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Chapter

Shape Memory Alloy (SMA)-Based

Exoskeletons for Upper Limb
Rehabilitation

Dorin Copaci, Janeth Arias, Luis Moveno and Dolores Blanco

Abstract

This contribution presents the advances in the use of flexible Shape Memory Alloy
(SMA)-based actuators for the development of upper limb rehabilitation exoskeletons
that have been carried out by our research group. The actuator features developed by
our research group maintain the SMA wire characteristics (low-weight, low-cost,
noiseless operation, compact, and simplicity) and additionally presents the flexibility
and its increase the work frequency. These characteristics make that its integration in
rehabilitation exoskeletons provides the user more comfort, easy to use, and freedom of
movement. The chapter describes some different rigid and soft rehabilitation exoskele-
tons for different joints such as the elbow, wrist, and hand in which this type of actuator
has been successfully integrated. This gives the possibilities to expand the research line
with the actuated soft exosuits systems, in a future development perspective.

Keywords: shape memory alloy, rehabilitation devices, elbow exoskeleton, wrist
exoskeleton, soft exo-glove

1. Introduction

According to the World Stroke Organization (WSO) [1], almost 14 million people
have their first stroke every year, and worldwide over 80 million people are living
with the impact of stroke or cerebrovascular accident (CVA). Additionally,
researchers have estimated that, as of 2019, there are more than 17,000 new cases of
SCI (spinal cord injury) each year and between 249,000 and 363,000 people are
currently living with this injury in the United States [2]. These types of disorders, in
most of the cases, are associated with the partial or total loss of the sensory motor and
autonomic function. The persons affected by these disorders present a lower quality of
life and often dependent on other persons. It is possible to recuperate one part of these
loosed sensory motor function with the aid of the rehabilitation therapy, but these
treatments are very expensive in health resources and very long in time.

Today, the wearable exoskeletons are present in the hospitals and rehabilitation
centers, such as support in the rehabilitation therapy. Although most of this rehabili-
tation devices focused on the lower limb rehabilitation, commercial solutions such
Armeo Power from Hocoma [3], InMotion Arm for Neurological Rehabilitation [4],

1 IntechOpen



Artificial Muscles

Amadeo from Tyromotion [5] AlexARm from Kinetek [6] can be founded for the
upper limb rehabilitation. Most of these solutions are static devices, with different
degrees of freedom (DOF) actuated by DC motors, designed to do the rehabilitation
therapy with the patients in the specialized centers. Although the development of the
rehabilitation devices for the upper limb was approached in the last years, at present
there is still a lack of improvements in this field, so that these devices can be used not
only in rehabilitation therapy but also daily life. In this way, the exoskeleton offers the
users more autonomy and at the same time improves his quality of life. To optimize
the future exoskeletons, different improvements are suggested according to the
patient’s opinion, which tested these devices. The order proposed by them was easy to
use, small and lightweight, tailor-made, safe, comfortable, less distinctive, durable,
and affordable [7]. Many of these characteristics are directly related to the actuators
used in these devices.

In the past years, the exoskeletons, especially those of the upper limb, were actu-
ated by different types of actuators: DC and AC motors, pneumatic actuators,
hydraulic actuators, and other types of actuators such as the shape memory alloy
(SMA) [8]. Although the electric motors are one of the most common actuation
systems for the exoskeleton, these are still limited by characteristics such the weight,
need of gearboxes to reduce the velocity, and the operation noise. On the other hand,
the hydraulic and pneumatic actuators present a good force-weight relation but still
limited by the noise and the need of compressed air. The Shape Memory Alloy (SMA)
is a metallic alloy, which has the property of recovering its original shape (the mem-
orized shape) after being deformed when heated above the transformation tempera-
ture between a martensite phase (at low temperature) and an austenite phase (at high
temperature). This presents a good force-to-weight ratio, small volume, and noiseless
operation, the SMA-based actuators being considered a good actuation solution for
wearable and soft robotics applications and in particularly for rehabilitation devices.
The principal disadvantages of this type of actuators are represented by the hysteresis
effect, which makes its control difficult, and the low work frequency. These disad-
vantages limit the use of this type of actuators for certain applications.

