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Abstract: Wearable exoskeleton solutions for upper limb rehabilitation or assistance, particularly for the hand
area, have become increasingly attractive to researchers, proving to be effective over time in treating hand
movement impairments following various neurological diseases. In the present work, the development of a
wearable exoskeleton-type device for active hand rehabilitation has been addressed, based on fluid actuators
made of elastomeric material and on myoelectric control by capturing myoelectric signals from the forearm
area. The flexion movement of the fingers (phalanges) is actively assisted by pneumatic actuation of the built-
in actuators and the extension movement is assisted by a depressurization control of the actuator. The device
has been designed to be as easy to use as possible, light in weight, and to provide a high degree of comfort
when used by the patient for rehabilitation training or daily life activities (ADL), which can be performed in
the comfort of one’s own home.

Keywords: soft robotics; elastomer actuator; rehabilitation; wearable device; myoelectric control

1. Introduction

In today’s social context, where several factors such as sedentarism, diet, and stress can cause
traumas or impairments in the population, this is at the root of the increasing number of people
suffering from various forms of disability. According to statistics reported in 2017, the most
significant cause leading to various forms of disability is due to stroke [1]. Similarly, in 2012 according
to a report by the American Health Association (AHA) in the United States of America, around 4
million people were suffering from a range of injuries due to stroke [2]. Other studies show that more
than 80% of people who have suffered a stroke remain with some movement impairment in their
upper limbs [3,4], hampering or limiting the performance of activities of daily living (ADLs). They
need repeated rehabilitation exercises over a long period to be able to regain their original mobility
[5,6]. Due to the increase in the number of people needing post-stroke rehabilitation, as well as limited
specialist medical staff, to treat stroke [7,8], there is a need to identify effective methods to help these
people regain autonomous movement. This “self-help” type of training has the potential to reduce
some of the burdens on the healthcare system, namely by offering stroke patients the opportunity to
perform rehabilitation training alone at home or their desired place.

Both commercially and in literature, several robotic variants meet rehabilitation or assistive
needs by guiding repetitive movements with different ranges of motion in the hands, elbow, or
shoulder joint. Available variants such as PEXO [9] or TENEXO [10], HANDEXOS [11], or the
exoskeleton-type device proposed by Ho, N. et al. [12], use rigid joint links driven by DC motors.
These variants have advantages in terms of good modeling and control capability providing
accuracy, but they also have some less favorable aspects in terms of size, shape, weight, and comfort
of the devices. These aspects are important criteria in the success of such a device. Based on these
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considerations, over the past decade, researchers have been concerned with developing various
robotic systems (with rigid or soft elements) that possess features inspired by the living world, which
provide a transition from nonredundant to redundant, hyperredundant, continuous and soft systems
to increase the flexibility, adaptability, and biocompatibility of the systems [13,14]. Wearable hand
rehabilitation/assistance devices and other devices using soft actuators represent an important
research direction in the field of soft robotics and there is a large diversity of such devices. In part,
soft robotic devices for hand rehabilitation use fluidic soft actuators such as the handheld device of
the Wyss Institute at Harvard University called “Wyss Soft Robotic Glove” [15] or the commercially
available devices of Syrebo called “Syrebo Hand” [16].

Analyzing the literature, we have also found several publications addressing handheld devices
with soft actuators for hand rehabilitation/assistance at different levels of implementation, some of
which will be presented shortly. Hong Kai. Yap et al. developed a portable glove-type device based
on pneumatically actuated fluid actuators made of flexible thermoplastic materials and coated with
thermoplastic polyurethane (TPU) that have the ability to provide bi-directional assistance of both
flexion and extension movements [17]. Panagiotis Polygerinos et al. proposed a control system for a
rehabilitation/assist glove that uses a control based on the capture of myoelectric signals (EMG) from
forearm muscles based on surface electrodes. The glove is made of elastomeric material fluid
actuators that assist in flexion and extension movements of the hand phalanges [18]. Yuanyuan Wang
et al. proposed a device made of pneumatically actuated fiber-reinforced silicone materials to assist
both flexion/extension movements of the phalanges and adduction/abduction movement of the
thumb [19].

