS machine. In this experiment, we selected
the desired R/U ROM (0◦–24◦/0◦–38◦). Once the therapy was executed, the end-user
performed wrist R/U motion, as shown in Figure 13c,d which indicates; (1) the black curve
which describes the workspace trajectories without FWRMS; (2) the blue curve which
describes the workspace trajectories induced by FWRMS. Moreover, Figure 14b plots a
graphical analysis that indicates a comparison study between the desired and actual ROM
angles of the wrist R/U during the experiment’s execution. The solid blue curve is plotting
the desired ROM angles. While the dashed orange curve is plotting the actual ROM angles.
Although comparatively both trajectories in Figure 13c and ROM angles in Figure 14b
are functionally matching towards each other, but it is slightly observable that there is
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a slight error between them; it is worth nothing as an error; the sum calculated RMSE
was 0.984 mm.

Eventually, after the repeatable tests, the differences between the actual and the desired
ROM were just a few millimeters for the finger’s F/E and few degrees for the wrist F/E,
R/U. The disparity in each measurement occurred primarily due to the mechanical frictions
and vibrations caused by the mechanical coupling. However, as we have briefly explained,
these differences do not affect the proposed system’s training characteristics. Therefore,
the results are sufficiently accurate in aspects of the stability and trajectory’s alignment; the
actual trajectory directly correlates to the desired trajectory, which meets the requirements
of continuous passive motion training configurations.

7. Conclusions and Future Work

This article addressed the concept and development of a cost-effective CPM mecha-
tronics rehabilitation device targeting the four fingers and the wrist. The proposed system
is equipped with a single actuator to execute four crucial movements: finger F/E, wrist
F/E, wrist E/U, and hand forearm S/P. The proposed device mechanism is based on
a combination of end-effector and ground-exoskeleton mechanism. For the finger F/E
transmission mechanism, we adopted the indirect feed drive mechanism to suit typical
fingers’ motions. On the other side, the wrist and forearm are based on one mechanism,
but separate attachments are used for each therapy. Unlike the related work in the liter-
ature [13,14,21,25,26,28], the proposed system’s overall structure does not load the hand
with a heavy and complex mechanical structure. Additionally, owning a portable embed-
ded control implementation enables the therapist to set the therapy control parameters
conveniently. The experiential tests were conducted to evaluate and validate the device.
The results of the tests indicate that the proposed system performed a continuous passive
motion according to the set control parameters and the planned range of motions with
negligent errors. The system was designed concerning the requirements of the clinical
standards at the University of Debrecen, rehabilitation department. The cumulative cost of
the device developed is estimated at approximately 300 USD. This includes the cost for
all parts required to make the system, the stepper motor, the motor driver, the mechanical
mechanism of the drive system, and the other electronic equipment, also including the
3D printer filament, as it is estimated to be around 500–650 g, depending on the size of
each orthosis.

In future work, as this paper presented the first prototype, some future developments.
Some optimizations will be considered in the mechanical mechanism and design; besides
adding force feedback sensing, virtual reality games can also enhance motor recovery
effectively by motivating the patients for therapy sessions.
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Abbreviations
The following Abbreviations are Used in this Manuscript:

ADL Activity Daily Living
DOF Degree of Freedom
AAM Active Assistive Motion
CPM Continuous Passive Motion
EMG Electromyographic
FPGA Field-Programmable Gate Array
DIP Distal Interphalangeal
PIP Proximal Interphalangeal
MCP Metacarpophalangeal
SPRM Symmetric Pinion and Rack Mechanism
PC Personal Computer
PLA Polylactic Acid
ROM Range of Motion
UART Universal Asynchronous Receiver/Transmitter
LCD Liquid Crystal Display
EEPROM Electrically Erasable Programmable Read-Only Memory
DSP Digital Signal Processing
RMSE Root Mean Square Error
SRAM Static Random-Access Memory
THT Through-Hole Technology
PCB Printed Circuit Board
MC Mechanical Connections
RPM Revolution Per Minute
bps Bits Per Second
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