Recently, this type of material was used as an actuator in various rehabilitation
devices for lower and upper limb and for prosthesis. In [9], a glove actuated by SMA
for rehabilitation exercise and assistance was presented. This soft robotic device can
provide for the user in grasping 40 N force. The actuator used in this device is based
on an SMA wire with diameter of 0.38 mm, cooled by air fans. In [10], the SMA wires
were used as actuator for a 3 DOF wrist rehabilitation device. Similarly, in this work,
to improve the cooling stage of the actuator, mini air fans were used. The proposed
methods do not present the actuator flexibility, and with the air fans, the size of the
device increases. In [11], the SMA was used as a hybrid actuator for a hand exoskele-
ton, combining the SMA springs with a servomotor. Also, the SMA springs were used
as actuators for a soft wrist assistive device [12]. In [13] three SMA wires were used in
parallel configuration as actuator in a suit-type elbow flexion assistance. For the lower
limb, the SMA actuator was embedded in smart clothes for the ankle assistance [14].
This is a totally soft device, which can assist in the ankle with a torque of 100 Ncm. In
most of the publications, the authors do not give details about the actuator position
response on the cooling stage, where the actuator needs to cool to extend. This
necessary time depends on the wire’s diameter, ambient temperature, and if it is or not
forced to cool, and this time can affect the device performances.

Our research group, RoboticsLab from Carlos III University of Madrid, Spain,
developed different exoskeletons for the upper limb rehabilitation actuated by SMA-
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based actuators. For the user’s comfort, we propose lightweight exoskeletons, but
maintaining the power performance of a rigid exoskeleton. Also, the proposed devices
have noiseless operation, low-cost fabrication, and are more compact. These exoskel-
eton characteristics, in great measure, are due to the used actuator—a flexible struc-
ture based on Bowden cable without additional cooling system. According to the
proposed actuator based on SMA, we developed three different exoskeletons, which
will be presented in this study, for the elbow joint, the wrist joint, and hand rehabil-
itation. Each one presents two or more DOF according to the articulation where it
operates, and the actuators have the possibility to work in antagonistic configuration.
According to this configuration, the position error decreases significantly in the
cooling stage.

This study is divided into four sections. Section 2 presents the proposed SMA-based
actuator used in the exoskeleton structure with its electronic hardware and its control
algorithm. This section continues with the presentation of the developed exoskeletons
from our laboratory, which have used the SMA-based actuator. Section 3 presents the
discussions in terms of the current and future perspective of rehabilitation exoskeleton
improvements. Section 4 introduces some conclusions and future works.

2. Methods

This section presents the SMA-based actuator used on the upper limb exoskeletons
with its electronic hardware and its control algorithm. Also, in this section, the differ-
ent exoskeletons configurations for the upper limb, elbow, wrist, and hand, will be
presented.

2.1 Shape memory alloy: based actuator

The actuator used in rehabilitation devices is based on SMA and consists of one or
more SMA wires, a Bowden cable, a polytetrafluoroethylene (PTFE) tube, and the
terminal parts. The actuator force and its dimensions can vary depending on the num-
ber of wires and their diameter. According to the necessary force to mobilize different
upper limb joint, three wire diameters was considered. The characteristics of these SMA
wires used in the configuration of different actuators can be seen in Table 1, where the
current represents the approximate current for 1 second contraction.

The actuator structure with a single SMA wire can been seen in Figure 1, left side.
On the right side, a schematic actuator cross section can be observed. The actuator has
been adapted in length, diameter, and number of wires according to the final applica-
tion. The principal components of the actuator, enumerated in Figure 1, are detailed
below:

Diameter size Resistance Current Force Cooling 70°C Cooling 90°C

(mm) (Q/m) (A) (N) (s) (s)

0.31 12.20 1.50 12.55 8.10 6.80

0.38 8.30 2.25 22.06 10.50 8.80

0.51 4.30 4.00 34.91 16.80 14.00
Table 1.