Generally, in the rehabilitation field, devices that provide sufficient biocompatibility and
biomimeticity are predominantly used so that these devices are comfortable and lightweight. In terms
of soft actuator systems, the most common types of actuators in the rehabilitation field are those
based on fluid actuation, shape memory alloys, as well as dielectric elastomers [20]. Regarding the
modalities of intention detection and sensors used in the control of the device, the majority of
publications use control based on the capture of EMG muscle signals from the forearm muscle area,
this method being the most common in wearable devices. Another common method is based on
pressure and sleep sensors [21].

The use of soft robotic systems in portable devices has the great advantage of offering patients
the possibility of rehabilitation/assistance in the comfort of their own home. Moreover, the use of
fluid actuators made of elastomeric materials offers patients a safe interaction due to highly elastic
soft materials, a large number of degrees of freedom which implicitly offers the possibility of
performing a wide range of movements, low cost of making such a device as well as offering high
portability and making devices customized to the patient’s anatomical data. Based on the aspects
presented above, this work addresses the realization of a low-cost portable device intended for
rehabilitation/assistance of hands at the patient’s home for people who have suffered a stroke or other
neurological diseases as a result of which they are left with a range of mobility impairments. The
wearable device is made with PneuNets fluid actuators that assist in the flexion and extension motion
of the phalanges specifically the DIP - distal interphalangeal joint, PIP - proximal interphalangeal
joint, and MCP - metacarpophalangeal joint at fingers 2 - 5 and IP - interphalangeal joint and MCP -
metacarpophalangeal joint at finger 1 (thumb finger) in Figure 1. The actuators are positioned on the
dorsal side of the hands, being actuated from a single actuator source, and the control is based on
EMG signal capture with a commercial module with surface electrodes positioned in the forearm
muscle area. The wearable device also has a pressure sensor and a bending sensor to monitor the air
supply pressure and identify the amplitude of phalangeal movement. This device weights 180g,
being in the optimal range for such devices [22,23].
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Figure 1. Principle diagram of actuation using PneuNets actuators.
2. Materials and Methods

2.1. Actuator Design and Fabrication

PneuNets actuators are actuators in the bellows actuator category, in which the specific bending
movement is achieved by the deformation of the inner cavities. The actuator used has a uniform
bending movement over the entire surface, and it generally has the advantage of a fast response when
pressurized, usually at redrawn actuating pressure values. Also, for the actuator to have a uniform
deformation, it has an inextensible layer that limits radial expansion during pressurization. With
these actuators, the bending motion is actively controlled when the actuator is pressurized. The
actuator bends due to internal pressures producing mechanical energy and at the same time
accumulating elastic energy. As for the extension movement, it is passively controlled by different
levels of pressurization as well as by the elastic energy accumulated by the actuator at the moment
of the bending movement, more precisely at the moment of pressurization.

The 3D-design of the actuators was carried out in the SolidWorks 2021 software in two different
lengths. The actuators were chosen to be made in two different lengths due to the different anatomical
dimensions of the human fingers. The main dimensions of the actuator and its components can be

found in Figure 2.
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Figure 2. Cross section with main dimensions of the actuator.

The four elements that make up the actuator are the main body, through which the specific
bending movement is achieved; two layers of silicone that enclose the main body; and between these
two 3 mm thick silicones there is an inextensible layer of paper inserted to limit the radial extension,
helping to achieve the bending movement. The dimensions of the main body are:1- 8 mm, d - 2 mm,
t - 2.5 mm and b - 15 mm. These dimensions are identical for all actuators, and in addition to these
dimensions, the actuators have a width of 20 mm, whereas the lengths are 95 mm and 75 mm
respectively.

