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Abstract- The development of dynamic rehabilitation devices can be evaluated as a research fast-
growing field. Indeed, robot-assisted therapy is an advanced new technology mainly in stroke
rehabilitation. Although patients benefit from this enormous development of technology, including the
presence of rehabilitation robots, the therapeutic field still suffering a lack in hand robotic
rehabilitation devices. In this context, this work proposes a new design of a 3D printed hand
exoskeleton for the stroke rehabilitation. Based on the EMG signals measured from the muscles
responsible for the hand motion, the designed mechatronic system detects the intention of hand
opening or hand closing from the stroked subject. Based on an embedded controller and five
servomotors, the low cost robotic system is able to drive in real time three degrees of freedom (DOFs)
for each finger. The real tests with stroked subjects showed that the designed hand exoskeleton
architecture has a positive effect on the motion finger range and mainly in the hand ability to perform
some simple tasks. The case studies showed a good recovery of the motor functions and consequently

the developed system efficiency.

Index terms: robotic exoskeleton; 3D printing; EMG control; features extraction; stroke rehabilitation.
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. INTRODUCTION

Recently, the development of rehabilitation robotic system has received increased attention by
many researchers [1-2]. Exoskeleton devices designed to physiotherapy and kinesiotherapy are
being considered for numerous applications such as clinical [3] and at-home rehabilitation [4].
The most popular hand impairments which can affect the world population are spasticity, lack of
control or muscle weakness in consequence of stroke, paralysis, injuries or muscular diseases.
Cerebrovascular accidents (CVA) and spinal cord injuries (SCI) are currently the most common
causes of paralysis. Stroke survivors often suffer impairments on their wrist, hand and paretic
extremities. Recovery for the upper extremities functions is often limited for the person after
stroke [5] related to the learned non-use of the impaired hand and the complex anatomical
structure which implies the coordination of multiple muscles for majority of the hand functions
[6].

Human hands are complex and versatile instruments which play an essential role in the person-
environment interaction. Since it requires a smaller size and rich tactile sensing capabilities,
hand exoskeletons still face many challenges for the rehabilitation community and many
technical areas, including hand biomechanics, neurophysiology, rehabilitation, actuators and
sensors, physical human-robot interactions and ergonomics. Inspired by theses, a comprehensive
review of technologies used in hand exoskeleton [7] and dynamic hand orthoses [8] for
rehabilitation and assistive engineering were presented for literature.

Several studies investigating the use of electromyographic (EMG) signals in robot-based stroke
neurorehabilitation to enhance functional recovery [9]. Indeed, EMG is a high technology which
has a definite potential to be used as control signal for multifunction prosthesis [10]. There is
need to draw correlation between the physical, physiological factors and the EMG signal [11].
Demonstrating the feasibility of the EMG pattern classification technique to discern the intent of
stroke survivors, a robust subject-specific electromyography (EMG) pattern classification
technique has been developed to discriminate between the intended manual tasks from muscle
activation patterns of stroke survivors [12]. Based on EMG signals from the hemiplegic side, an
exoskeleton hand robotic training device dedicated for stroked person is designed [13]. In order
to provide training on their impaired hand. In some context, [14] develop an effective human
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motion prediction method based on the EMG signals using a neuro-fuzzy technique for the
control of power-assist exoskeleton robots.

