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Abstract

Exoskeletons are becoming a very powerful tool to help ther-

apists in the rehabilitation of patients who have suffered from

neurological conditions. The aim of this work is to design and

control a rehabilitation wearable exoskeleton for wrist joint

with two degrees of freedom (DOF), for flexion-extension and

adduction-abduction (radial and ulnar deviation), actuated us-

ing Shape Memory Alloy(SMA) based actuators. These actua-

tors are shown to be appropriate by examining their character-

istics. Using these actuators, the proposed device presented a

very light weight and noiseless operation, in comparison with

similar devices. The preliminary results obtained over real

tests with the wrist exoskeleton are presented. This proto-

type demonstrates that SMA actuator technology is a viable

alternative when investigating possible improvement of reha-

bilitation robotic devices in terms of weight, size and cost.
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Chapter 1

Introduction

1.1 Introduction and Motivation

The upper limb mobility can be affected by many musculoskeletal and neuro-

logical accidents limiting one’s ability to perform activities of daily living, so its

recovery becomes fundamental and a rehabilitation treatment is required to restore

the normal function of the joints. Nowadays, robotic exoskeletons are playing an

important role in the rehabilitation therapies and have proven to be effective in re-

covering the mobility of a joint more than manual therapies. They can increase the

training intensity during the rehabilitation sessions, can be combined with gaming

features and reduce the need for the presence of a therapist which can allow the

treatment of several patients by one therapist at the same time and reduces the

costs of the therapy sessions.

One of the most joints in the human body exposed to trauma, that is usually

caused by falls, is the wrist joint that has an essential role in the human’s daily life

since it is used in most of the actions done by the human and it gives the ability

to grasp and grab objects. Without adequate wrist mobility the flexibility of the

fingers and the nerves of the forearm will also be affected. Hence, rehabilitation

therapies are required to recover the wrist mobility and restore the correct hand

function.

Most of the existing robotic devices used in the rehabilitation therapies to recover

the mobility of the human joints are actuated by pneumatic actuators or electric

motors. Besides, these commercial devices which are currently marketed can’t be

transported and installed easily due to their weight and complexity in their installa-

tion which obliges the patient to move to the rehabilitation centers which increases

the cost on the patient and implicates time. In addition to their complexity, the el-

evated costs of these devices make them available only in the rehabilitation centers.

Undoubtedly, the actuators used in these devices affects their costs and the total

weight, and introducing another type of actuators could improve these aspects, and

a good alternative solution could be the Shape Memory Alloy actuators.

Shape Memory Alloy (SMA) based actuators are a viable alternative when study-
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1.2. BACKGROUND

ing the possibility of improving the robotics exoskeletons that are used as rehabilita-

tion devices, since they can help in constructing a device that presents a low weight,

noiseless operation and low costs of fabrication. For this reason, in this work, a

robotic exoskeleton for wrist rehabilitation will be developed using the SMA based

actuators aiming to design a low-cost and a comfortable device.

1.2 Background

In the Systems Engineering and Automation Department of the Universidad

Carlos III de Madrid, many researches had already emerged to develop rehabilitation

devices actuated by SMA ( Shape Memory Alloy). Within this department, in the

RoboticsLab, a project was done by the student David Serrano aimed to design

a rehabilitation wearable exoskeleton for wrist joint with two degrees of freedom

(DOF) actuated by Shape Memory Alloy based actuators (Figures 1.1 and 1.2 ).

Figure 1.1: CAD model of the prototype proposed by David Serrano [16].

In his master’s thesis work, titled ”Diseño y Control de Un Dispositivo de Reha-

bilitación Para La Articulación de La Muñeca”, David carried out the design, assem-

bly, control and the necessary tests of a protoype of a wrist rehabilitation device. All

the parts of the device were manufactured by 3D printing and from polyamide and

aluminum, except 1 piece made completely from aluminum (polyamide to lighten

the weight and aluminum to give robustness to the device). While carrying out

the analysis of the device, several problems arose that need to be solved. In this

project, another prototype will be developed aiming to eliminate to the maximum

the problems found in the previous prototype.

2



CHAPTER 1. INTRODUCTION

Figure 1.2: Prototype proposed by David Serrano [16].

1.3 Objectives

The main aim of the research presented in this project is to develop a robotic ex-

oskeleton for the wrist rehabilitation exercises taking into consideration some points

that should be fulfilled:

• Developing a noiseless device. This objective is very important for the comfort

of the patient when using the device.

• Developing a portable device , that can be transported anywhere.

• Reducing the costs as much as possible, so that the price of the device is

affordable, and it can be acquired both by hospitals, and directly by patients

who need a rehabilitation therapy.

• Developing a secure device that doesn’t cause any harm for the patient.

• Developing a light-weight device, also for the comfort of the patient when using

it.

• The actuators used must produce the correct movements of the wrist rehabil-

itation exercises and in the required orientation, without producing any extra

movements in the wrist joint which may cause injuries for patients.

3
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The second objective of this project is trying to eliminate the problems found

while testing the previous prototype that was done by David. The main problems

are:

• The flexion movement depends on the force of gravity that affects the hand,

therefore the weight of the hand, and is considerably affected by the process

of cooling of the actuator used to do the extension movement. To eliminate

this problem, another SMA actuator to produce the flexion movement should

be added.

• During ulnar-radial deviation, an extra upwards movement was noticed with

each of these movements, which may cause a harm in the wrist of the patient.

To eliminate this problem, the SMA actuators used to do these deviations

should be repositioned correctly.

• The SMA actuators used were long. The actuator used for extensions was 2.2m

long and each actuator of the ulnar-radials deviations was 1.7m long, which

could make the device uncomfortable. Using double groove pulleys could help

to make the SMA actuators shorter.

• The sensors that were used to obtain the angles of movement are not very

precise, and they couldn’t be fixed very well in their allocated positions. For

this reason, sensors of different type will be used.

4



Chapter 2

State of the Art

2.1 Exoskeletons

A robotic exoskeleton is an external wearable device that may contain electric

motors, pneumatic devices and hydraulic components, or a combination of tech-

nologies that allow for limb movement with increased endurance and strength. The

robotic exoskeleton usually has a design that permits the device to work in the ex-

act range of motion desired by the user. It may reduce fatigue, prevent injuries,

improve productivity and help in the rehabilitation of injured parts of the body.

Exoskeletons can be implemented in many fields, such as in the medical field to

improve the quality of life of persons who have, for example, lost the use of their legs

or as a rehabilitation therapies for joints mobilization that aims to restore normal

joints range of movement and facilitate normal functioning. Exoskeletons are used

also in the military field for example to decrease fatigue and increase productivity

whilst unloading supplies or enabling a soldier to carry heavy objects while running

or climbing stairs. They could be used also in civilian applications such as to

help firefighters and other rescue workers survive dangerous environments.

The first true exoskeleton in the sense of being a mobile machine integrated

with human movements was co-developed by the United States Armed Forces and

General Electric in the 1960s. The suit was named Hardiman, and made lifting 110

kilograms (250 lb) feel like lifting 4.5 kilograms (10 lb) and powered by electricity

and hydraulics. The suit allowed the wearer to amplify their strength by a factor of

25, so that lifting 25 kilograms was as easy as lifting one kilogram without the suit.

However, it was too bulky and heavy to be used in the military field. Nowadays

many companies are producing exoskeletons for different purposes such as REX

BIONICS, ReWalk Robotics, LOCKHEAD MARTIN...

In what follows we will see different examples of exoskeletons for medical use

and other rehabilitation devices.

5



2.2. COMMERCIAL REHABILITATION DEVICES

2.2 Commercial Rehabilitation Devices

2.2.1 ALEx

ALEx (Arm Lightweight Exoskeleton) of the company ”Kinetek wearable robotics”

shown in Figure 2.1 is a robotic exoskeleton for neuromotor rehabilitation of upper

limb functions [1]. The design is derived from the PERCRO laboratory of Scuola

Superiore Sant’Anna of Pisa-Italy.

This device is a mechanically compliant exoskeleton for the human upper limb

having six degrees of freedom (DOFs). It features four DOFs sensorized and ac-

tuated joints (the elbow flexion-extension, and the shoulder flexion-extension, rota-

tion and abduction-adduction ), and two DOFs sensorized and passive joints (wrist

flexion-extension, and forearm prono-supination). Its special joint kinematics of the

shoulder makes the exoskeleton comfortable, easy to put on and adapted to different

dimensions of the parts of the human body. Another advantage of this device is the

redundant sensing that gives it the ability to detect the patient’s intention of move-

ment, even if it is a small intention, and according to the patients’ needs it provides

the necessary level of assistance. It could be used in both acute and chronic phase

of stroke upper limb rehabilitation.

Figure 2.1: ALEx [1].

6
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2.2.2 TRACK-HOLD

Another rehabilitation device is the Track-Hold (Figure 2.2), also fabricated by

the company ”Kinetek wearable robotics”, and is designed for upper limb passive

training supported by gravity in spatial movements [1]. It has embedded new posi-

tion sensing technologies that grants motion tracking of full arm movement.

However, in this device the level of gravity support can be adjusted by the ther-

apist by the removal or addition of physical weights, and this facilitates movement

execution in patients with hemiparesis. It also allows the patient to record kinematic

data during therapy sessions, tracks the progress and estimate daily improvements

in the therapy schedule.

Figure 2.2: TRACK-HOLD [1].

2.2.3 PABLO

The PABLO system (Figure 2.3) is a hand-arm-therapy and assessment unac-

tuated device produced by Tyromotion, and having built-in sensors to track the

grip force and range of motion [2]. The PABLO has wireless extensions which are

The PABLO Multiboard that is used to assist and guide repetitive single- and

multi-joint exercises, the PABLO Multiball that can be used at an early stage

of rehabilitation and supports supination, pronation, extension and flexion of the

wrist, and the PABLO Motionsensor that can be attached to the body with

straps of different sizes and permits asymmetric, symmetric, cooperative and bilat-

eral applications , and can also determine every kind of body movement (arm, head,

leg, trunk) with its built-in Inertial Measurement Units (IMU).