Properties of the SMA wives [15].
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() SMA wire
O PTFE
O Bowden cable

Figure 1.
SMA-based actuator. Right side: 1 — Bowden cable; 2 — PTFE tube; 3 — SMA wire; 4 — Terminal unit; left side,
actuator cross section.

* 1 - Bowden cable. It is a type of flexible cable used to transmit the force. In this
case, it is composed of a metallic spiral covered with a nylon sheath. This gives
the flexibility advantage of the actuator and helps to dissipate the heat when the
SMA wire is in the cooling stage (recovering the initial length). In Figure 1, a
Bowden cable with 3.5 mm diameter is represented. This Bowden cable is used
only for actuators with only one SMA wire. For actuators with more SMA wires, a
Bowden cable with diameter 6.5 mm is used. In this last case, depending on the
SMA wire diameter, the actuator can have up to five wires if the SMA wires have
a diameter 0.51 mm.

* 2 — PTFE tube. It is transparent, chemically inert, and nontoxic material, which
facilitates the SMA wires displacement, considered to be a solid lubricant. This is
placed between the SMA wire (or the SMA wires for the multi wires actuator)
and the Bowden cable, acting as an electrical insulator. In addition, it can also
work at high temperatures, over 250°C.

* 3 - SMA wire. In Figure 1, the actuator is composed of only one SMA wire. The
actuator structure can be modified to include more SMA wires, whose diameter
and length are calculated according to the necessary force and the final
displacement of the device.

¢ 4 — Terminal unit. This is used to fix the SMA wire with the Bowden cable, at one
end, and the SMA wire with the actuated system or the tendons of the actuated
system, at the opposite end. The terminal unit is composed of two pieces screwed
together, which permit to tense the SMA wire, after being mounted in the final
application. Furthermore, those terminal units are used as connectors for power
supplying the actuator.

In the exoskeleton structures presented in this chapter, the multi-wire actuators
have all the SMA wires inside of only one PTFE tube and everything in a Bowden
cable.

This flexible SMA actuator based on Bowden transmission system certainly has
some features that make it a good alternative to the use of conventional actuators in
soft exoskeletons. Using long SMA wires inside a flexible tube makes it possible to
design an actuator that can provide the necessary displacements required by soft
exoskeletons. Also, these are easy to integrate and adapt into the flexible and dynamic
structures. The possibility of flexing and physical arrangement of the actuator in
almost any way has allowed us to better approach the “soft-robotics” concept, so that
the actuator no longer imposes rigid mechanical structures on the joints [16].
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2.1.1 Electronics hardware

The electronic hardware consists of one or more position sensors depending of the
rehabilitation device (these will be detailed when each device will be described), a
microcontroller, and a power circuit required to control the SMA-based actuators.

The electronic power circuit for SMA wires is based on MOSFET transistors. The
transistors are activated by pulse width modulation (PWM) provided by the control-
ler. The transistors open and close the circuit with a power supply for the actuators.
With these electronics (developed by our research group), the control hardware
architecture can manage two, four, or six different actuators (each actuator with one
or more SMA wires).

The controller board is based on the STM32F407 Discovery kit [17], from
STMicroelectronics, which is programmed with Matlab/Simulink [18]. This manages
signals from the sensors, executes the control algorithm for controlling the actuators,
and generates the required PWM signals.

2.1.2 Control algorithm

Due to the characteristic of hysteresis and the nonlinear behavior of the SMA-
based actuator, the control algorithm is a quite complex. A bilinear proportional
integral derivative (BPID) controller was proposed to compensate these nonlinear-
ities, which schematically is presented in Figure 2. This is based on previous works
and the literature [19-21].

In Figure 2, the BPID controller is schematically represented where: Y,,r represents
the desired reference, V is the control signal generated by the proportional integral
derivative (PID) controller, U represents the control signal rectified by the bilinear
term, and Y represents the actuator position response. The performance of this control
algorithm was previously tested and compared with other two controllers, a conven-
tional PID and a commuted feedforward PIPD, controlling a real SMA actuator [19].