The design and development of hand rehabilitation devices are increased in the research area for
the scientific impact [15-23] as well as the industrial field for the commercial production [24-25].
Providing a continuous passive motion for the hand fundamental movements, Armadeo from the
Tyromotion [24] and the Kinetec Maestra from the Sammons Preston [25] are the most
developed commercial products. On the other hand, the developed search products are presented
as robotic devices for hand grasping, such as Alpha prototype 11 [15] and HWARD (Hand and
Wrist Assisting Robotic Device) [16], or as exoskeleton type such as hand motion assist robot
[17] and Wearable Handling Support System [18]. The special training systems are also
developed such as the Haptic Knob [19], reconfigurable robotic system [21], HEXORR device
(Hand EXOskeleton Rehabilitation Robot) [22], Gloreha (hand robotic rehabilitation) [23] and
HandCARE [20] in order to perform the special rehabilitation cases such as hand and finger
function trainings. However, the majority of these systems are too expensive for personal use and
at-home rehabilitation. Others are a static platform and then not portable. Moreover, some
products are designed for some specific applications such as sensorimotor recovery in stroke
rehabilitation and range of motion recovery after hand surgery. Covering a wide range of subjects
is a great constraint in the design of hand exoskeleton devices.

In this paper, we envisioned that a portable hand rehabilitation mechatronic system would be
more useful to the hand impaired patients for their activities of daily living and it would
encourage them to use their impaired hand more often. Thus, we present a new design of low-
cost 3D printed portable hand exoskeleton. The hand impaired subject can enable the hand
motion from the desired hand intention in the healthy side as well as from the hemiplegic side.
Our product is a novel mechatronic design of an EMG-controlled robotic system to meet the
needs of the hand impaired subjects including the stroked cases (see Figure 1). The hand
exoskeleton is designed using the low-cost 3D printing technology. The exoskeleton mechanism
is designed specially to perform the finger fundamental movements that reproduces the therapy
exercise by adopting a cable-actuated extension and spring-return flexion mechanism which is
the main contribution of this work. Indeed, by using the spring-return flexion mechanism, the
designed exoskeleton adapts with the object pattern. Therefore, stroked subject can grasp any
object by a simple cable releasing mechanism without the need of high performance EMG
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classifier which requires a costly computing platform. Also, the low-cost designed system is very
useful for both hand training and some daily living activities.

Figure 1. The designed hand rehabilitation robotic system

The present paper is organized as follows: hand rehabilitation theory is introduced in section Il
including the anatomical study of the hand and therefore the requirements of the hand
exoskeleton device. Section 111 describes different steps of the robotic system design including
the 3D model designed using solidworks software, rapid prototyping technique using 3D printer
technology and the different electronic components responsible for powering, control and
exoskeleton moving. Experimental results of the preliminaries tests with healthy and hand
impaired participants are discussed in section IV. Finally, we conclude with a work summary and

perspective.

Il. HAND REHABILITATION THEORY

The rehabilitation exoskeleton device has been designed to perform the flexion-extension hand
motion in rehabilitation training. The theoretical information about the anatomical structure,

design requirements of a rehabilitation exoskeleton device are given in the following subsections.
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1. Anatomy of the hand
Hand exoskeleton device is closely coupled with hand skeleton when it is worn. Hence,
developing the hand exoskeleton requires the discovery of hand anatomy and biomechanics in
order to ensure safe and effective operation. Indeed, knowing the degree of freedom (DOF) and
range of motion (ROM) of each joint is highly recommended for the mechanical design and safe
structure. Moreover, the main responsible muscles of the hand movement (intrinsic and the
extrinsic muscles) as well as the connective tissues must be studied. Therefore, the systematic

knowledge helps achieving proper functions for rehabilitation and assistance.

Figure 2 presents an overview of the biomechanics of the human hand including the bones and
joints. There are 19 bones and 14 joints distal to the carpals. Each finger articulates proximally
with a particular carpal bone at the Carpometacarpal (CMC) joint. For each finger, the
metacarpal bone and the proximal phalanx are linked at the MCP joint which enables two degree
of freedom permitting the flexion, extension, abduction, and adduction movements. The two
remaining joints (PIP and DIP) are found between the phalanges of the fingers.

The different shapes of the finger joints result in varying DOF at each joint providing a large
range of motion and greater flexibility of the digits. Range of motion is the overall motion used in
a movement and can be specified by linear or angular motion of the hand digits. The MCP joints
are flexed approximately 45°, the PIP and the DIP joints are flexed between 30° and 45° and
between 10° and 20° at the resting posture, respectively. The extension varies widely among
individuals. For PIP and DIP joints, flexion of about 110° and 90° occurs. Extension beyond the

zero position is regularly observed and depends largely on the ligamentous laxity [26].