7
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Figure 2.3: PABLO [2].

2.2.4 Armeo R©Spring

The ArmeoSpring (Figure 2.4) is an unactuated passive arm fixed frame rehabil-

itation exoskeleton. It is used to apply rehabilitation therapies to patients who have

suffered stroke, head injury or a spinal cord injury and are starting to regain active

movement of the hand and arm [3]. It has 6 DOF, which allow: shoulder abduction

and flexion, horizontal shoulder abduction, shoulder rotation, flexion of the elbow,

pronation of the forearm, wrist flexion, hand grip and hand extension.

Figure 2.4: Armeo R©Spring [3].

The device has a pressure-sensitive handgrip which can detect the amount of grip

force and makes grasp-and-release exercises easier when needed. It also provides

8
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arm weight support, which gives the patients the ability to use any remaining motor

functions, and depending on therapy goals, it encourages them to achieve higher

number of reach and grasp movements. Moreover, the device has a database to

store the patients’ performance in every therapy session, which permits to analyze

the results to figure out the patients’ state and therapy progress.

For patients with therapy goals focusing on hand rehabilitation, an instrumented

hand orthosis called ManovoSpring (Figure 2.5) could be combined with ArmeoSpring.

It offers adjustable hand opening support using a spring mechanism and can be used

as a real-time input device for the same software as the ArmeoSpring.

Figure 2.5: ManovoSpring [3].

2.2.5 Armeo R©Power

The ArmeoPower (Figure 2.6) is a robotic arm exoskeleton used for hand and arm

therapy. It’s intended for patients that are still at an early stage of rehabilitation

and who have lost completely the function in their arm muscles muscular, spinal or

bone-related disorders for example. It also has 6 DOFs, allowing abduction, flexion-

extension, and internal-external rotation of the shoulder, flexion-extension of the

elbow, pronation-supination of the forearm and flexion-extension of the wrist in the

range from 60 to -60 degrees. The device has 6 motorized actuators(one for each

degree of freedom) with integrated weight compensation mechanism, and is able to

support the weight of the patient’s arm and to help the patient during different

exercises in a large 3D workspace [3].

The ArmeoPower has two position sensors for each degree of freedom, and uses

intelligent algorithms to figure out when the patient can’t complete a movement

and assists the patient’s arm as much as needed to achieve the goal of the exercise

successfully. The goal from the assist-as-needed movement guidance is to motivate
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the patients to participate actively in their training, which helps them in motor

relearning. Moreover, the performance data and the active arm movement are stored

in the computer so that the patient’s progress can be tracked during and after the

therapy sessions.

Figure 2.6: Armeo R©Power [3].

The ArmeoPower could be also integrated with the ManovoPower (Figure 2.7)

which is an actuated hand module that enables the patients to train reaching and

grasping with the goal of relearning hand closing and opening, and it assists the

patient as much as needed according to the patients level of support needed.

Figure 2.7: ManovoPower [3].
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2.3 Laboratory Exoskeletons

2.3.1 Soft Orthosis Wrist

The ”Soft Orthosis Wrist” (Figure 2.8) is a soft wearable exoskeleton for wrist

rehabilitation, and contains no rigid parts, was developed by ”Harvard School of

Engineering and Applied Sciences,Cambridge”.

Figure 2.8: Soft Orthosis Wrist [4].

The device consists of a glove and an elbow sleeve to facilitate the anchoring

of the actuators in a crossing linear way. Any movement can be fulfilled by ac-

tivating two actuators. The actuators used are McKib-ben actuators, which is a

type of PAMs (pneumatic artificial muscle). The system is endowed with 3 DOF

(supports all the 3 degrees of freedom of the wrist) that permits flexion/extension,

supination/pronation, and radial/ulnar deviation of the wrist. Moreover, pressure

sensors are used to control and monitor the state of the actuators and detect in

which position the artificial muscle is found, and to do the control of the device an

Arduino Mega 2560 is used. Additionally, the device was tested on a wooden hand

(Figure 2.9) [4].
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Figure 2.9: (a)Device off, (b)supination, (c)pronation, (d)device off, (e)flexion, and
(f)extension [4].

2.3.2 MAHI Exo II

The MAHI Exo II (Figure 2.10) is a robotic exoskeleton developed for forearm,

wrist and elbow rehabilitation. The device has 5 degrees of freedom and it is actu-

ated electrically. It has four active DOF, that allow extension-flexion of the elbow,

supination-pronation of the forearm, flexion-extension and ulnar-radial deviation

of the wrist, and another one passive DOF that permits abduction and adduction

of the shoulder that guarantees improved posture and comfort for the user during

training). The different movements of the wrist are actuated by three DC mo-

tors(Maxon Re-35) that uses cables to extend and retract rigid links and the control

of the actuators is done through linear servoamplifiers. Moreover, the device has

a 3-revolute-prismatic-spherical (RPS) mechanism as its basic kinematic structure

[5]. Finally, the use of this device is limited to medical rehabilitation therapies in

hospitals.
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Figure 2.10: MAHI Exo II [5].

2.3.3 MAHI OpenWrist

MAHI OpenWrist (Figure 2.11) is another rehabilitation exoskeleton for wrist

and forearm and having 3 DOFs (serial RRR mechanism for manipulation) and

each degree of freedom is actuated by a brushed DC motor (Maxon RE-series DC

motor). The three rotational joints actuate the forearm’s supination and pronation,

the wrist’s flexion and extension, and the wrist’s ulnar and radial deviation [6].

Figure 2.11: OpenWrist Features – (a) central hub with curvilinear rails, (b) in-
tegrated quick connect tensioner, (c) modular assembly allows for ambidextrous
configurations, (d) electrical wire routing through joint axes[6].
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2.4 Shape Memory Alloy (SMA)

As the main objective of this project is to produce a lightweight and noiseless

device, the actuators that will be used are Shape Memory Alloy (SMA) based ac-

tuators. In this section, a brief summary of SMA and its characteristics will be

presented and explained.

SMAs (shape-memory alloys) are metallic alloys that remember their original

shape, and when heated they return to their pre-deformed shape as they can be

deformed by applying an external force. This material is a lightweight and a good

alternative to conventional actuators such as pneumatic, hydraulic, and motor-based

systems. These materials have applications in many industries such as in robotics,

biomedical, aerospace and automotive industries. The history of SMA development

goes back to 1932, when the Swedish physicist Ölander first discovered the solid

phase transformation in SMA, who discovered that if the gold-cadmium (Au–Cd)

alloys are cool they could be plastically deformed, and when heated they can return

to their original shape. The shape memory effect of copper-zinc alloys and copper-

tin alloys was also studied by Greninger and Mooradian in 1938. However, the

shape memory effect (SME) was extensively described in 1949 by Kurdjumov and

Khandros and in 1951 by Chang and Read. All these discoveries draw the attention

of many scientists and researchers, but due to the complexity of manufacturing these

materials and their high cost in practical applications they could not be realised. In

1959, William Buehler discovered the NiTi alloy (Nitinol alloys) that are cheap and

easy and safe to handle. The NiTi alloys have been used in many applications since

1980’s and helped in producing lighter and more compact actuators [7].

Practically, Shape memory alloys could exist in two phases with three crystal

structures (austenite, detwinned martensite and twinned martensite) and could un-

dergo six possible transformations (Figure 2.12). The SMA is found at the marten-

site phase at low temperatures while it is found at the austenite phase at high

temperatures. When the SMA is heated, it begins to transform from martensite

into the austenite phase. The temperature at which the transformation to austenite

starts is called (As) and the temperature at which this transformation is complete is

called (Af). Heating the SMA above the (As) permits it to contract and transform

to the austenite structure and recover its original form, even under high applied loads

this transformation is possible. When the SMA starts cooling, it starts going back

to the martensite phase at the martensite-start temperature (Ms) and completes

the transformation at the martensite-finish temperature (Mf) (see Figure 2.13).

Finally, there exists a temperature called Md, which is the highest temperature at

which martensite can’t be stress induced, and the SMA is permanently deformed

above this temperature like any other metallic materials [7].
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Figure 2.12: SMA phases and crystal structures [7].

Figure 2.13: Martensite and austenite microstructure of Nitinol.

In Figure 2.13 the martensite and austenite microstructure of Nitinol is shown,

while in Figure 2.14 the SMA phase transformation is shown.
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Figure 2.14: SMA phase transformation.

The shape change effects of the SMA, which are known as the shape memory

effects (SME) and pseudoelasticity or superelasticity, could be categorized into three

shape memory characteristics :

• One-way shape memory effect (OWSME) (Figure 2.15):

When removing an external force, the SMA maintain a deformed state as it is

found in its cold state and it can be stretched or bent. Upon heating, the SMA

recovers to its original shape, and it remains in the hot shape after cooling

again until deformed again [7].

• Two-way shape memory effect (TWSME) or reversible SME (Figure 2.15):

The two-way SMA can remember two different shapes, one at high temper-

atures and the other at low temperatures. This type of SMA needs training

which means it can learn to act in a certain way, but it produces about half of

the recovery strain provided by the one way SMA making it less used commer-

cially and less reliable than the one way SMA. Among the proposed training

methods for this type of SMA, two methods are: Spontaneous and external

load-assisted induction [7].

• Pseudoelasticity (PE) or Superelasticity (SE):

The SMA can recover to its original shape by applying a mechanical loading

at temperatures between Af and Md, without any thermal activation [7].
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Figure 2.15: 1-way and 2-way shape-memory effects.

Some of the SMAs mechanical and physical properties also vary between marten-

site and asutensite phases such as electrical resistivity, Young’s modulus, thermal

expansion coefficient and thermal conductivity. The martensite structure has lower

Young’s modulus, is more malleable and could be deformed by applying an external

force, whereas the austenite structure is hard and has higher Young’s modulus [7].