In the field of soft robotics, the most commonly used manufacturing processes are casting and
3D-printing. In most situations, these two processes are used together, with 3D-printing being the
technology for making molds [24]. In this case as well, we have used molding as the main process of
actuator manufacturing and the molds were made by 3D-printing from polylactic acid (PLA). The
molds were previously 3D-modelled and 3D-made using a CraftBot printer with a single extruder.
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The material from which the actuators were made is a two-component RTV ZA 22A silicone material
with a Shore hardness of A 22. This material is composed of two elements (base and catalyst) which
are dosed in equal quantities. The specifications of this material are given in Table 1.

Table 1. Material characteristics RTV ZA 22 A.

Characteristics Value
Color Blue
Shore Hardness 22
Mixing rate 1:1
Pot life 14-17 minutes
Cure time 2 hours
Material type Bicomponent

The manufacturing process by casting is based on a rigorous realization process. Following the
mixing of the two components, that have been weighed beforehand, in equal quantities, a series of
air bubbles accumulate in the material which, once they enter the actuator, can alter its behavior or,
worse still, cause it to break during pressurization. Therefore, an intermediate process was carried
out to remove the air bubbles utilizing a vacuum system. Inside the vacuum plant, the silicone was
left for 2 minutes at a negative pressure of -85 kPa. The manufacturing process is shown in Figure 3.

®

RTV ZA 22A Final actuator

Figure 3. Actuator manufacturing process, (1) Weighing the silicone in equal quantities, (2)
Homogenizing the silicone, (3) Removing the air bubbles from the silicone with the vacuum plant, (4)
Casting into the 3D-printed mold, (5) Removing from the mold and assembling the final actuator.

After the homogenized silicone was removed from the vacuum plant, it was molded into the
3D-printed mold, both for the main body of the actuator and for the two silicone layers that enclose
the actuator. After 2 hours, the actuator was removed from the mold and assembled. As an
inextensible layer between the two silicone layers, we have used one made of paper.

2.2. Material properties and finite elements methods (FEA)

RTV ZA 22A is a high compliance hyperelastic material that has the ability to elastically deform
several times more than its initial value at the moment of stress. Determining the mechanical
characteristics of the material is important to determine and validate the real and simulated behavior
using the FEA of the actuators used. For this purpose, the tensile mechanical characteristics of the
RTV ZA 22A material were determined using the ASTM D12 (method A) standard [25]. The
dimensions of the specimens are 3 mm in thickness, a total length of 115 mm, where the length of the
calibrated part is 33 mm, the width at the ends 25 mm, and the width of the calibrated part 6 mm.
The tests were performed on a sample of 5 specimens on the Titan 2 Universal tensile testing machine
(software version 7.0.4.14642) at a speed of 50 mm/min and with a cell force of 600 N. From the
experimental data obtained, for the accuracy of the results, outliers were removed. Based on the
experimental results taken from the machine software, the characteristic curve in the form of
engineering stress and engendering strain was plotted, the curve representing the average of the
values of the 5 specimens tested, the test results are shown in Figure 4.
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Figure 4. The characteristic curve represents the average of the 5 specimens.

The experimental data obtained from the tensile tests provides the possibility of determining a
number of characteristics such as material elongation, Young’s modulus of elasticity, and material
constants needed to perform finite element simulation of the actuator. This is needed to determine
the approximate behavior of the actuators tested. Also, an important aspect that was considered was
to identify the actuating pressure required for the actuators to achieve amplitude of motion values as
close as possible to the phalanx amplitude of motion values. In the case of the PIP joint, this amplitude
is approximately 120°. Achieving a value as close as possible to the actual phalangeal range of motion
values leads implicitly to greater efficiency and to a shorter recovery time.

Obtaining this information was done using the finite element program Abaqus (Dassault
Systems - 6.13-1), the simulation is identified in Figure 5 (a). Modeling of the PneuNets actuators was
performed using the Yeoh hyperelastic model [26], for non-linear and incompressible materials based
on the experimental data of the graph in Figure 4 engineering stress and engendering strain. The

strain energy function for determining the 2nd-order material constants is shown below in equation
1

W =3, Coll —3) + N, -0~ D™ (1)

(a)

Figure 5. Actuator behavior, (a) simulated behavior, (b) real behavior.