The rest of this section is the muscles responsible of hand motions which are accomplished by the
coordinated action of groups of muscles. Generally, the principles muscle responsible for
fundamental hand movements (flexion and extension of the digits) are the extrinsic muscles
located in the arm and forearm while the intrinsic muscles are located entirely within the hand,

and they permit the independent action of each digit.

According to the related study of the anatomical structure of the hand, the placement of the
electrodes for EMG acquisition is chosen at the muscles responsible of the flexion and extension

of the hand, they are the extrinsic muscles. This part is detailed in the next section.
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Figure 2. Bones and joints of a human hand

2. Requirements of the hand exoskeleton device
Since the wearer interact directly with the exoskeleton systems under close contact conditions,
the safety constraint is one of the most important requirements in physical human-device
interaction. Indeed, this physical interaction should be ensured without hazardous and unexpected
movements because any malfunction can be seriously harmful to the user. Inspired by this, the
unpredicted scenarios that can be due to controller part should be considered by the mechatronic
architecture during the rehabilitation exercise. Hence, limits to the range of motion will be
respected even in the case when the exoskeleton device want to force the wearer’s body to move
in an excessive range of motion. The workspace of a finger is shown in Table 1. As describing in
the next section, the mechanical design avoids any exceeding of anatomical range of motion
limits. In addition, despite the fact that the electrical actuators provide a sufficient torque to move
the hand and perform the desired action but not capable to exceed the imposed mechanical

constraints.

According to the kinematic model of the human hand [27], illustrated by Figure 3, the mechanical
design must ensure the coincidence of the center of rotation because any conflict between the
center of rotation of the user’s hand and that of the exoskeleton device can damage both the
user’s hand as well as the mechanical structure. Next section details the mechatronic design by

respecting the anatomical range of motion and center of rotation.
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Figure 3. Kinematic model of hand: exception of thumb, the remaining digits are a fixed
metacarpal.

Table 1. Normal values for range of motion of joints

Finger joint Angular motion range (°)
MCP [-90, 30]
PIP [-120, 0]
DIP [-80, 0]

M. MECHATRONIC DESIGN

As discussed previously, the anatomical constraints address the need of three inter-related factor
that are ergonomics, performance and comfort-ability. In this section, according to these factors,
we presented the mechanical architecture design as well as the electronic part and the control
scheme.

As presented by [28-29], several rapid prototyping (RP) techniques are useful in the medical
field. In particular, the use of 3D printer technology is broadcasting in the rehabilitation devices
field specially in exoskeleton manufacturing [30]. Therefore, the use of additive manufacturing
process allows attaining high level of customization which necessities only the geometric model
of the robotic hand exoskeleton to be realized (3D printed). The tree main steps of the mechanical
manufacturing of an exoskeleton device by 3D printing technologies can be outlined as follows:

e Modeling of the 3D geometry of the desired exoskeleton device using CAD software
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e Processing of the acquired data through dedicated software
e Realization of the exoskeleton device using a 3D printer

The mold design of the device has been created using solidworks CAD software and
subsequently printed using a 3D printer. Indeed, the possibility to realize highly customized hand
exoskeleton is receiving a boost thanks to the widespread diffusion of low-cost 3D Printing
technologies. Figure 4 and Figure 5 illustrate the CAD model of the designed device in rest and
extension state, respectively. The different movements of model assembly are tested and
animated using solidworks animation and motion toolbox.