For NiTi alloys, the strain is approximately 8.5% while for copper-based alloys the

strain is about 4-5% where the SMA deformation is elastic with recoverable strain,

but in most applications the strain level of NiTi alloys is restricted to 4% or less

and one of these applications will be in this project, where the SMA used is made

from Ni-Ti alloys.

2.5 SMA Based Actuator

The typical characteristic of Shape Memory Alloy wires to ensure mechanical

actions if stimulated with electrical current allows the development of simple, more

compact and reliable actuators, while the SMA reduces mechanical complexity,

noise, size, and weight. When an electrical current passes through the SMA wire,

using the Joule effect, the SMA wire will be heated allowing the transformation from

martensite phase to austenite phase which causes the contraction of the length of

the wire by 4% of its total length.

The mechanical design of the SMA based actuator is simple. The SMA wire

is inserted inside a teflon tube which is then inserted into a Bowden cable (Figure

2.16)[19]. One of the ends of the SMA wire should be fixed by a crimp for example

to obtain a linear displacement of the SMA wire during contraction, while the other

end will be connected to the joint that has to be actuated, . The shape memory

alloy used in this project is a Flexinol R wire manufactured by Dynalloy (Technical
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Characteristics sheet appendix A).

Figure 2.16: SMA actuator design.

Figure 2.17: CAD model showing the actuator configuration [19].

The use of teflon is justified by its characteristics. It is a highly flexible, chemical

resistant, thermal resistant, non-stick and electrically resistant material. It is used

to electrically isolate the SMA from the bowden cable. Besides, the teflon is used

as a lubricant which reduces friction and allows a smooth contraction of the SMA.

Other useful teflon properties are its resistance to water, and thermal stability that

permits it to be used between -200 ◦C and +260 ◦C without degrading. On the

other hand, the bowden cable is used since it is a flexible cable, rigid material and

allows the movement only of the SMA wire as it serves as a guide for the SMA wire

and allows the actuator to be bent [19]. The bowden cable is formed by a metal

spiral covered by a plastic layer, whose role is the thermal isolation. A plastic piece
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then is used to electrically isolate the metal part of the crimp used to fix the SMA

and the end of the metal spiral of the bowden cable.

2.6 High-Density polyethylene (HDPE) Threads

4 strand Dyneema R© braid threads with 0.35mm diameter, and made from HDPE

(High-Density polyethylene) fibre will be used in this work to pull the palm of the

hand in the desired orientation during each movement. It’s characteristics made it a

good choice to be used in our application instead of using a steel wire. These threads

are characterized by their high strength which can support the wight of the palm

of the hand easily, their light weight, resistance against water, chemical resistance,

durability, and their high breaking resistance [20].

Figure 2.18: Dyneema R© HDPE thread [20].
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Chapter 3

Design of the Exoskeleton

The main aim of this project is to design and develop a wearable exoskeleton

which could be made practical to rehearse wrist rehabilitation exercises. So in this

chapter, the mechanical structure and the different components of the exoskeleton

will be detailed, starting from a previous prototype fabricated in the Robotics Lab

of the Universidad Carlos III de Madrid, and trying to solve all the problems found

in the previous prototype. The exoskeleton is adjustable and is intended for the

rehabilitation of different people having different sizes of wrists.

3.1 Biomechanics of the Wrist

To proceed with the correct design, the biomechanics of the wrist should be stud-

ied. The wrist is the collection of bones and tissue structures that connects the hand

to the forearm. It is a complex series of joints that are formed around the carpal

bones and the radius and ulna(forearm bones), and it is an ellipsoid type synovial

joint, allowing for movement along two axes. This means that flexion, extension,

adduction and abduction can all occur at the wrist joint as shown in Figure 3.1.

Figure 3.1: Main movements of the wrist.
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Another important aspect to consider is the range of motion of each movement

of the wrist shown in Table 4.3. In the sagittal plane the wrist joint presents the

movements flexion-extension ( 90 degrees of flexion and 85 degrees of extension) and

in frontal plane it presents the ulnar and radial deviation (45 degrees for ulnar de-

viation and 20 degrees for radial deviation). These range of motions are decreased

in activities of daily living (ADL) because in daily activities the joints are never

put to the limit of their range of motion. So as Table 4.3 shows, the new ranges

of movement in ADL are decreased for flexion to 15 degrees, for extension to 35

degrees, for ulnar deviation to 20 degrees and for radial deviation to 15 degrees [15].

Movement Total Range (degrees) ADL Range (degrees)

Flexion 90 15
Extension 85 35

Radial deviation 20 15
Ulnar deviation 45 20

Table 3.1: Range of motion of the wrist.

Since the aim of the exoskeleton is to return the mobility to the articulation of

the wrist of the patient, considering the above ranges of motion is very important

for the design of the device. They will also be considered in the control of the device

to be able to make the correct tests, and in the correct range of motion, for the

rehabilitation of the wrist of the patient.

A first prototype was designed to meet the objectives set for the development

of the rehabilitation device such as low weight, low fabrication cost, and noiseless

operation. This prototype was then printed using a 3D printer and tested in different

movements and ranges but it showed failure during the testing process (it will be

explained in the next section). After that, a second prototype was designed piece by

piece also to meet the above objectives, then also it was printed using a 3D printer

and tested and showed success during the testing process.

The CAD software used in the design process is SOLIDWORKS, that is known

for its simplicity. It allows the designer to make changes to designs quickly, solve

design problems and decreases inaccuracies. Also with this software it is possible

to store the parts in a format compatible with any 3D printer, which allows to

manufacture the pieces then with a 3D printer.
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3.2 First Prototype

A first prototype for the exoskeleton was proposed and designed as shown in

Figure 3.2. This prototype was printed using a 3D printer in the RoboticsLab, and

then it was tested. The idea of this prototype was to connect the SMA actuators to

the blue pulleys (with diameters of 1cm and 2cm just to keep acceptable dimensions)

so that the displacement of the hand during the movements in the abduction and

adduction will be doubled and the length of the SMA wires will be decreased, while

using normal pulleys for flexion and extension ( to keep the piece in the middle

where the small pulleys are integrated with small dimensions.

After doing some tests on the prototype printed with the 3D printer and in

repetitive movements of flexion-extension and in the ulnar and radial deviation, it

gave positive results for the flexion, ulnar and radial deviation, while it failed the test

of the extension movement. The problem with the extension movement was that

the piece in the middle where the small pulleys for the extension and flexion are

integrated, hits the wrist when the hand goes in extension. There was no possibility

to fix the problem after trying to change the dimensions of the piece with the small

pulleys to fit the extension movement and trying to avoid the contact with the wrist,

so the first prototype failed.

Figure 3.2: First prototype.
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3.3 Second prototype

After the failure of the first prototype, another design for the second and final

prototype was proposed, that is shown in Figure 3.3. This prototype was printed

also using a 3D printer and tested in different movements (Figure 3.4), and showed

positive results in all the movements, and it will be considered as the final design in

this project. The development of the parts will be detailed in the next subsections.

Figure 3.3: Wrist Exoskeleton.

Figure 3.4: Printed Prototype For Testing.
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3.3.1 Piece for the Extension-Adduction-Abduction

The first piece shown in Figure 3.5 will be used to fix the pulleys to which the

SMA actuators and the HDPE thread will be connected. The HDPE threads will

be fixed to the hand also to be able to do the extension, ulnar and radial deviation

of the wrist through this piece. The curved part in the middle of the piece was

designed to fit the shape of the forearm. In the rear part there is are holes made to

insert the SMA from outside.

Figure 3.5: Piece for the Extension-Adduction-Abduction.

The piece was fabricated in an external company[21], and the fabrication process

is based on sintering. This piece was made from a mixture of polyamide powder and

aluminum powder. It was made to fit different hand sizes, and it will be fixed above

the forearm using a glove and elastic belts that can be inserted in the piece through

holes made for this purpose in the curved part in the middle, and it is adjustable.
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3.3.2 Piece for the Flexion Movement

The second piece shown in Figure 3.6 will be used to fix the pulley used to do the

flexion movement of the wrist through the SMA actuators and the HDPE threads

that will be connected to this pulley. The HDPE thread will be fixed under the hand,

and SMA actuators will be inserted from the rear part where a hole have been made

for this purpose. The piece was also made to fit the shape of the forearm, it will be

fixed under the forearm using elastic belts that will be inserted in the slots made

for this purpose in the curved part of the piece, and it will be adjustable.

Figure 3.6: Piece for the Flexion Movement.

Also in this case the piece was fabricated from a mixture of polyamide powder

and aluminum powder, and the fabrication process is based on sintering.
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3.3.3 The Hand

The piece shown in Figure 3.7 will be used to fix the HDPE threads coming

out from the pulleys used to do the different movements of the wrist. The HDPE

threads will be fixed through holes made on the extremities for the ulnar and radial

deviation, and in a hole in the middle for the flexion. The piece is also made to

fit the form of the hand, and it will be fixed on the palm of the hand using elastic

belts that will be inserted in the slots made for this purpose in the curved part of

the piece, and it will be adjustable.

Figure 3.7: The Hand.

This piece is made from polyamide only, without mixing it with aluminum, and

the reason behind this is that there is no contact with the SMA wires that will be

heated during actuation, so the aluminum is not needed in this case.
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3.3.4 Pulley

The double-groove pulley shown in Figure 3.8 is used to fix in one side the SMA

actuator and the HDPE threads on the other side. The pulley was designed to

double the displacement of the HDPE thread with respect to the displacement of

the SMA actuators during actuation, which helps in reducing the length of the SMA

actuators and consequently the weight of the device ( the displacement of the SMA

during actuation is equal to 4% of the SMA total length). This is done actually by

designing a double-groove pulley, where the diameter of the pulley in the first groove

where the SMA actuator is wrapped is 1cm, while the diameter of the pulley in the

second groove where the HDPE thread is wrapped is 2cm,and the choice of these

diameters was limited to design constraints. In each groove a 1mm diameter hole

is made to insert the wire inside, and on each extremity a screw will be inserted in

this hole to fix the wire to prevent it from going out from the pulley. Another hole

in the center of the pulley is made to insert the aluminum axis that will be used to

fix the pulleys with the other parts.