2.2 Exoskeletons for upper limb rehabilitation

In this section, different exoskeletons prototype developed by our research group
is presented. According to the target joint (elbow, wrist, or hand/fingers), the pro-
posed actuator is implemented in different configurations: with only one or more
wires with different diameters and lengths.

2.2.1 Elbow exoskeleton

The elbow joint is a complex articulation that helps to position the hand in space.
The humeroulnar and the humeroradial articulations are classified as hinged joints and
permit the elbow flexion extension movement. On the other hand, the proximal

1 Linearized plant

Y, of T PID \%4 Billinear U Nonlinear Y
/ ”|controller Compensator plant
A
Figure 2.

BPID control algorithm.
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radioulnar articulation permits the forearm pronation and supination movement and
is classified as a trochoid joint [22]. Although the elbow joint in the flexion-extension
movement permits a range of movement between 0 and 150 degrees, in a daily living
(ADL), the functional range is estimated between 30 and 120 degrees. Similarly, the
human body permits approximately 71 degrees of pronation and 81 degrees for supi-
nation, though in the ADL the functional range is estimated in 50 degrees of pronation
and 50 degrees of supination.

The proposed device can be seen over the human body in Figure 3 (left side frontal
plane and right side sagittal plane) and was detailed in a previous work” SMA Based
Elbow Exoskeleton for Rehabilitation Therapy and Patient Evaluation” [23]. This has
two degrees of freedom (DOF), which permit the movement of flexion-extension and
pronation-supination. For safety, the flexion-extension movement was mechanically
restricted between 0 and 150 degrees and the pronation-supination movement
between —60 and 60 degrees. This is a low-cost device with most of the pieces 3D
printed except the pieces that are subjected to high forces made in aluminum.
Although it has a rigid structure, this can be set according to the patient segments
(arm and forearm) dimensions to maintain the exoskeleton rotation axis aligned with
the biomechanics of human body (elbow axis). This can be easy set customizing the
exoskeleton for each patient. The segments and articulation of the device are
mechanically restricted according to the human body limitations, to carry out a safe
rehabilitation therapy. Due to the SMA-based actuator, the exoskeleton presents a
noiseless operation and more compact dimensions, which make it less distinctive. The
total weight of this device including the actuators is less than 1 kg, which can be
classified between the most lightweight elbow rehabilitation devices with 2 DOF.

The actuators used in this device are based on the SMA wire with 0.51 mm of
diameter. The actuators for the flexion-extension movement are composed of four
SMA wires each in the same PTFE tube and a Bowden cable, as presented in the
Section 2.1. Each actuator in this configuration can exert a nominal force of approxi-
mately 140 N, and considering that the linear displacement is converted to rotary
displacement through a pulley with a diameter of 0.06 m, the nominal torque in the
elbow exoskeleton joint is around 4.2 Nm (a maximum torque of 13.56 Nm). These
two actuators work in antagonist configuration, simulating the biceps—triceps muscle

Figure 3.
Elbow exoskeleton over the human body.
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group. For the prono-supination movement, the actuators each are based only one
SMA wire, each one presenting a force of 35 N. According to the necessary displace-
ment, the actuators have a length of 1.5 m for the flexion-extension and 2 m for the
prono-supination. The total weight of the actuators is around 0.54 kg.

The exoskeleton was tested and evaluated with the healthy subjects and post-
stroke patients. In total 10 patients with age 61.8 & 12.98 and six physiotherapists
tested the elbow joint exoskeleton and completed the usability test, QUEST 2.0 [24].
The test results were promising with a score of 33 & 6.90, where the most appreciated
items were the weight and dimensions of the exoskeleton, both scored 4.3 + 0.674.
The least appreciated was the item of effectiveness scored with only 3.8 £ 1.03,
followed by the comfort and simplicity. These results were influenced by the fact that
during the tests, the exoskeleton was in an improvement stage and only was tested in
passive mode where the patients with the activity in the motor function do not
consider it useful for their rehabilitation therapy.