The hand exoskeleton mechanism is composed of three basic elements: a splinting forearm,
control unit, and five-finger mechanisms, as shown in Figure. 7. Table 2 lists the mass of each
component of the hand exoskeleton (total mass is 310 g). Specially, the control unit box and the
five finger mechanisms are 3D printed with PLA plastic called also polylactic acid which is a
thermoplastic polyester. Indeed, PLA is a wonderful, easy to use, 3D printing material. As main
advantage, it is a renewable and biodegradable resource because it is commonly derived from
renewable resources, such as corn starch, tapioca roots or sugarcane. Thus, it naturally degrades
when exposed to the environment. In addition, it is non-toxic and has a pleasant smell when
printing. PLA filament comes in a wide range of colors and because of its thermal
characteristics, is particularly easy to get great prints with.

The splinting forearm is chosen according to the size of the subject forearm. This support allows
the exoskeleton to fit on different hand sizes easily. This support is considered as the “ground”
link of the finger mechanisms, and the actuators and the control unit, including the battery, are all
attached to the support.

Table 2. The hand exoskeleton component mass

Component Mass (Q)
splinting forearm support 115
Finger mechanism x5 20x5
Control unit 108
Servomotor x5 09x5
9V rechargeable battery 20
Total mass 388
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Figure 5. CAD model: flexion state

The exoskeleton mechanism is designed specially to perform the finger fundamental movements
that reproduces the therapy exercises, unlike to [31], by adopting a cable-actuated extension and
spring-return flexion mechanism. Figure 6 proves the ability of the designed system to perform
the flexion-extension of the digit and grasp an object.

The control unit is attached to the support through an adjustable elastic band which is routed
around the forearm, making the actuators in correspondence with each finger mechanism. Each
finger mechanism is attached to the support through three simple bands scratched with the links
of each digit. This can enable the finger to move in flexion and extension directions freely. Each
finger mechanism consists of three phalanges with interconnecting rotation joints. This
configuration follows the model of human physiology and imitates basic human hand
characteristics.

In the mechatronic design, we present the electronic part responsible for powering and moving
the mechanical structure (see Figure 7). The control box, fixed on the splinting forearm, is
responsible to exoskeleton control, containing Arduino mega 2560, fives micro servomotors sg
90. This system can be powered by rechargeable battery (9v) or by an external power supply (12v
recommended). Each micro servo is capable to drive one digit, the sg90 is a low-cost solution for
integrating in portable device because its low weight (9g) and reduced size (23.0 mm x12.2 mm X
29.0 mm). Arduino board is capable to control the rehabilitation exercise such us motor control

and EMG acquisition and processing using E-health shield.
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Figure 7. Mechatronic design: control unit components

IV. METHODS

1. Instrumentation and EMG acquisition
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Myoelectric signal is an electrical potential generated by the muscles. Generally, EMG signals
have been measured by two methods. The first is an invasive method using a needle electrode
sensor, this method is not recommended in our case owing to need of more clinical skills,
moreover, and the needle electrodes can cause pain for the patient. The second is a non-invasive
method using a surface electrode sensor. This method can be easily applied and still give
important information for use in several applications.
In this paper, we control the grasping task from surface electromyography (SEMG) signal during
dynamic contraction of the hand muscles. The selection of the muscles, as well as the placement
of the electrodes, were based on the related literature [32-33]. The first of the electrodes is placed
at the Flexor Digitorum Superficialis (FDS) muscle to measure gross finger flexion as well as the
grasping task, and the second at the Extensor Digitorum Communis (EDC) to measure gross
finger extension and then the opening task.
Firstly, SEMG signals from patient are acquired using e-health shield for Arduino. The e-Health
Sensor Shield allows Arduino users to perform biometric and medical applications using ten
sensors which contains the muscle/electromyography sensor (EMG). This platform has a small
form factor and full integrated. In fact, the EMG sensor will measure the filtered and rectified
electrical activity of a muscle. Using the centered potentiometer in the shield, the EMG gain is
adjusted to 1000.
This sensor use disposable pre-gelled electrodes. Resolution of the acquisition system ADC is 10
bits. Myoelectric signals are detected by placing three electrodes. Two of them for measurement
with a distance equal to 3 cm and the third act as a reference electrode placed at the proximal end
of the elbow.
In order to optimize the quality of the received signal, we design a Butterworth band pass filter
[34] of range of 20— 400 Hz and a notch filter of 50 Hz to remove the power line noise [35]. This
developed filter is implemented in the microcontroller-based Arduino board. Sampling frequency
of the acquisition system is set at 1000 Hz.