Figure 3.8: Pulley.
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Differently from the other pieces, the pulleys were fabricated in the mechanical

laboratory of the Universidad Carlos III de Madrid, and they are made from pure

aluminum.

In Figure 3.9 it is shown where the pulleys will be fixed in the other pieces. The pul-

leys are fixed using aluminum axes, where these axes will be fixed on each extremity

with the other piece using a collar to prevent it from sliding.

Figure 3.9: Pulley fixing with other pieces.
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3.3.5 Taps

To prevent the SMA actuators and the HDPE threads from going out from the

pulley during actuation, different taps will be used (Figure 3.10) so that the space

between the pulley and the taps and the walls of the other pieces is less than the

diameter of the wires and threads. A small hole in each tap is made to insert the

HDPE thread through the taps. These taps will be fixed using M2 screws.

The taps are also made from a mixture of polyamide powder and aluminum powder.

Figure 3.10: Taps.

29



3.3. SECOND PROTOTYPE

3.3.6 Final Assembly

The final assembly of all the pieces with the pulleys, taps and the axes is shown

in Figure 3.11.

Figure 3.11: Final assembly.

To perform the functional analysis of the exoskeleton, it has been mounted on

the right hand as shown in Figure 3.12, therefore the rehabilitation of the right wrist

will be performed. However, the device is symmetrical which provides an advantage,

since it can be used for both the right and the left wrists, and the only change that

has to be done, when the rehabilitation of the other wrist is needed, is changing the

glove used for the fixation of the exoskeleton without any difficulties.
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Figure 3.12: Final assembly.
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3.4 Position Sensor

In order to measure the angular position of the palm of the hand during the

different movements of the wrist (flexion-extension and abduction-adduction) two

bi-directional bend sensors (Figure 3.13) will be integrated on the glove. The sensors

were fixed on two small plastic pieces to prevent any undesirable bending of the

sensor and then one sensor was fixed on the top of the wrist and the other on

the right side of the wrist to permit the bending of the sensors (Figures 3.14a &

3.14b). This bend sensor has two layers (upper and lower layer) where each layer

simply works as a resistor, and when it is bent it changes its resistance (increases

or decreases depending on the bending direction), and obviously the voltage across

its terminals. So considering this sensor as two resistors, it could be used in a

voltage divider circuit to produce a variable voltage which could be measured by a

microcontroller’s ADC (analog-to-digital converter). At this point, the voltage at

each bending angle of the sensor read by the ADC could be converted to angular

position through the software used, which will be used as a feedback to close the

control loop. Finally, the bend sensor has 3 pins, where the first one will be connected

to the reference voltage (3V), the third one will be connected to the ground and the

middle pin that will be connected to the correct pin in the microcontroller is the

measurement signal.(Bi-directional bend sensor specification sheet appendix B)

Figure 3.13: Bi-directional bend sensor.
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(a) Flexion-extension sensor. (b) Abduction-adduction sensor.

Figure 3.14: Position of the sensors.

3.5 Length of the SMA Actuators

As a first step, it is necessary to know the number of the SMA actuators needed

to do each movement of the wrist. In [8] several biomechanical simulations have been

carried out using the software ”Biomechanics of Bodies”(BoB) which is a biomechan-

ical modeling package that runs within the MATLAB and Simulink environment,

and permits to calculate joint contact forces, torques and the muscle load distribu-

tion, and among these simulations one was done for the wrist. This simulation was

carried out to move the wrist of a person with a 75 kg weight and 1.75 m height,

in the ranges of movement with 80 degrees for extension and 90 degrees for flexion

and at frequency of 0.25 Hz which is considered as the maximum frequency in which

the rehabilitation process can be carried out, even if it not achieved during the re-

habilitation. The results of the simulation showed that the moment couple needed

to do the flexion-extension of the wrist is 0.3 Nm (Figure 3.15), where it has been

assumed that the individual lost completely the mobility in the wrist and all the

force must be exerted by the exoskeleton, and also in the case of the ulnar-radial

deviation it doesn’t exceed 0.3 Nm.

The SMA wire used is a 0.51mm diameter Flexinol wire from Dynalloy, where

this wire can exert a pulling force of about 35.6 N (3.62 Kg). The results of the

biomechanical simulation showed that one SMA wire is enough to do each movement

needed of the wrist movements, which means that 4 SMA based actuators in total

must be used in the wrist exoskeleton that has 2 degrees of freedom (1 actuator to

do the extension movement, 1 for the flexion, 1 for the ulnar deviation and 1 for the

radial deviation).

In the next step, it is required to calculate the total length of each SMA wire

keeping in mind that this wire contracts by 4% of its total length when heated

(Figure 3.16). Besides, it is necessary to know the displacement of SMA wires

needed to do each movement of the wrist correctly and to reach the desired angular

position. This displacement is measured experimentally by fixing the exoskeleton on
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Figure 3.15: Wrist simulation for the calculation of the moment couple [8].

the wrist of an individual, using only polyethylene to measure the displacement and

by fixing one thread in each groove of the double groove pulley used and without

fixing any SMA wires at this stage. At this point, the thread is pulled from behind

until the maximum angle of each movement is reached, and the displacement of the

thread that pulls the palm of the hand is measured by a ruler. The displacement

of the SMA actuator will be half of the displacement of the thread measured, since

the SMA wire is connected to the small diameter pulley of the double groove pulley

which has been used for this reason.

For the extension-flexion movements, the experimentally obtained displacement

of the threads is approximately the same for both of the movements and is equal

to about 8cm for each thread used to do each of these two movements, this is

justified by the reason that the hand can reach approximately the same angles in

both movements. So the displacement of the actuator needed to do each movement

will be 4cm, and the total length of the actuator is calculated as follows:

l =
displacement

strain
=

8
2
4

100

= 1m (3.1)

On the other hand, in the case of ulnar-radial deviations, the hand reaches to

a much greater angle in the ulnar deviation than in the radial deviation, so the

displacement of the two actuators used in this case won’t be the same, and with the
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Figure 3.16: SMA strain percentage with the temperature [Appendix A].

objective of making a comfortable device that could be used with both right and left

hands, we assume that both actuators should be equal in length. Keeping in mind

that it is necessary to maintain the correct functioning of the actuators, the length

of the actuators will be determined by measuring experimentally the displacement of

the thread that pulls the hand in the ulnar deviation direction that can reach greater

displacement, and which is approximately 6cm which means that the displacement

of each SMA wire needed to do each of these two deviations is about 3cm. The

total length of each actuator is calculated in the same way in which the length of

the actuators for the flexion-extension was calculated:

l =
displacement

strain
=

6
2
4

100

= 0.75m (3.2)

Finally, in order to avoid stressing the SMA wires during actuation and to prevent

them from working in the maximum strain conditions, and consequently to prevent

them from being broken, we increase the length of each of the actuators needed

for the flexion-extension movements from 1m to 1.10m each, and we increase from

0.75m to 0.9m the length of the actuators needed for the ulnar-radial deviations.
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3.6 Control Hardware and Software

In this section, the hardware and software used to do the control of the exoskele-

ton will be described and explained. To do the control of the robotic exoskeleton, a

microcontroller STM32F4 Discovery will be used, in addition to a board that pro-

vides the power electronics for the actuators. On the other hand, the software used

for the control is MATLAB/SIMULINK.

3.6.1 STM32F407VG Microcontroller

In this work, the control will be based on the STM32F407VG microcontroller,

which belongs to the STM32 microcontrollers family. The STM32F407VG micro-

controller (Figure 3.17), produced by STMicroelectronics, is based on the ARM R©
CortexTM M4 32-bit CPU [9]. It is known for its light weight and its small dimen-

sions (10cm x 7cm) which make it comfortable for being used in a portable device.

Besides, this microcontroller guarantees a better trade-off between high performance

and power efficiency compared with other devices found in the market.

Figure 3.17: STM32F407VG microcontroller [9].

This high-performance microcontroller is a low-cost device and uses the easy-to-

use STM32F4 Discovery kit for starting and evaluating a development. Additionally,

it guarantees greater memory capacity and faster operations. All this advantages of

this microcontroller make it a very good choice for the control of the exoskeleton.
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3.6.2 Control Software

To implement the control algorithms for the SMA actuators used in the exoskele-

ton, the software Matlab/Simulink will be used, and through a toolbox called RCP

(Rapid Control Prototyping). The RCP system is developed in [10], and specifically

it was developed at the RoboticsLab at the Carlos III University of Madrid. This

system allows to complete many tests and iterations in less time compared with

other methods. It is also characterized by its high level of abstraction which makes

it simple and eliminates the complexity of many input/output digital and analog in-

terfaces, and supports the programming of the STM32F407VG microcontroller [11].

Besides, using the language Matlab/Simulink helps to make the programming easier

as it provides a graphical programming language and uses simple functional blocks.

In addition to the above mentioned software, installing two additional blocksets is

required to be able to use the RCP system with Matlab/Simulink, one provided

by Aimagin Ltd., and the other is completely in the RoboticsLab at the Carlos III

University of Madrid. Finally, the code generation and the loading to the micro-

controller is automatically done by the use of one the softwares (IAR Ewarm,Keil

Uvision and GNU-ARM)(Figure 3.18).

Figure 3.18: STM32F407VG programming stages [11].

To do the control of the SMA actuators, two different programs have been de-

veloped in Simulink (Target and Host).

Target

This program is the main program that contains the main control loop and

that has to be loaded into the microcontroller. It also contains the algorithm that

receives the signal of the sensor and converts it into angular position which will

be used as feedback in the control loop. It is responsible to communicate with

host in real time in a bi-directional way to represent the signals as the angular

position measured by the sensor and the control signal, and it receives the reference

signal from the Host. The control of the system is done by activating a PWM (Pulse

Width Modulation) signal from the microcontroller, which means that the frequency
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to control the system could be modified depending on the application. The SMA

wires present a nonlinear behaviour due to the effect of hysteresis, which makes

it difficult to implement control algorithms and obtain a very accurate model [8].