An active rehabilitation therapy, with the elbow exoskeleton, based on the super-
ficial electromyography (sEMG) signals from the biceps—triceps muscles groups was
proposed in [25]. The position reference trajectory for the elbow exoskeleton was
generated according to the user movement intention detected on the sEMG signals.
This approach improves the exoskeleton effectiveness due that the user is motivated
to participate in rehabilitation therapy. The elbow exoskeleton response according to
the position reference generated in accordance with the sSEMG signals can be seen in
Figure 4. Here the blue signal represents the position reference generated by the high-
level control algorithm, and the red signal represents the exoskeleton angular position.
The green signal represents the normalized sSEMG signals from the bicep muscle. The
first ¢ = 20 seconds, the user does a flexion extension movement to calibrate the
algorithm and after that the actuator is activated. In this test, the exoskeleton is placed
over the subject and only the flexor actuator is used. The exoskeleton is capable of
accurately following the reference signal on the flexion movement from 20 to 100
degrees. In extension movement, for example, the interval t = 100 to ¢ = 120 seconds,
the position error increases due to the necessary actuator cooling time. This error can

120 T
| R = EMG angular reference
o o
2100 — Exoskeleton position
: / / /
:9 H
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& :
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Figure 4.

Elbow exoskeleton position response according to the sSEMG signal activation.
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be minimized using an antagonistic actuators configuration, similar to that presented
for the wrist exoskeleton (Section 2.2.2).

2.2.2 Wrist exoskeleton

The wrist or carpus is a collection of bones, ligaments, tendons and soft tissues,
which connect the forearm with the hand. This complex structure offers a wide range
of movement that increases the function of the hand and fingers while also giving
them a considerable degree of stability [22]. The wrist articulation plays an important
role on the daily life manipulation tasks because its kinematic function allows the
orientation of the hand with respect to the forearm, and the kinetics allow the transfer
of loads from the forearm to the hand and vice versa. The wrist is composed of several
joints that make the connections between the radius and ulna bones with the meta-
carpal bones and the connections with the first and second row of the carpal bones
(midcarpal). The wrist joint presents two movements: in the sagittal plane, presents
the flexion-extension movement (90 degrees of flexion and 85 degrees of extension)
and in frontal plane, presents the ulnar and radial deviation (ulnar deviation 45
degrees and radial deviation 20 degrees).

The wrist exoskeleton actuated by SMA, proposed by our research group, can be
seen in Figure 5 [26]. This presents 2 DOF, one for the flexion-extension movement
and the second one for the radial deviation and ulnar deviation. The range of move-
ment achieved with this rehabilitation device is 15 degrees for the flexion, 35 degrees
for the extension, 15 degrees with the radial deviation, and 20 degrees with the ulnar
deviation. A large part of the device structure is 3D printed and together with the
actuators and electronic hardware weighing less than 1 kg. Similar with the elbow joint
exoskeleton and the hand rehabilitation glove, due to the actuators’ properties, this is
considered a lightweight rehabilitation device with a noiseless operation.

The actuators of this device are based on SMA wires with 0.51 mm of diameter and
are composed of only one SMA wire, inside the PTFE tube and everything inside the
Bowden cable. According to the necessary displacements for the wrist mobilization,
and according to the electronic power supply, all the actuators of this device present
2.2 m length. With these characteristics, the rehabilitation device can generate a

Figure 5.
Wrist exoskeleton actuated by SMA.
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torque greater than 0.5 Nm in the wrist joint. The length of the actuators does not
represent an inconvenience, considering their flexibility and the possibility to adapt to
the shape of the human body.