2. Feature extraction approach
Tacking account of the very complex natures of the biomedical signals, feature extraction is very
important issue in EMG signal processing. The main goal of this technique is to extract the useful
information which is hidden in SEMG signal. In addition, the feature extraction focuses to

remove the unwanted EMG parts and interferences. In the literature, EMG features can be
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decomposed into several groups which are: time domain, frequency domain or spectral domain,
and time-scale or time-frequency domain (TFD). Based on the related library [36], we focused on
time domain features. In fact, time domain (TD) features are extracted directly from raw EMG
time series and do not need any additional transformation. Then, these features are usually quick
and easy implemented. In our case, the feature extraction is mainly used to analyze the EMG data
to extract the useful information for onset detection and estimation of applied grasping force in
order to copy the desired hand pattern to the wearable hand exoskeleton in the hemiplegic side.
Two feature extractions are used in this stage, one as onset detector for flexion and extension and
other is considered as a power indicator to estimate handgrip force.

The onset detection feature is selected to evaluate the intension of hand opening and closing.
Based on the related literature, one of the most popular used as an onset detection is the mean
absolute value (MAV) [36]. This feature, similar to integrated EMG, can be called also with
others names like: average rectified value (ARV), integral of absolute value (IAV), averaged
absolute value (AAV). As mentioned in its name, it is the average of absolute value of the EMG
signal amplitude in a given segment defined in (1). In order to improve the onset index, two
modified versions of this feature were developed [37-38]. The first type of modified MAV
(MAV1) is an extension of MAV feature. The weighted window function w; is assigned into the
equation for improving robustness of MAV feature as calculated by (2). The second modified
version (MAV?2) is an expansion of MAV feature which is similar to the first modified version.
Improving smoothness of the weighted function, the weighted window function w; that is

assigned into the equation is a continuous function as defined by (3).

N
1
MAV = NZ'X” )
i=1
1 N
i=1

1,if 0.25N < i < 0.75N

Were w; = { 0.5, otherwise

N
1
MAV2 = Nz w; | X;| €))
i=1

1,if 0.25N <i < 0.75N
%,elseifi < 0.25N
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N
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,otherwise
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In our case, MAV?2 feature was selected in order to improve the onset handgrip index and then
determine the desired task. Hence, two MAV2 features are extracted from FDS and EDC muscle
to detect the grasping and releasing onset, respectively. This method is very useful in case of
exoskeleton control from the hemiplegic side. Indeed, this feature is dedicated to people with
partially lost movements ability while the system can understand the subject volition and help it
to perform the desired hand task. However, this system cannot be effective only in case where
patient is already in the therapy advanced stage, i.e., able to provide some muscle power. On the
other hand, if the patient wants to control the robotic exoskeleton from the healthy side, the
MAV2 feature cannot well determinate the handgrip power and provide a vague idea of the EMG
energy. In order to overcome this drawback, a second feature is used as input to estimate the
handgrip power. Based on the related library [36], Root Mean Square (RMS) is the most popular
feature in analysis of the EMG signal for both clinical and engineering applications. It is modeled
as amplitude modulated Gaussian random process whose relates to constant force and non-
fatiguing contraction and it can be used for handgrip force prediction. The mathematical

definition of RMS feature can be expressed by (4). It is also similar to standard deviation method.