However, in this project the large effects of hysteresis will be neglected. For this

reason, the control is done by implementing a PID controller as shown in Figure

3.19, where the MEDIDA REAL 1 block is the angular position given by the sensor

as a feedback, and the ERROR 1 block is the error calculated by the difference

between the reference signal and the real position. However, a saturation block was

added to avoid the wind-up phenomenon where the controller reaches the actuator

limits which provoke the actuator to become saturated and the system to operate

in the open loop. Finally, through the target it is possible also to change the PID

controller parameters.

Figure 3.19: SMA control loop.

To be able to activate 2 actuators together, that is to say that to be able to do

the 2 movements of each degree of freedom together (flexion-extension and ulnar-

radial deviation), 2 PID controllers were implemented together (Figure 3.20), where

this time a Matlab function was added to avoid the activation of the 2 actuators at

the same time and leaves a delay of 1 second when passing from the activation of

the first actuator to the activation of the second one.

Figure 3.20: Control system for 2 actuators.
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Host

The second program to develop in Simulink is the Host (Figure 3.21). This pro-

gram works as the user interface to control the exoskeleton, and communicates with

the microcontroller through a serial port in the computer. It also communicates

with the Target as mentioned before in a bi-directional way to receive the necessary

data for the control, as the real position, the control signal and the position error in

real time. Through this program the user can choose to activate through switches

one of the four actuators needed to do the different movements of the wrist sepa-

rately while deactivating the others, or choose to activate the two actuators of the 2

movements of each degree of freedom together, which means that flexion-extension

movements can be done at the same time, and the same applies for the adduction-

abduction. Through this program it is also possible to change the reference signal

needed for the type of the rehabilitation desired, such as sinusoidal signal or a step

signal, and change the frequency also. Besides, the Host also saves all the data after

rehabilitation (control signal,position error and the reference signal with the real

position) to the workspace in Matlab as a Matlab file where it can be saved and

rechecked later when needed.

Figure 3.21: Host block scheme to control the exoskeleton.

The activation of the 2 actuators of each degree of freedom needs the activation

of the appropriate sensor from the Target and then loading the Target data again

to the microcontroller, in order to receive the correct real position from the needed

sensor. Loading the data into the microcontroller is a fast operation and usually

takes a few time to be completed (about 10 seconds).
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3.7 Electronic Connections

To do the control of the exoskeleton, an additional circuit (Figure 3.22) is needed

to supply each SMA wire with the precise power, and starting from the PWM signal

generated by the STM32F4 microcontroller. This circuit will be connected to the

power supply from one side to be provided with the necessary input voltage and

will be also connected to the microcontroller from another side. This circuit was

designed and made in the RoboticsLab at the Carlos III University of Madrid.

This power electronics card contains the PWM buffer that is needed to receive

the PWM signal from the microcontroller. The PWM buffer receives 2 PWM signals

since the circuit can aliment 2 SMA actuators, and then performs an amplification

of the PWM so that it is possible to continue operating with this signal in the rest of

the circuit. It also contains an alimenting circuit containing also a voltage regulator

for the 2 transistors, where the input voltage will be used also to aliment the SMA

actuators, and it’s output voltage is always 12 V to aliment the transistors. The

transistors are of type MOSFET and work as switches to close the circuit that that

supplies power to the actuators. Since each actuator is connected directly to the

positive of the power supply, the transistors close the circuit through the reference,

when a certain input voltage is exceeded.

Figure 3.22: Power electronics circuit.
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(a) (b)

Figure 3.23: Connection of the SMA actuator to the electronic circuit.

As mentioned above, the input voltage of the alimenting circuit of the power

electronic circuit will be used to feed the SMA actuators, so the SMA actuators

will be connected to the circuit using crocodiles. One crocodile is connected to the

free end of SMA actuator (Figure 3.23b), while the other crocodile is connected

to the steel axis (Figure 3.23a). The steel axis is in contact with the aluminum

pulley to which the SMA wire is connected, and being the aluminum and steel good

conductors of electricity and having a low resistance, they can deliver the voltage to

the SMA wire without problems.

The input voltage needed to feed the SMA actuators is calculated according to

the characteristics of the SMA flexinol wire used in this work. As specified in the

datasheet of the flexinol wire (Appendix A), has a R=4.3 ohms/meter resistance and

needs a I= 4 A current to contract, so the voltage needed from the power supply is

calculated according to the following:

• For the Flexion-Extension actuators where the length of each actuator is 1.10

m :

V = R ∗ I ∗ length = 4.3ohms/meter ∗ 4A ∗ 1.10m = 18.92V (3.3)

• For the abduction-adduction actuators where the length of each actuator is

0.9 m :

V = R ∗ I ∗ length = 4.3ohms/meter ∗ 4A ∗ 0.9m = 15.48V (3.4)
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3.8 Manufacturing Costs of the Exoskeleton

Fabricating a low-cost device is one of the most important objectives when de-

signing wearable rehabilitation devices, so in this section the costs of the exoskeleton

will be listed. The different pieces and parts used in this prototype can be divided

into 3 categories, so the costs of each group of pieces will be calculated separately

and then the total cost will be calculated.

Piece Price(e)

Piece for EX-ADD-ABD 194,79
Piece for FX 133,6

Hand 52,32
Right tap 54,14
Left tap 54,14

Middle taps (2 taps x 53,89e/tap) 107,78
Pulleys (4 pulleys x 35e/pulley) 140

Shaft collars and screws 6
Steel axis ( 4 axes x 4cm x 2e/m) 0.32

Total 742,99

Table 3.2: Costs of the exoskeleton pieces.

In Table 3.2 the costs of the 3D pieces alongside with the pulleys and other

pieces forming the exoskeleton are shown. As mentioned before, these pieces were

fabricated in an external company, except for the pulleys that have been fabricated

in the technical office of the Carlos III University of Madrid.

Piece Price(e)

SMA wire flexion-extension (2 wires x 6e/m x 1.2m) 14.4
SMA wire adduction-abduction (2 wires x 6e/m x 1m) 12

Teflon tube flexion-extension (2 tubes x 1,40e/m x 1.1m) 3,08
Teflon tube adduction-abduction (2 tubes * 1.40e/tap x 0.9m) 2,52
Bowden cable flexion-extension (2 cables x 1.20e/m x 1.1m) 2,64

Bowden cable adduction-abduction (2 cables x 1.20e/m x 0.9m) 2,16

Total 36.8

Table 3.3: Costs of the SMA actuators.

The price per meter and the total cost of each material used to build the SMA

based actuators to do each of the 4 movements of the wrist (flexion-extension-

adduction-abduction) are shown in Table 3.3. As we can see, these actuators have

a very low cost compared to other actuators such as electric motors, and this is

one of the advantages of these actuators which help in fabricating low cost wearable

devices.
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Piece Price(e)

Microcontroller STM32F407VG 17
Power electronics circuit 20

Cables and wires 10
Sensors (2 sensors x 18.94e/sensor) 37.88

Total 84.88

Table 3.4: Costs of the control hardware.

The third group of the parts needed is the control hardware. The costs of the

different electronic pieces used in the control of the exoskeleton are shown in Table

3.4. The market price of the commercial products is shown, while for the power

electronics circuit that have been developed in the RoboticsLab the price is approx-

imated.

Piece Price(e)

Exoskeleton pieces 742.99
SMA actuators 36.8

Control hardware 84.88
Glove,belts & forearm protector 19,5

Total 883.91

Table 3.5: Total cost of the exoskeleton.

Finally, after taking in consideration all the parts used in the device and summing

all the previous calculated costs with the cost of the glove and the forearm protector

used in the exoskeleton, the total price of the exoskeleton is 883.91 e as shown in

Table 3.5.

3.9 Weight of the Exoskeleton

Another important aspect to consider is the weight of the exoskeleton, as devel-

oping a light-weight device is one of the main objectives when fabricating wearable

devices and exoskeletons. Constructing light-weight device consequently makes the

device more comfortable for the patient, where the patients are going to put it on

their hands. For this reason, this section is dedicated to the weight of the exoskeleton

designed.

To determine the weight of the exoskeleton, a very precise balance found in the

RoboticsLab is used. The parts that belong to the same group were collected and

weighted together. As we can see in Table 3.6 the weight of the pieces fabricated

in the external company along with the pulleys and the glove is included in the

exoskeleton group, while the second group shows the total weight of the 4 SMA

actuators used in the exoskeleton, and the third group shows the weight of the

different electronic pieces used to do the control of the exoskeleton.
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Component Weight(g)

Exoskeleton 350
SMA actuators 250

Control hardware 200

Total 800

Table 3.6: Weight of the developed exoskeleton.

Finally, the total weight of the device is 0.8 Kg and that is what makes this device

a light-weight exoskeleton and comfortable for the user, and taking into consideration

that the patients will place on their hand only the exoskeleton, where the SMA

actuators and most of the control hardware, except for the sensors, will be placed

on the table. So the weight of these parts could be subtracted from the weight that

will be placed on the hand of the patient. As a conclusion, the total weight that

will be placed on the hand of the patient will be 360g approximately.
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Chapter 4

Tests and Experimental Results

After mounting all the pieces of the exoskeleton and connecting all the cables,

the next step is to test the functionality of the device. It is necessary to verify

the correct functioning of the exoskeleton and to validate the control system of the

device for the two degrees of freedom ( flexion-extension and ulnar-radial deviation).

As explained in the previous chapter, a regular PID controller will be used for

the control of the SMA actuators neglecting the huge effects of hysteresis. Although

the SMA actuators are non-linear systems and the PID controllers are linear but

they could be adequate in some applications when dealing with non-linear systems.