The values of the Yeoh material constants of degree 2 obtained are Cio = 48.673 (Pa), C20=962.03
(Pa). From the simulations, it can be seen compared to Figure 5 (b) that the simulated bending
amplitude is approximately equal to the actual bending amplitude.
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2.3. Relationship between pressure/angle/force in bending phase

To identify the characteristics that hold the actuating pressure, the amplitude of movement, and
the force that the actuator can develop at different input pressures, an experimental test was carried
out. Thus, two graphs Figure 6 (a), (b) were made in which the output characteristics, namely the
bending angle and the force as a function of the input pressure, were determined.
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Figure 6. The ratio of pressure/angle/force, (a) ratio of pressure to actuator angle, (b) ratio of pressure
to force.

Determination of the bending angle so that the value is as close as possible to the amplitude of
the natural motion was done according to the inlet pressure. A resistive flex sensor was used and
integrated between the actuator layers as shown in Figure 8. This sensor provides relatively accurate
information about the angular position of the actuator as a function of the pressure inside the actuator
chamber. We have used the Honeywell ABPDANV150PGSAS3 pressure sensor which has a pressure
range of 0 - 150 psi. From the graph in Figure 6 (a) it can be seen that at a pressure of 0.06 MPa an
actuator deflection value of 117° is obtained, which represents an amplitude similar to that of the PIP
joint. Regarding the output force as a function of the input pressure, the force was measured using a
force-sensing resistor. The force was measured at the distal end of the actuator, the characteristic
curve is shown in Figure 6 (b), where it can be seen that at an input pressure of 0.06 MPa, the output
force of the actuator is 1.3 N.

2.4. Pneumatic glove control system

As far as the control of the soft glove is concerned, a control unit has been developed which is
shown in Figure 7. This control unit allows the supply of the simultaneous actuators through a
pneumatic control system which is composed of an electro-pneumatic valve (SMC - SYJ5120 — 24 V)
that allows the pressurization and depressurization of the actuators, pressure sensors (Honeywell -
ABPDANV150PGSA3) and the pressure supply is taken from an air compressor. As for the control
system, it consists of a development board equipped with a microcontroller (ATmega 328P), control
relay, EMG module with three surface electrodes, a display for displaying information related to the
number of repetitions performed by the patient, the pressure inside the actuators as well as data from
the flex sensor integrated in the actuator layers (grade®). Since several voltage levels are required to
supply the components, both pneumatic and control, 12 V and 24 V voltage regulators were used
respectively.
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Figure 7. Main components of the portable device control unit.
3. Results

3.1. Integration of actuators within wearable gloves

The wearable device with wearable glove-type soft actuators is based on PneuNets actuators
that perform the specific bending motion by driving the phalanges of the 5 fingers in flexion. The
schematic diagram of the operation is shown in Figure 8, where the positioning of the actuator on the
dorsal side of the hands can be seen. The actuators are connected through hoses to the compressor,
and when the pressure is higher than 0, the actuator starts to perform a bending movement by flexing
the phalanges. Between the layers of the actuator, the flex sensor (FS, Spectra Symbol, USA) is
positioned, which monitors the amplitude of the flexing movement.

Microcontroller

ATmega328P
PneuNets Actuator
Flex Sensor @
H
0° sv |
ML NERAIN IR LR R R RN R |
Inextensible __—— - T
Air
v+ GO AT s
F F
¥ P =0 (kPa)

P > 0 (kPa)

Figure 8. Flexing motion actuation of phalanges using PneuNets actuators.

The soft actuator wearable consists of a textile glove with an elastomer layer on the palm for a
better grip due to the higher coefficient of friction between the glove and objects. As far as the
attachment of the glove actuators is concerned, it has been considered that the grip should influence
their behavior as little as possible. That is why the choice was made to fix the actuators using nylon
fibers, which offer good stability over time as well as minimal impact on the actuator. Actuator
supply hoses with a diameter of 4 mm were used, and to avoid pressure losses from the inside, a
silicone rubber zone was made at the inlet end of the hose into the actuator. The components of the
wearable soft actuator glove device are shown in Figure 9.
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Figure 9. The component parts of the glove with soft actuators.