C)

Figure 8 shows an EMG raw processed by RMS and MAV2 features. After signal processing,
both RMS and MAV2 features are considering as input of controller in order to detect the subject

volition and estimate the handgrip force and then performing desired task in the rehabilitation
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Figure 8. EMG raw processed by RMS / MAV?2 feature extractions
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Figure 9. grasping task control process for pic and place cycle
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3. Control scheme

The control scheme of each close-open cycle (similar to pic and place task) consists of three parts
(see Figure 9), where first step deals with hand exoskeleton initialization to the rest state when it
is opened. The second step takes care of bio signal acquisition and processing. In this part, a
MAV?2 feature was extracted from FDS to detect the onset, and therefore the intention, of
grasping. Once this feature value exceeds a predefined threshold, an intelligent controller is
executed to control the hand exoskeleton position similar to applied handgrip force. According to
handgrip force evaluated by the two RMS features extracted from FDS and EDC muscles and
tacking account the last state of the exoskeleton position generated as output, the developed
controller performs the grasp and hold state for object (if any) moving. The user can release the
grasped object (if any) by mean of MAV?2 feature extracted from the EDC muscle. The final step
is filled by returning to the rest state and testing the EMG signal for novel pic and place cycle.

Noting that the estimated handgrip force is mapped to angular position of each servomotor by
releasing the wired finger mechanism. The force released by fishing wire is covered under the
spring force. Therefore, by releasing all fishing wires, the hand exoskeleton adapts with
geometric form of the grasped object. If any object exists, hand exoskeleton will be entirely

closed respecting the defined mechanical ROM.

V. EXPERIMENTAL RESULTS AND DISCUSSION

The myoelectric hand exoskeleton was evaluated in a preliminary user study with a healthy
participant and a stroked patients with hand impairment. For both healthy and stroked
participants, some control scheme is implemented. As shown in Figure 15, the muscles
contraction is detected by EMG sensors and acquired by E-health shield for Arduino which
ensures the analog filtering of the EMG raw. This filtered signal will be processed by the
Arduino controller. Two features were implemented to determine the intention and therefore the
handgrip force estimation. The signal processing results are mapped to control five servomotors

in order to perform the desired hand pattern.
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1. Experimental setup and tests with healthy participant
For experimental evaluation, an experiment with a healthy participant has been conducted to
examine the ability of the hand exoskeleton to perform a simple activity such as grasping task.
For this experiment two surface EMG electrode sensors were placed on the desired muscles of
the user’s right arm to control the robotic hand exoskeleton worn by his left hand. Third surface
EMG electrode sensor of each muscle is placed on the elbow as a ground.
Before beginning, a preliminary adjustment should be configured. The fishing wires must be
securely attached ensuring the ability of the servomotors to make moving the connected digits at
time of actuating. To achieve this goal, we add a potentiometer which control the servomotor
responsible to move the selected digit. The main role of this component is providing a variable
input to the Arduino controller which maps the analog input value to a corresponding angle and
then control the servomotor with regular velocity until the fishing wire will be securely attached.
Figure 13 proves the fishing wires adjustment and electrode placement.
Firstly, the healthy participant is asked to simply open-close his hand in a few times. In the rest
state, the springs ensures that the hand still closed and therefore in the flexion state. Moreover,
the hand is fully opened under the action of the servomotors. This can ensure that the provided
torque of each servomotor is capable to flex the wired finger. Secondly, the participant pass to
perform some particular tasks in order to validate the developed feature extraction approaches.
This can ensure the ability of tacking and manipulating an object.
The experiment with healthy participant had two objectives. First, to prove that the mechanical
structure can accommodate the desired hand motion with high flexibility and second, whether the
developed control system can, at least, understand the volition of a healthy participant which can
provide a sufficient EMG power for hand exoskeleton control. While both objectives were
achieved in this work, the second objective confirms also the ability of the stroked participant to
control the robotic exoskeleton by the healthy side. Figure 14 proves the ability of the developed
rehabilitation device to perform a simple hand flexion and extension for grasping task.
Based on these results, the next phase is to certify the developed system in the clinical
environment by applying it with stroked subjects.