After implementing the control system, it is necessary to adjust the fundamental

parameters of the PID controller to avoid overshoots in the response of the system

and undesired oscillations in the trajectory. Finally, different experiments on the

device will be carried on the hand of a real human to verify the correct functioning of

the device in each movement. Tests will be carried on each movement separately and

then on the flexion-extension movements together and on the ulnar-radial deviation

together and in different positions of the hand.

4.1 Adjusting The PID Controller Parameters

Starting from the theory of the PID controller, the controller output u(t) is

given by the equation:

u(t) = Kpe(t) +Ki

t∫
0

e(τ) dτ +Kd
d

dt
e(t) (4.1)

where:

• Kd is the derivative gain (parameter to be tuned).

• Ki is the integral gain (parameter to be tuned).

• Kp is the proportional gain (parameter to be tuned).
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• e is the error, where it is given by the difference between the set point and the

process variable.

• t is the instantaneous time.

• τ is the integration variable (takes values from 0 to the present time t).

To find the suitable parameters for the desired control, it is necessary to fix some

goals and requirements before proceeding in tuning the parameters. The objectives

to be considered while tuning the parameters are:

• System response without undesired overshoot and oscillations.

• Rapid system response to the changes in the reference signal, which means

having a response with reduced rise time.

• Error that tends to zero (ideally it should be null).

It is also interesting to consider the effect of increasing each parameter indepen-

dently on the response of the system. These effects are shown in Table 4.1.

Parameter Rise time Overshoot Settling time Stability Steady-State error

Kp Decrease Increase Small change Degrade Decrease
Ki Decrease Increase Increase Degrade Eliminate
Kd Minor change Decrease Decrease Improve if Kd is small No effect

Table 4.1: Effects of increasing each parameter independently [17][18].

The SMA wires are non-linear systems, and one problem here is that the PID

controllers are linear, but their performance in non-linear systems could be variable.

In this case the overshoot should be corrected slowly, and the PID should be tuned

to be overdamped to reduce or prevent the overshoot, even though this may reduce

performance. At this point and taking into consideration the above mentioned ob-

jective that have to be satisfied, the adjustment of the parameters will be done by

trial and error. Several tests will be carried out while modifying the PID parame-

ters and the input reference for the system until the appropriate parameters that

guarantee the previously mentioned objectives are found. In Table 4.2 the values of

the fundamental parameters of the PID controllers obtained after many iterations

are shown.

PID parameter Flexion-Extension Ulnar-Radial deviation

Kp 32 27
Ki 0 0
Kd 12 8

Table 4.2: Values of the PID controllers parameters .

Since the 2 actuators used for the flexion-extension have different length from

the actuators used for the ulnar-radial deviation, different parameters for each case
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are required to implement the controller. And as observed in the table above, the

integral gain is eliminated by setting its value to 0 in both cases, since it destabilizes

the system and causes overshoot in the system response.

4.2 Testing The Exoskeleton

After finding the appropriate parameters of the PID controller, different tests

will be carried out to check the functionality of the exoskeleton using different types

of reference signals and putting the hand in random positions. These tests will be

analyzed to check the efficiency of the device and to check what technical aspects

could be improved in the future works.

As a first step, the extension and flexion movements will be tested individually

and then the 2 actuators will be put in action together and the flexion-extension

movements will be tested together, and in the next step the same thing will be done

with the ulnar-radial deviation where each movement will be tested individually and

then the 2 movements will be tested together. The device will be tested on the hand

of a healthy person.

Before starting the tests, the range of motion of each movement should be taken

into consideration as mentioned in chapter 3, and recalling the ranges of motion in

Table 4.3 . However, the main aim of the rehabilitation therapies is to recover the

range of motion in the patient’s wrist in ADL range, but it would be also interesting

to test the functionality of the device in high ranges of motion.

Movement Total Range (degrees) ADL Range (degrees)

Flexion 90 15
Extension 85 35

Radial deviation 20 15
Ulnar deviation 45 20

Table 4.3: Range of motion of the wrist.

In the case of flexion-extension the angles of the flexion movement will be con-

sidered negative while the angles of the extension movement will be considered

positive, while in the case of ulnar-radial deviation the angles of the ulnar deviation

will be considered positive while the angles of the radial deviation will be considered

negative.

4.2.1 Testing The Actuator Of The Extension Movement

The first tests will be done activating only the SMA actuator used to do

the extension of the wrist using different types signals as input, to validate its

functioning. In these tests we chose to put the forearm parallel to the ground and

leaving the palm of the hand free to fall by the effect of the gravity during flexion.
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1 - System Response With a Step Input

The objective of this test is to check how the system reacts to a sudden change

in the input signal. The test is done by leaving the palm of the hand in a free

position at the beginning that was at about -33◦ (33◦ in flexion), and then moving

it to an upper limit for extension which was chosen to be 82◦ in this test, and the

reason behind choosing this high angle is to verify if the actuator can take the wrist

to the maximum position, while in the rehabilitation process normally the angles

are limited to lower values. When the wrist reaches 82◦, the device is maintained in

this position for 15 seconds to analyze the steady state error. After that, the input

signal is reduced to 0◦ and the wrist goes back to this position by the effect of the

gravity. In this way the cooling of the SMA wire can be analyzed and the device is

forced to maintain the wrist at the point of equilibrium between flexion-extension

(0◦), and then the input signal is increased to 82◦ again and the previous sequence

is repeated for another 2 cycles while changing the time under which the device is

maintained in the same position.

Figure 4.1: System response in extension for step input.

Analyzing Figure 4.1, many points can be discussed. First, a study will be done

on the cooling and heating of the actuator. At the beginning, the system was slow

to follow the reference, and it took the actuator about 4 seconds to take the wrist

to the reference position, and that is explained by the fact that the SMA wire was

cold at the beginning and the system needs more time to reach the temperature that

causes the transformation from martensite to austenite. When moving then from

0◦ to 82◦ in the 3 cycles, the phenomenon explained above is not observed, and it

took the actuator less than 2 seconds to take the wrist to the reference position,

and this is due to the fact that the SMA wire still accumulates heat. On the other

hand, observing the cooling time of the actuator when reducing the reference from
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82◦ to 0◦in the first cycle it was approximately 10 seconds, 15 seconds in the second

cycle and 20 seconds in the third cycle approximately, and taking into account that

the force of gravity applied to the hand takes the wrist back to the position of

equilibrium between flexion and extension. This increase in the cooling time after

each cycle is caused by the heat stored in the SMA wire after each cycle which makes

the system slower after many cycles.

Figure 4.2: Control signal in extension for step input.

Figure 4.3: System error in extension for step input.

Figure 4.2 shows the control signal in percentage (%) of PWM. It is observed

that most of the time the SMA actuators consumes below 60% of the maximum

power which is 76 W (19V*4A) to maintain the wrist in the desired position,since
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the steady state error tends to 0 most of the time, except in some moments where

the consumption exceeds the 60% and reaches the maximum sometimes due to the

noise of the sensor where the error is not equal to 0 so it forces the actuator to

consume more power to take the wrist back to the desired position.

It is also necessary to mention that the steady state error is almost 0 during

actuation as seen in Figure 4.3, except at some moments where a small overshoot

or a small difference between the reference and the real position is observed, and

this is may be caused by the noise of the sensor or by an undesired movement of the

wrist of the human.

2 - System Response With a Stair Input

This test aims to check if the system can reach different positions in all the

range of angles and to study the cooling and heating of the SMA actuator is done

by using a stair input. This test is similar to the previous one but this time we

increase the angle gradually after each certain period of time to reach the maximum

and then decrease the angle again gradually to bring the wrist back to 0◦.

Figure 4.4: System response in extension for stair input.

As noticed in Figure 4.4, at the beginning the phenomenon explained before

where the actuator delays 3 seconds to reach the transformation temperature and

start actuating. Then taking the wrist to 40◦,60◦ and 80◦ gradually, the actuator

responds quickly to the sudden change of the signal, and the heating time is reduced

in each stair in comparison with the previous test since the changes in the reference

signal are not so abrupt. On the other hand, it is noticed also how the system is able

to follow the reference signal in flexion by the effect of the gravity when decreasing

the angles gradually. Notice that the steady state error tends to 0 during actuation

as shown in Figure 4.6.

50



CHAPTER 4. TESTS AND EXPERIMENTAL RESULTS

In Figure 4.5 the control signal for stair input is shown, and shows how the

actuator consumes power during the test. In the phase of flexion where the actuator

is in the cooling phase it is noticed that there is no consumption and the actuator is

not actuating, but it consume a small percentage of power when the system reaches

the angle of the reference signal in order to keep the wrist in the desired position

and to avoid that the system reaches small angles than the one desired and keeping

the error near to 0.

Figure 4.5: Control signal in extension for stair input.

Figure 4.6: System error in extension for stair input.
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3 - System Response With a Sinusoidal Input

The last test for the extension actuator is done with a sinusoidal input. In this

test it is necessary to choose the correct velocity of the exoskeleton by modifying

the frequency of the input signal to ensure smooth movements, since moving very

fast can cause an injury to the patient during the rehabilitation process and when

moving with a slow speed, the rehabilitation therapy loses its effect and exhausts the

patient. For this objective, a sinusoidal signal with a frequency of 0.25Hz, amplitude

of 40◦ and centered in 20◦ is chosen.

Figure 4.7: System response in extension for sinusoidal input.

In the analysis of Figure 4.7, it is evident that the system follows perfectly the

reference signal during extension in the 7 cycles performed and without losing the

range of angles of the movement, and during this process the error tends to 0 as

shown in Figure 4.9. On the other hand, during flexion the system shows a small

delay in the first cycle when following the reference signal because it depends on

the cooling time of the extension’s SMA actuator, while in the following cycles the

delay of the system when following the signal increases due to the increase in the

heat stored in the actuator. This increase in the heat storage in the actuator also

increases the error after each cycle as can be seen in Figure 4.9 and the system

couldn’t reach 20◦ in flexion after the first cycle, and the SMA wire can’t recover

it’s initial form. After these 7 cycles performed it is necessary to wait for 2 or 3

minutes for the SMA wire to recover its initial shape before starting another test in

the rehabilitation process.