Considering that during the rehabilitation therapy, the movements are slow, and
continuous, a possible reference can be the sinusoidal one. For example, the step
reference is not considered because a sudden movement can cause a muscle spasm.
Figure 6 presents the wrist exoskeleton position response on the radial-ulnar devia-
tion with a healthy subject. The control strategy used in this test was based on BPID
controller in an antagonist configuration. This configuration works similar such the
flexor-extensor muscles group: when the flexor muscles contract the extensors relax
and vice versa. In this device, the actuator for the radial deviation was mounted in an
antagonist configuration with the radial deviation actuator. The advantage of this
configuration consists of decreasing the position error generated by the SMA, the
necessary time in a cooling stage to recuperate the initial shape (when it was cool) and
by the hysteresis effect. The disadvantage of the antagonist configuration is that after
some cycles of continuous work, both actuators present a high temperature, and the
system needs to stop to avoid the SMA wires breakage [23].

In Figure 6, the actuators flowing a sinusoidal reference with one cycle each
25 seconds. The wrist exoskeleton presents three degrees of error, and the device
works continuously during 150 seconds. The work frequency of this actuator is not a
problem considering that the rehabilitation device is proposed for the first stage of
rehabilitation where the movements are slowly. On the other hand, the number of
cycles of continuous work in this case was 6, one cycle every 25 seconds. Although,
after 150 seconds, the system was forced to stop, the device can alternate with the
flexion-extension rehabilitation for a continuous rehabilitation therapy.

The proposed device has considered improvements compared with the current
solutions such as portability, noiseless operation, low cost of fabrication, comfort,

Reference and real position of wrist exoskeleton
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Figure 6.
Position of wrist exoskeleton for radial-ulnar deviation [26].
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safety, and easy installation, largely due to the used actuator. The main disadvantage
of this device is represented by the slow work frequency, which makes the system
only viable for slow rehabilitation therapies. Also, this obligates the system to alter-
nate the therapy between the flexion-extension movement and radial-ulnar deviation.

2.2.3 Soft exo-glove

Hand function plays a fundamental role in performing ADL, maintaining an inde-
pendent and healthy quality of life. When stroke, SCI, or different neuromuscular
disorders occurs, and the hand is affected, the quality of life decreases, and the
affected person even becomes dependent on another person. The human hand is a
highly complex and multifaceted mobile effector organ that allows it to grasp and
manipulate objects. The thumb together with the fingers permits us to manipulate
different small objects during daily tasks. Each finger is composed of one metacarpal
and three phalanges, and the thumb is composed of one metacarpal and two phalan-
ges, which make that the hand has in total 27 DOF.

In Figure 7, a soft exo-glove developed by our research group can be seen. This is
actuated by 12 actuators based on SMA wires in antagonistic configuration: six for the
fingers flexion and six for the fingers extension. Each group of six actuators is divided
into: one actuator for each finger and two actuators for the thumb (these two actua-
tors permit complex movements such as thumb opposition). The SMA-based actua-
tors are connected to the actuation box, where the position sensors are, and where the
connection between the actuators and tendons is done. The tendons are routed and
fixed over the glove, where its routing represents the key for the realization of the
desired movement when the actuators are activated.

The actuators of this device are based on SMA wires, with diameter of 0.38 mm, which
presents a force of 22.06 N. According to its characteristics, this can cool after contraction
in approximately 8.8 seconds. Considering that the tendon displacement with the pro-
posed routing is around 0.07 m and the SMA actuator when activated contracts 4% of its
total length, the total length of each actuator is 2 m. Due to the actuator flexibility, this can
take the arm shape and easily can be collocated behind the user.

The developed rehabilitation device is considered totally soft, except the sensors
box (where also the connection between the actuators and tendons is done). The
actuators, as well as in the other devices (elbow exoskeleton and wrist exoskeleton),
are not in contact with the human body, found in the PTFE tube, inside in a Bowden
tube, and everything in a flexible PVC tube. With this configuration, the temperature
of the actuators is not felt by the user [23].

The future works of this research will focus on integrate the Myo Armband sensor
[27] for the hand gesture recognition from the superficial electromyography (sEMG)

Figure 7.
Soft exo-glove for rehabilitation therapies.
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signals. This gives the possibility to realize the active rehabilitation therapies,
according to the user movement intention.