A medium-sized glove was used to cover as wide a range of patients as possible. In stroke
patients, anthropometric dimensions are smaller due to muscle atrophy. However, the size of the
actuators as well as the glove can be adapted according to these anthropometric data.

3.2. Control strategy based on EMG signals

The wearable device relies on actuators controlling an EMG controller (EMG Sensor Controller)
that captures the muscle signal from the forearm to identify the user’s intention to perform a certain
action. The EMG module consists of a signal processing unit and three gel surface electrodes that are
positioned in the muscle area of interest (Flexor Digitorum Superficialis - FDS) of the forearm. Before
positioning the surface electrodes, the skin was cleaned with medical alcohol to ensure that there
were no layers of fat or impurities that would prevent or alter the quality of the captured signal. The
EMG module provides an analog output signal between 0 V and 9 V and has a supply voltage
between 3.5V and 9V - DC, the module is based on an integrated H124SG. The device control strategy
based on control using EMG is one of relatively low complexity but has provided satisfactory results
in the rehabilitation phases. For example, if the patient intends to grip a target, the electrical signal of
the muscles is continuously monitored and when the signal amplitude exceeds a certain amplitude
value (this is pre-set in advance for each patient), the electro valve opens, supplying the 5 actuators
that drive the fingers in flexion movement with pre-selected power. The pressure supply to the
actuators is switched off when the flex sensor value reaches approximately 120°. When this value is
reached the actuators will be held in this position for two seconds, this is made possible by switching
the solenoid valve to the intermediate position. After two seconds, the solenoid valve will open and
depressurize the actuators. If controlled depressurization is desired, the solenoid valve will switch
between the intermediate and open position. When the amplitude value of the EMG sensor exceeds
that value again, the above steps are repeated.

3.3. Rehabilitation/assistance training using the wearable device

Rehabilitating stroke patients’ hands to regain mobility and the ability to perform daily activities
involves rehabilitation training based on repeated flexion/extension movements of the hands. Our
tests were performed on healthy subjects who have residual EMG signals on the forearm muscles,
being able to easily implement EMG signal-based control with high signal amplitudes. In patients
who have suffered strokes or other neurological diseases, the residual EMG signals in the forearm
area are relatively low, making it difficult to capture and process the signal, in which case there is the
possibility of positioning the EMG electrodes on the biceps muscle area as it has a higher density of
muscle fibers and therefore higher signal amplitudes for control. Based on this, it was decided to
perform rehabilitation training consisting of several sets of flexion/extension finger movements with
an amplitude of approximately 120°. Prior to the start of the rehabilitation training, the patient is
placed with gel surface electrodes on the FDS muscle of the forearm corresponding to
flexion/extension finger movements. The surface has been degreased beforehand, and the analog
value from which the actuator pressurization will start is determined based on the patient’s varying
signal. Actuator pressurization is done up to a value of 0.06 MPa and a movement amplitude of


https://doi.org/10.20944/preprints202308.0051.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 August 2023 doi:10.20944/preprints202308.0051.v1

approximately 120%, monitored by the flex sensor. All this data is displayed in real time together with
the number of repetitions performed by the patient on the display of the control unit. Closed-loop
control provides good and efficient controllability of the wearable device for flexion/extension finger
movement training. Once the analog value is set according to the patient, the wearable device is
positioned on the patient’s hand so that it provides comfort to the patient. After positioning the
device, the rehabilitation training may stop when the set analog value of the EMG signal is exceeded.

Regarding the use of the wearable device for hands-on assistance in everyday activities, a series
of tests were conducted on different objects to identify the potential of such a device. The two cases
of rehabilitation and assistance share some similarities in this case, namely from the perspective of
the movements performed by the patient (flexion/extension), therefore the testing of the device in the
cases of assistance on different objects with different geometries was approached. The tests can be
identified below in Figure 10.

(d)

Figure 10. Experimental tests performed with the wearable device on a set of objects with various

(a) (b)

geometries and weights commonly encountered in everyday life. (a) Glass, (b) Water bottle, (c) Ball,
(d) Cylindrical object.