2. Experimental results with hand impaired participants
A preliminary evaluation of the designed rehabilitation system has been performed on two
participants with impaired hand following the stroke during 26 days. Initially, the first participant
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demonstrated some muscle power from the hemiplegic side, i.e. able to provide some simple
movements such us lift arm, flexion-extension of the wrist and some finger moving. However,
he's suffering from hand control such us flexion and extension of all finger to grasp an object.
Second subject is recently affected by stroke and cannot control his hand especially the extension
of fingers.

Firstly, the subjects were given a brief explanation about the designed robotic exoskeleton until
the subjects understand the overall procedure of the experiment. Since his high flexibility and
low weight characteristics, both subjects provide a good feedback regarding the first impression
on the devise. First step consists of testing the workability of the device without enabling power.
This act provides the patient data including the initial range of motion and the angle limit of both
flexion and extension movements for each digit. After that, le device was set based on the
provided data. The surface electrodes are placed on the desired muscles. In the device setting, the
fishing wires are securely attached ensuring the ability of the servomotors to make moving the
wired digits at time of turning. After this step, the current state of the hand is fully opened
respecting the ROM limit of each digits. The steps described earlier were repeated at each novel

exercise. The duration of the configuration steps varies according to subject cooperation.
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Figure 10. kinematic diagram of the finger

Beginning by the first subject that can produce a sufficient EMG power for intention detection.
Inspired by his advanced rehabilitation stage, le EMG surface electrodes are placed in the

hemiplegic side in order to apply the intention detection approach. In this case, subject performs
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the training exercise for both extension of the ROM of each digit and sensorimotor recovery.
According to the kinematic diagram illustrated by Figure 10, the experimental results of the
ROM evolution during the rehabilitation period are tabulated in the Table 3 and illustrated by
Figure. 11. In addition, a progression factor has been calculated related to the ROM progress and
it is included between 0 and 10. This factor indicates the current state of the rehabilitation level.
Indeed, a healthy person will be assigned by a factor in average of 10.

Table 3. Evolution of the ROM of each finger of first participant

Fingers Joint Initial Final . ROM Progression
angle ROM (°) ROM (°) difference (°) | factor (/10)
0 [-50,10] [-65,20] 25° 7.08
Thumb CH [-100, -25] | [-110, -05] 30° 8.75
03 [-70, -10] [-75,0] 15° 9.37
0 [-45,05] [-60,10] 20° 5.83
Index 0 [-95,-30] | [-105, -20] 20° 7.08
03 [-65, -05] [-70,0] 10° 8.75
G} [-65, -15] [-80, -05] 25° 6.25
Middle 02 [-80, -35] [-95, -10] 30° 7.08
CH [-70, -10] [-80, -05] 15° 9.37
CJ} [-70, -20] [-80, -10] 20° 5.83
Ring () [-85, -40] [-90, -30] 15° 5.00
CH [-70, -10] [-80, -05] 15° 9.37
(G [-70, -30] [-85, -15] 30° 5.83
Little 02 [-85, -40] [-95, -20] 30° 6.25
O3 [-65, -05] [-75,0] 15° 9.37
0 24° 6.16
Average (C7) 25° 6.83
03 14° 9.24
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Figure 11. Progression of the ROM of each digit in the hand of first participant

Since the second participant is recently affected by stroke, the preliminaries tests provide that any
measurable EMG power can be detected from the hemiplegic side. Inspired by his state, the EMG
signal will be measured from the healthy side. In this case, only the EMG power is processed and
then only MAV approach is used. It is not necessary to modify the algorithm in the embedded
controller. However, we make such modifications according to the current state of the participant
in order to validate each approach but, for therapist and at-home rehabilitation cases, a non-
modifiable controller is provided since it can work well with a wide range of participants.
Because the second participant is a newly stroked subject, his progression in lower regarding the
results obtained by the firs subject, as indicates Table 4 and the related histogram in the Figure
12.