3. Discussions

The exoskeletons used during the daily activities offer to the users/patients more
autonomy and reduce their dependence on other persons. Also, this improves users’
lives and enhances their perceived well-being and sense of community integration
[28]. This perspective to integrate the exoskeletons in the patient’s daily life to offer
them more autonomy is one of the principal goals currently. This implicates the
improvements of the currently wearable rehabilitation devices, strictly following the
appropriate procedures according to the physiotherapists feedback. The new wearable
rehabilitation structures need to be more easy to use, tailor-made according to the
user, small and lightweight, less distinctive and with more autonomy. These charac-
teristics are considered some of the most important topics of improvements and are
closely related to the actuation system.

From the future perspective of the wearable exoskeletons, which can be used
during the daily life, the actuators need to meet some requirements for safety, sim-
plicity, and lightweight that human-robot interaction requires. For these reasons,
recently new actuation solutions are being investigated, among which are the artificial
muscles. Solutions such Pneumatic Artificial Muscles (PAM) or Shape Memory Alloy
are only some of these examples, being already integrated in some prototypes of
rehabilitation device. The force-weight relation makes them an excellent candidate
for these devices. However, there are still limitations, in different aspects such as the
control, compressed air is needed (in case of PAMs), a low work frequency, and
energy efficiency (in case of SMAs). These are only a few current research topics,
focused to offer viable solutions for the wearable exoskeleton actuation.

The rigid exoskeletons limit the user’s freedom movement, complicating his interac-
tion with the environment in a natural way. According to this, we oriented our develop-
ment on soft exoskeletons or exosuits, aiming of getting closer to the natural user
movement. We try to develop exoskeletons that do not constrain the joints like the rigid
structures. For the user comfort, we reduce the external structure weight and the actuator
weight but maintaining for the most part the performance of a rigid exoskeleton.

The wearable exoskeletons actuated with the SMA-based actuators, developed by
our research group, are accessible, easy to use, lightweight, and compact. The test of
these devices with the stroke patients and physiotherapists has presented a great
interest, obtaining very positive feedback, which encouraged the exoskeletons devel-
opment initiative. The most appreciative five items on the elbow exoskeleton evalua-
tion with the test QUEST 2.0 were the weight, dimensions, patient adaptation
(ergonomics), and safety. These items are directly related to the actuator proposed
and used in these devices. Although these have not yet been tested on patients, the
wrist exoskeleton and the soft exo-glove stand out for their small dimensions,
lightweight, and ergonomic configuration.

4, Conclusions

This contribution presented the recently work of our research group, RoboticsLab
from Carlos III University of Madrid, Spain, in the field of upper limb exoskeletons.
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Here were presented three different wearable exoskeletons, for elbow, wrist, and
hand rehabilitation, movement of which is produced by the SMA-based actuators.
Due to the actuator characteristics and proposed design, these devices present: light-
weight, noiseless operation, low cost of fabrication, simplicity, and soft or semi-soft
structures. According to these characteristics, the proposed devices are not only reha-
bilitation exoskeletons, which can be used only in the specialized rehabilitation center,
but also have the perspective to be used in daily life.

The proposed SMA-based actuator retains the advantages of SMA wires and, in
addition, improves the working frequency and adds flexibility to the actuator. This is a
promising solution for different applications and especially for softer exoskeletons,
which can better adapt to the patient’s requirements and offer better ergonomics. The
principal disadvantages of this actuator are the low work frequency (viable for slow
movement such as the movements of first phase of rehabilitation therapy) and the
energetic efficiency.

The elbow joint exoskeleton was tested with the post-stroke patients and physio-
therapists. The items best valued in the QUEST 2.0 test were related in great part with
the used actuator: the weight, dimensions, patient adaptation (ergonomics), and
safety. Although the wrist and the soft exo-glove have not been tested with patients,
these devices also present the same advantages.

The future works will focus on the improvement of the exoskeletons structure,
closer to a soft and easy-to-use device, especially improving the current actuation
system. Although topics such as the work frequency and efficiency were approached
in the previous works [29], these represent the key to develop exoskeletons that can
be used like support in daily life, giving a certain autonomy when this is needed.
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