In Figure 4.8, the control signal in extension for a sinusoidal input is shown.

It is evident that the actuator doesn’t consume power during flexion while trying

to recover its original shape. However, during the extension movement, the SMA

actuator consumes 10% and 100% of the maximum power which is equal to 76 W.
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Figure 4.8: Control signal in extension for sinusoidal input.

Figure 4.9: System error in extension for sinusoidal input.

4.2.2 Testing The Actuator Of The Flexion movement

The next tests will be performed to test the correct functioning of the actuator

used to do the flexion of the wrist, and keeping the hand in the same position as

before, where the forearm is parallel to the ground.
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1 - System Response With a Step Input.

The first test will be done with a step input. In this test the wrist was left at

about -3◦ at the beginning and then the reference was changed from 0◦ to -50◦ (50

degrees in flexion).

Figure 4.10: System response in flexion for a step input.

Figure 4.11: Control signal in flexion for a step input.

As shown in Figure 4.10 the system takes about 3 seconds to take the wrist

to the desired position since the actuator was cold and it takes time to reach the

transformation temperature. The system is then left at -50◦ for about 20 seconds

to analyze the steady state error, and as shown in Figure 4.12 it tends to 0 during
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actuation. After that the reference signal is taken back to 0 and the hand is left in

the free position for about 50 seconds. Obviously, the wrist is not subjected to the

gravity force in this case, so it remains in its position and relaxes by about 8◦ while

the SMA actuator is cooling down.

Figure 4.11 represents the control signal in flexion for a step input. It shown that

most of the power consumption during actuation is around 60% of the maximum

power.

Figure 4.12: System error in flexion for a step input.

2 - System Response for a Sinusoidal Input

The next test will be carried out with a sinusoidal input and the results are similar

to the previous test done. A sinusoidal wave with an amplitude of 60◦,frequency

0.25 Hz and centered in 0◦ was chosen. In the first cycle, the wrist was left at about

-10◦ and it takes the system also about 3.5 seconds to reach the transformation

temperature and starts actuating and the wrist reaches the desired position and

the steady state error tends to -5◦ as shown in Figure 4.18 due to the delay in the

actuation at the beginning so the signal was faster than the system, while in the

second cycle the error tend to 0. When the signal goes from -60◦ to 60◦ , the wrist

relaxes by about 15◦ in the positive sense while the actuator was cooling down until

the second cycle starts and the actuator takes the wrist to -60◦ . Figure 4.14 shows

that the actuator in this case doesn’t consume too much power in this case.

As a conclusion, testing the SMA actuator used for flexion alone when the hand

is in the position where no gravity force is acting on the system is not effective

in the rehabilitation process. Obviously, this test should be carried out when the

hand is parallel to the ground and depending on the gravity force for the extension
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movement, and the results will be similar to the ones obtained in the previous section

while testing the SMA actuator for the extension and relying on the gravity force

in the flexion phase.

Figure 4.13: System response in flexion for a sinusoidal input.

Figure 4.14: Control signal in flexion for sinusoidal input.
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Figure 4.15: System error in flexion for a sinusoidal input.

4.2.3 Testing the Actuators for Flexion-Extension Together

In this part, the 2 actuators used for flexion-extension will be tested together

while activating the 2 actuators in the same tests. In this case, the wrist could be

fixed in any position as the patient desires during the rehabilitation process so that

he/she feels comfortable.

1 - System Response for a Stair Input

This test aims to verify if the system can reach different positions while activating

the 2 actuators for flexion-extension together, to study the cooling and heating time

of each actuator and to verify that the 2 actuators are not activated in the same time.

In this test the angles were chosen between -40◦ and 30◦ since this range of angles

is the most range used during the rehabilitation therapies. The test starts with the

wrist in the -18◦ position and the reference signal at 10◦ , then it takes the system

about 3.5 seconds to reach 10◦ after reaching the transformation temperature, then

the reference was increased to 30◦ then the system follows the signal in time and kept

for 15 seconds in this position. After this, the reference was decreased to -40◦ while

the extension actuator is deactivated and the second actuator used for flexion is

activated after 0.5 seconds of delay to start the flexion movement and take the wrist

to -40◦. After 10 seconds another cycle was started to test the extension movement

and the extension actuator takes the wrist back to 30◦. At the end the reference was

decreased to -10◦ , and the wrist goes back to the desired position, but note that

the wrist goes a little bit below -10◦ in this case due to gravity effect as shown in

Figure 4.16. The steady state error tends to 0 during actuation as noticed in Figure

4.18.
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Figure 4.17 shows the power consumption of each actuator during the rehabil-

itation process, where the green color indicates the consumption of the extension

actuator and the yellow one shows the consumption of the flexion actuator. It is

shown how the 2 actuators are never actuated in the same time and one is activated

after 0.5 seconds delay when the other is deactivated, so that one actuator cools

down while the other actuates, and most of the power consumption is below 60% of

the maximum power available.

Figure 4.16: System response in flexion-extension for a stair input.

Figure 4.17: Control signals in flexion-extension for a stair input.
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Figure 4.18: System error in flexion-extension for a step input.

To prevent the overheating and the rupture of the actuators, it is better to keep

the exercise time under 2.5 minutes, and after several cycles it is necessary to wait

2-3 minutes for the actuators to cool down before starting another rehabilitation

exercise.

2 - System Response for a Sinusoidal Input

The second test will be carried out with a sinusoidal input. As explained before

it is necessary to adjust the frequency of the signal to have smooth movements, so

a sinusoidal wave with an amplitude of 35◦,frequency 0.25 Hz and centered in 0◦

was chosen. In this way, smooth movements are produced, without producing any

sudden changes in the movement, which favors the patient’s comfort at the time of

performing the rehabilitation.

Analyzing the system response shown in Figure 4.19, it is obvious that the system

can follow the reference perfectly except for some overshoots obtained during the

exercise due to possible undesired movements of the wrist and non-linearities of the

SMA actuator, reducing to the minimum the error signal as shown in Figure 4.21.

In this case, in comparison with the tests performed for extension with sinusoidal

reference and relying on the gravity in the flexion movement, it is observed that

by having two actuators, the device is capable of performing the two movements of

flexion-extension perfectly, following the reference signal, and therefore, the problem

of the cooling time of the actuator is eliminated. It is also true that it is necessary

to be cautious and to take precautions to avoid breakage of the actuators, since

at the end of the test both actuators will be hot due to the accumulation of heat,

and tension occurs between both actuators. However, as it is observed the device

is able to perform four cycles in a row in this test without having notions of heat
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accumulation, and it is necessary to wait for the actuators for about 2-3 minutes at

the end of the test to cool down before starting another test.

Figure 4.19: System response in flexion-extension for a sinusoidal input.

Figure 4.20: Control signals in flexion-extension for a sinusoidal input.

Figure 4.20 shows the control signals generated to carry out the test with a

sinusoidal signal. As in the previous test, the coordination between both signals

is representative, and the 2 actuators were never activated together at the same

time. By analyzing the control in this test, it can be concluded that the control

is smoother for a step reference than when a sinusoidal reference is applied, since

the power consumption in the first case was lower than the power consumption in

the second case. This characteristic is quite important in terms of the temperature
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reached by the actuators, since there is no over heating or excessive accumulation

of heat.

Figure 4.21: System error in flexion-extension for a sinusoidal input.

4.2.4 Testing the Actuator for Ulnar deviation

After testing the device for the first degree of freedom of the wrist, the next step

is to test the exoskeleton for the other degree of freedom (ulnar-radial deviation). In

this part, the actuator used for the ulnar deviation will be tested alone and without

activating the actuator used for the radial deviation, to check its correct functioning

before passing to the part where we test the 2 movements together.

1 - System Response for a Sinusoidal Input

The test on the ulnar deviation will be done using a sinusoidal input. The hand

was left also parallel to the ground where no gravity effects are acting on the system,

and the same sinusoidal signal having an amplitude of 20◦,frequency 0.25 Hz and

centered in 20◦ was chosen.

Figure 4.22 shows how the system response in the ulnar deviation for a sinusoidal

input. It’s obvious how the system follows the reference perfectly in each cycle and

keeping the error signal near to 0 as shown in Figure 4.24. The range of angles was

chosen to be near to the maximum angle for this movement to verify if the system

can reach high ranges of angles and that the movement is not limited to small ranges.

However, after each cycle and when the signal reaches the maximum and starts to

decrease again, the actuator starts cooling down and the wrist moves by 8◦ towards

the equilibrium position, since the wrist was under the tension of the SMA actuator
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and it relaxes by a small angle when the actuator is cooling down. Then when the

signal increase again the system follows the reference perfectly again.

Figure 4.22: System response in ulnar deviation for a sinusoidal input.

Figure 4.23: Control signal in ulnar deviation for a sinusoidal input.

Figure 4.23 shows the control signal in ulnar deviation in this test. The power

consumption reaches 100% at the beginning since the actuator was cold and needed

more power to accumulate heat, then the consumption decreases and goes most of

the time below 70% of the maximum power available. Testing this actuator alone

without activating the other actuator when keeping the hand in a position parallel to

the ground where no gravity forces are acting on the opposite movement of the same

degree of freedom is not very effective in the rehabilitation process, since the range
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of movement after the first cycle will be very limited and can’t exceed 8◦ . However,

rotating the hand in this case to use the gravity force for the radial deviation is not

comfortable for the patient and may cause pain in the elbow.

Figure 4.24: System error in ulnar deviation for a sinusoidal input.

4.2.5 Testing the Actuator for Radial deviation

The other movement of the second degree of freedom to test is the radial devi-

ation. The range of angles in this movement is very small and limited to 20◦. The

wrist will be also put in a position parallel to the ground and no gravity effects will

be acting on the system. In this movement, the hand could be rotated about 90◦

where the ulnar deviation could be done relying on the gravity force and without

causing any pain in the elbow of the patient.