By comparing the results obtained by the two stroked subjects, we note that the designed robotic
hand exoskeleton is a perfect rehabilitation device for the subjects which are in advanced stage of
therapy. Thus, the high ability of the range of motion recovery can be applied in the postsurgery
case. The extension of the developed device to other rehabilitation domains is a high challenge in
the design of the rehabilitation devices. Therefore, we recommended that the newly stroked
subjects may pass by the preliminaries conventional therapy under a professional therapist before

using our designed device. This can make more efficiency of the rehabilitation impact.
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Table 4. Evolution of the ROM of each finger of the second participant

Fingers Joint | Initial Final ROM Progression
angle | ROM (°) ROM (°) deference (°) | factor (/10)
C] [-45,05] [-55,10] 15° 5.41
Thumb G [-90, -35] | [-100, -25] 20° 6.25
O3 [-55, -20] [-60, -15] 10° 5.62
0 [-40,05] [-45,15] 15° 5.00
Index 0 [-90, -35] | [-100, -30] 15° 5.83
O3 [-55, -15] [-60, -10] 10° 6.25
G} [-60, -10] [-75, -05] 20° 5.83
Middle C7) [-75, -35] [-85, -30] 15° 4.58
CH [-60, -15] [-65, -05] 15° 7.50
G [-75, -25] [-80, -20] 10° 5.00
Ring G [-80, -40] [-90, -35] 15° 4.58
O3 [-50, -15] [-55, -05] 15° 6.25
G} [-70, -20] [-75, -10] 15° 541
Little C7) [-75, -40] [-85, -30] 20° 4.58
CH [-55, -10] [-65, -5] 15° 7.5
0 15° 5.33
Average (O] 17° 5.16
O3 13° 6.62

In conclusion, the real tests with stroked subjects showed that the designed hand exoskeleton
architecture had a positive effect on finger range of motion, hand ability to perform some simple
tasks and such motor recovery, demonstrating the potential of the developed rehabilitation system
efficacy. However, we suspect that the treatment in short time of training, compared to average

time needed in the stroke rehabilitation, was too short to differentiate the rehabilitation progress.
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Figure 12. Progression of the ROM of each digit in the hand of the second participant

Overall, the high-friendly hand exoskeleton is very simple to use can be exploited in home
rehabilitation. Indeed, subjects were able to use the system without difficulty even in the cases of
elderly people unaccustomed to complications of electronic technology thanks to the embedded
controller. However, periodic therapist contact was essential for evaluation of rehabilitation
progress and motivating patients to complete the training protocol. In fact, periodic presence of
the therapist provided sufficient motivation especially for the stroked subject to continue the
treatment.

The major limitation of this experimental tests is the reduced number of participants involved.
However, the main goal of this work was to apply a new design of hand exoskeleton in several
applications including training in stroke rehabilitation which is successfully demonstrated.
Another limitation is that, in this paper, the first stoked patient which uses the exoskeleton device
is already in the therapy advanced stage. Therefore, he can produce a sufficient EMG power for
intention detection. In addition, when our system will be applied with a new stroked subject, two
EMG sensors are insufficient to conclude the desired intention. Thus, the number and quality of

EMG sensor should be improved in order to guarantee a wide range of use.
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Figure 13. Fishing wire adjustment and electrodes placement

Figure 14. Tests with healthy participant: (1) a simple open-close task; (2) grasping an object
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Figure 15. System overview

VI.  CONCLUSIONS

We present a design for a developed system based on 3D printing technology. The characteristics
of the developed rehabilitation system can help stroke patients to perform the rehabilitation
exercises as presented in the results section. Under the presented design based essentially on a
spring-return flexion-based finger mechanism, the system can be considered as a continuous
passive motion (CPM) device. The exoskeleton for hand rehabilitation is actuated based on
electromyography (EMG). The developed wearable low cost robotic system for hand

rehabilitation has shown a great efficiency.
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