Several objects with different geometries were tested, representing objects that are more
commonly identified in a home and with which patients are most likely to interact. These objects also
have different mass, namely plastic cup (42 g) Figure 10 (a), water bottle (280 g) Figure (b), ball (17 g)
Figure 10 (c) and cylindrical piece (110 g) Figure 10 (d). For gripping these objects, all 5 fingers were
pressurized with a lower amount of pressure than in the rehabilitation case. From the tests
performed, the device offers good flexibility, but the limiting aspects are related to the control unit
which offers a reduced working space due to the length of the actuator cable, this being an important
future direction.

4. Conclusion and future works

Due to the social context in which an increasing number of people suffer strokes or other
neurological diseases that leave them with various impairments affecting mobility, especially that of
the upper limbs, it is necessary to carry out rehabilitation training to regain mobility and perform
activities of daily living (ADL) again. In this current context, the present work addressed the
realization of a wearable exoskeleton-type device for the upper limb to assist the patient during
rehabilitation exercises, as well as the possibility of assisting in different daily activities, offering the
possibility of re-enabling them in the personal environment. The device provides active
rehabilitation/assistance, being based on capturing the patient’s muscle intention within the forearm
muscles. PneuNets actuators provide flexion motion actuation of the phalanges (DIP, PIP, MCP) for
fingers 2 - 5 and (IP, MCP) for finger 1, and the extension motion is passively controlled by
depressurizing the actuators. Two different actuator lengths were used depending on the anatomical
dimensions of the fingers. A rigorous procedure was followed for the manufacture of the actuators,
based on a series of steps to ensure that the actuators would be consistent and reliable over a long
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period. The two main manufacturing technologies in the field of soft robotics were used, namely
casting and 3D-printing to make the casting mold. Two-component elastomeric material (RTV ZA
22A) with a Shore hardness of 22A was subjected to uniaxial tensile testing until breakage to
determine the material’s mechanical characteristics and to perform FEA simulation based on material
constants. It was taken into account that the actuator performs the bending motion with an amplitude
approximately equal to the amplitude of motion of the PIP joint, so the actuator behavior was
determined as a function of the input pressure, and the degree of bending of the actuator was
monitored with a flex sensor as well as the output force developed by the actuator. At a pressure of
0.06 MPa, the bending angle is 1172 and the force developed is 1.3 N. The control unit of the wearable
device is mainly based on microcontroller-based information processing electronics and flow control
elements such as pneumatic valves that distribute fluid to actuators. The exoskeleton-type wearable
device has a relatively simple structure consisting of a textile glove with a silicone rubber on the
palmar area to improve grip and PneuNets actuators which are positioned on the back of the hands
using nylon fibers. The wearable device is mainly intended for active rehabilitation of the patient’s
hands, but it is also possible to assist in various daily activities. The tests were performed on healthy
subjects and were mainly based on a series of flexion/extension movements of the fingers in the three
joints (DIP, PIP, MCP, and IP), as well as through the use of different objects with different geometries
and masses. These movements are based on the capture of the patient’s muscle intention through
EMG surface electrodes.

As future directions, the authors intend to increase the modularity and flexibility of the control
unit, as currently, this unit brings some limitations in terms of its volume as well as its portability,
also limiting the patient’s room for action in case of assistance. Another issue the authors are
considering as a future direction is related to the integration of the wearable device with virtual
reality (VR) and LeapMotion controller. By using VR and the LeapMotion controller, a series of
specific rehabilitation games can be made tailored to the patient’s needs. The LeapMotion controller
as an immersive element in VR provides the possibility for the patient to interact with different
objects in VR, improving motivation and the level of interaction. Another aspect that the authors wish
to develop is the integration of the wearable glove into a wearable upper limb device that assists both
the wrist (flexion/extension and abduction/adduction) and the elbow joint in flexion/extension
movement. It is also intended to validate the device by performing tests on patients with hand
movement impairments due to stroke or other neurological diseases.
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