1 - System Response for a Step Input

Testing the radial deviation will be done by a stair input. The aim of this

exercise is to verify the control of the system and to verify the correct functioning of

the device in this case. As shown in Figure 4.25 the reference starts from 0◦ then it is

reduced to -5◦ (5◦ in radial deviation) then gradually after sometime to -10◦ and to

-15◦ . It is clear how the system can follow the reference in time and how the steady

state error tends to 0 during actuation as shown in Figure 4.27 and the actuator

works perfectly. The range of movements was chosen to reach the maximum in this

case to check if the device can reach high range of angles as explained before, while

in the real rehabilitation process the therapy will be limited to about -10◦ in this

case.

63



4.2. TESTING THE EXOSKELETON

Figure 4.26 shows the control signal in radial deviation for a stair input, and

shows when the actuator is being activated. The power consumption in this case

was high compared with the power consumption in the other movements. However,

as explained before this test is not very effective for the real rehabilitation therapy

since no forces can take back the wrist to the equilibrium position, and aims only

to verify the correct functioning of the system.

Figure 4.25: System response in radial deviation for a stair input.

Figure 4.26: Control signal in radial deviation for a stair input.
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Figure 4.27: System error in radial deviation for a stair input.

4.2.6 Testing The Ulnar-Radial Deviation Together

The last tests will be done to study the behaviour of the 2 actuators of the ulnar-

radial deviation when activated together, and to verify the control of the system.

1 - System Response for a Stair Input

In this test a stair input is used. As shown in Figure 4.28, the test consists of

performing an ulnar deviation movement up to 45◦ and then activating the second

SMA actuator to move the wrist in the direction of the radial deviation to -15◦ in the

first cycle and to -10◦ in the second cycle. In this way, the exoskeleton is completely

controlled and the response of the system does not depend on the cooling time of

the SMA wire. For this reason, the response of the system is rapid both in ulnar and

radial deviation, being the establishment time for both movements of approximately

2.5 seconds in the first cycle since the actuators were cold. Since the main purpose

is to avoid the overheating of the SMA wires and therefore avoid the breakage of

the actuators, it is advised to keep the exercise time below 3 minutes. However, the

steady state error tends to 0 as shown in Figure 4.30.

Figure 4.29 shows the control signal in ulnar-radial deviation for the stair refer-

ence used. After analyzing this figure, the coordination between the control signal

for ulnar deviation and the control signal for radial deviation can be noticed, and

the two signals were never active simultaneously and between the deactivation of a

signal and the activation of the other one there is a point of inflection in which the

two actuators are deactivated. This phenomenon occurs with the purpose that the

actuator that has been deactivated, cools down and in this way the tension between
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the 2 actuators is avoided. However, the power consumption by the actuators in

this case is moderate and most of the time it is around 60% of the maximum power

available, which means that the actuators were not overheated.

Figure 4.28: System response in ulnar-radial deviation for a stair input.

Figure 4.29: Control signal in ulnar-radial deviation for a stair input.

This exercise shows how the 2 actuators worked perfectly when activated together

and shows the good coordination between them, therefore this test will be effective

in the real rehabilitation therapy and won’t create any problem or danger for the

patient. Note that after performing this exercise for longer periods it is necessary to

wait about 2-3 minutes for the actuators to cool down before starting another one.
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Figure 4.30: System error in ulnar-radial deviation for a stair input.

2 - System Response for a Sinusoidal Input

The last test on the ulnar-radial deviation will be carried out with a sinusoidal

input. The system response is shown in Figure 4.31. In this case the error is greater

than in the previous case as shown in Figure 4.33. The larger error in this case may

be caused by some non-linearities introduced by the actuator.

As in the previous test, the coordination between the 2 actuators during the

exercise is perfect as can be seen in Figure 4.32 and the 2 actuators were never acti-

vated at the same time. In this case the actuators show a higher power consumption

which can overheat the actuators and may lead to their breakage if many cycles are

performed.

In comparison with the previous test, it is better to use the step input in the

rehabilitation therapy since it produces lower error and near to 0 since it presents a

smoother movement and the system can follow the signal perfectly. Also the system

consumed less power than in this case.
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Figure 4.31: System response in ulnar-radial deviation for a sinusoidal input.

Figure 4.32: Control signal in ulnar-radial deviation for a sinusoidal input.
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Figure 4.33: System error in ulnar-radial deviation for a sinusoidal input.
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Chapter 5

Conclusions and Future Works

Finally, in this section, the conclusions that have been reached at the end of this

project will be explained and discussed. And then some future works will be pro-

posed, with the purpose of improving the negative points that have been found in

this device during the work on this project.

5.1 Conclusions

The design proposed in this project arises from a previous prototype of a wrist

exoskeleton. From the conclusions and problems arising in the previous prototype,

a new design has been made, trying to eliminate all the problems found in the

previous device. Therefore, in this work, a functional wrist exoskeleton actuated by

SMA actuators has been developed and tested. The modifications done provided

the following advantages:

• In the previous prototype, the flexion movement could be only done bye the

gravity force without using an actuator for this movement and depending on

the cooling time of the actuator used for extension, which obliges the patient

to put the wrist in a position parallel to the ground, which may bother the

patient. In this device, an SMA actuator has been added for the flexion

movement and worked perfectly during the testing.

• The total cost of the exoskeleton has been reduced from 986 euros to 883 euros,

which is still an acceptable price.

• The total weight of the exoskeleton has been slightly reduced from 960g to

800g, but the weight of the exoskeleton that will be put on the wrist has been

slightly increased from 350g to 360g which is still acceptable from the point of

view of patient’s comfort. Since the actuators are flexible, they can be wound

up and placed on the table where the rehabilitation therapy will be performed,

and the same thing for the electronics used to control the device.
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• In the previous prototype, during ulnar-radial deviation, an extra upwards

movement was noticed with each of these movements, which may cause a harm

in the wrist of the patient. In this device the SMA actuators to produce these

movements have been repositioned correctly and the problem was eliminated.

• The material that has been chosen for the manufacture of the most of the

parts of the device, has been a mixture of polyamide with aluminum powder,

except for one piece which was made from polyamide and for the pulleys that

were made from pure aluminum. This materials provides rigidity to the device

and at the same time is lightweight, looking at all times for the purpose of

manufacturing a portable and lightweight device.

• Shape-memory-alloy based actuators, provide the advantage of lightness com-

pared to the rest of actuators that are used in the development of exoskeletons,

being the most used electric motors. The set of actuators used in the wrist

exoskeleton prototype barely reach 250 g. Despite the low weight of the actu-

ators, the relationship between torque-weight is excellent.

• Along with the lightness of the actuators, another main advantages of the

shape memory alloys is their silent behavior and their low cost. The weight

and the absence of noise are two requirements of the devices for hospital envi-

ronments and especially to favor the comfort of the users. Besides they have

a low cost 6 euros/m, which helps to design a low cost device.

• SMA wires require good electric and thermal isolation, so the threads were

introduced in teflon tubes that electrically isolate the wires and support a

high temperature range.

• The actuators used in the previous prototype were very long, 2.2m extension

actuator and 1.7m each one of the actuators used for ulnar-radial deviation.

In this project, the lengths of the actuators were reduced to the half approxi-

mately (to 1.10 m and 0.9 m respectively) by using double groove pulleys.

• The design of a functional prototype that meets the requirements mentioned

at the beginning of this work has been achieved. The device is portable,

light, safe, noiseless, and has a low cost, always focusing on the comfort and

convenience of the user and without causing any injuries to the patients.

• Comparing the results obtained with a single actuator and those obtained with

two actuators in antagonist mounting, it can be concluded that the antagonist

assembly provides benefits, since the slow cooling problems are avoided and

therefore, all movements are completely controlled. As a disadvantage of the

antagonist assembly, it can be said that the main problem that presents, cor-

responds to consider the coordination that must exist in the control of both

71



5.2. FUTURE WORKS

actuators to avoid overheating in the wires, and therefore the breakage of the

SMA wires. But after the tests done on the device, the coordination between

each 2 actuators of the same degree of freedom was perfect and the 2 actuators

were never activated at the same time.

• The idea of using double groove pulleys to reduce the length of the SMA

actuators has been proved to work perfectly, even though the SMA actuators

are rigid, they were fixed perfectly by screws in the pulleys and they never

went out from the pulleys while testing the device.

Finally, the main aim of this project was to build a prototype of a robotic

exoskeleton for the rehabilitation of the wrist, fulfilling the main objectives set at

the beginning of this project. Currently the exoskeleton can realize data acquisition

of the sensors signals (in position), which can be used by the doctor to evaluate

the patient and rehabilitation in a passive mode. The proposed design can be

improved and some problems have been detected that needs to be solved, since

being a prototype, it is necessary to analyze the advantages and disadvantages to

improve the design and finally get a wrist exoskeleton that can be marketed. The

device can not be used in the active rehabilitation tasks.

5.2 Future Works

In this last section we will describe the improvements that could be introduced

to the device in the future to improve the design of the exoskeleton, with the aim of

eliminating the disadvantages detected in the prototype developed in this project,

and improving the characteristics of this device.

• The diameter of the double groove pulley could be increased so that the SMA

actuators’ length could be reduced more and more which will make the device

more comfortable.

• It would be interesting to integrate pressure sensors to the exoskeleton, and

combine the use of the device with the reading of the electromyography signals

generated by the muscles of the patient, so that the intention of movement

generated by the patient can be detected.

• The sensor signal reading could be improved by replacing the flexible sensors by

another sensor type (Hall effect sensors for example) to make the real position

signal more precise and to have smoother and more precise movements.

Finally, the work on a device for the rehabilitation of the wrist will continue, and

always looking to improve the characteristics of the device to and keeping in mind

that it should be safe and comfortable for the user.
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