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Chapter 1

Introduction

Wrist and forearm therapy exercises, which include bending (flexion and extension), turning the
forearm over (supination and pronation), hand gripping exercises, and forearm strengthening
with a dumbbell, these exercises are important to build strength and operation for the wrist,
hand, elbow, and shoulder.

Assisted motor therapy as continuous passive motion devices is used during the first phase
of rehabilitation and plays a critical role in improving passive motion in a specific plane of
movement, and protecting the healing process of the tissue, however, current devices are unable
to recreate these exercises well. The current thesis is aimed to design and examine the viability
of a wrist-forearm exercise device that reproduces pronation-supination range of motion (ROM)
therapy and improves the strength of the associated muscles, by adopting an adjustable stiffness
system. The device incorporates a handle that will serve as a guide for the required movements
linked with two springs to provide stiffness and a smooth return, and four non-elastic cables
actuated for two linear actuators that provide linear motion.

1.1 Background

Mechanisms with elastic joints are a research topic in the robotics community due to desired
robot skills such as fine manipulation, sensitivity for gentle interaction with the environment,
and controlled movements when the system interacts with humans in direct physical contact
[10-12]. systems that have these characteristics are described below.

A tensegrity system is a state of stable self-balance structure, consisting of a discontinuous
set of elements working under compression and a continuous set of elements working under
tension [13]. This type of system has different design possibilities with advantages in strength,
lightness, and the economy of materials. Richard Buckminster Fuller coined the term tensegrity
[14], which is formed from the contraction of two words tensional integrity. This means that
the elements subjected to a tension that constitutes the structure are responsible for generating
a unique form for giving it balance, an example of this kind of system is seen in Fig. 1.1.

The great advantage of tensegrity systems is that their configuration stability depends only
on the set of flexible elements jointly with the rigid elements without the intervention of an
external force [1].

In the last few years, cable-driven systems have been intensively discussed in the robot
society as a hot topic of robotics research. These systems have some characteristics, such as
lightness, large workspace, low cost, high-speed movement if required, and ease to build [15].
Cable-driven robots can be considered for applications where it is necessary to modify pre-stress
levels by changing cable lengths. This adjustment generates a new configuration form creating
a modification in its stiffness. In [16] suggests that designing a control strategy that can control
position and stiffness at the same time in these types of systems is difficult to achieve.



Figure 1.1: Tensegrity structure V-X by Kenneth Snelson, 1968.

The configuration characteristics of soft robotics include applications in biomechanics such
as manipulators and human-based robotic systems [17]. Mechanical design, manufacture, anal-
ysis, modelling, and control are major challenges to be addressed. The possibilities of generating
a unique form of structure, motion, reconfiguration, and mechanical simplicity are greater with
an adjustable stiffness system. Taking advantage of these properties an application for human
upper limb rehabilitation is desired.

1.2 Objective

1.2.1 General Objective

Analyze and design a variable stiffness system that can recreate wrist-forearm therapy exercises
without or with minimal intervention of a physical therapist, in order to build a mathematical
model that represents their behavior and synthesize a control law that allows the system to
perform the supination-pronation rehabilitation protocols.

1.2.2 Specific Objective

o Analyse the kinematics, statics, and dynamics.
o Define the system workspace.

o Establish the relationships that have certain configurations and tension variations with
the end-effector in the workspace to perform the desired phase of therapy.

o Design a control law that allows modifying the position and stiffness of the system.

o Perform experiments using a platform with a geometric configuration suitable for the
proposed application.

1.3 Hypothesis

Rehabilitation protocols that are validated by specialists (doctors and physical therapists) can
be executed by a variable stiffness device working in closed-loop configurations while minimizing
structural and tracking errors.



The variable stiffness device allows modifying the position and stiffness through a series of
cables, springs, and linear motors, applying external forces (patient) to this device can perform
passive, active-assisted, and active rehabilitation movements throughout the entire range of
motion.

1.4 Problem statement

One of the great problems of engineering is to generate theories, methodologies for design and
analysis, and the field of rehabilitation robotics is not an exception. Studie these problems
promise to be a source of interesting and incredible possibilities, concretely in the field of en-
gineering and particularly in bioengineering, it would mean providing an alternative source of
systems design presented in robotics such as unconventional mechanical platforms, manipula-
tors, sensors, and actuators.

Based on what has been established, this project focuses on the development of a mathe-
matical model of a variable stiffness device and on the synthesis of a control strategy that will
allow the system to achieve desired objectives.

1.5 Motivation

Due to multiple applications that can involve variable stiffness systems, this project has put
great interest in the physical rehabilitation that a person develops when trying to recover the
condition or state that lost, due to an illness, accident, or other types of health disorder.

An approach aimed at promoting and achieving certain levels of rehabilitation on specific
parts of the body can be based on the characteristics of the human bones and tendons because
they are connected in such a way that enables easy control of movement. As shown in [1§]
the bones give a compressing load capacity and the tendons have the ability to stabilize the
body in certain configurations. Figure 1.2 and Fig. 1.3 show how tendons are attached to the
different parts of the bones to be able to control them.

Figure 1.2: Arm joint and elbow joint [1]. Figure 1.3: Toes joint [1].

Because movement is an integral part of human life and animal life, we want to simulate a
more natural human movement, this adjustable stiffness device moves as a single unit and the
tension in one of its members runs through the entire structure, we can take advantage of this
quality where these structures can move more fluently from one configuration to another [19].

An example in which a device can be seen as a stiffness structure is the hand posture
corrector for the rehabilitation of the dynamic orthosis of the finger and wrist, it is shown in
Fig. 1.4, which represents an essential tool for therapists who treat patients recovering from
tennis elbow, tendonitis in the wrist, stroke effects, various hand traumas, among many others.
Another example is the MariBot 5 (see Fig 1.5) which is a cable-suspended rehabilitation robot,



in which the arm can be suspended on a surface with straps attached by cables, those cables
control the movement by changing lengths through pulleys and three motors [3].

Figure 1.4: Dynamic hand splint [2]. Figure 1.5: MariBot 5 [3].

This thesis is organized as follows. Chapter 2 shows the desirable features that the reha-
bilitation device must have like modeling, control, and construction. Chapter 3 reviews the
existing literature on automatic rehabilitation devices and presents the state-of-the-art wrist-
forearm rehabilitation system. Chapter 4 gives electronic and mechanical information about
the components used to control the rehabilitator. Chapter 5 presents the adjustable stiffness
rehabilitation device, the control strategies for tracking, and tension adjustment. Experimental
results that show the performance of the developed device are presented in Chapter 6, conclu-
sions are found at the end of the thesis, and results of a published article, a submitted article,
and an experimental platform are shown in appendix.
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Chapter 2

Theoretical background

2.1 Static and kinematic determination

A structure is statically determined if the equilibrium equations are sufficient to find the internal
forces and structure’s displacements, subject to the action of external loads [20]. On the other
hand, a structure is statically indeterminate if it has more elements than the minimum necessary
to guarantee the solution of the equilibrium equations, consequently admits more than one
solution. This also implies that the structure may contain prestressing forms and its elements
may be stressed even in the absence of external loads [21].

A structure is kinematically determined if any movement of translation or rotation of the
assembly corresponds to a rigid element, in other words, it is required to add energy to the
system to change its geometry. But if the structure is kinematically undetermined, there may
be variations of the geometry without external forces inserting energy into the system [22].

The structure is called self-stressed if it can generate initial stress in its elements in the
absence of external forces and fixed nodes. When rigid elements make an assembly or structure,
the choice of lengths of the elements and their connectivity can cause the structure geometry is
defined by a single set of coordinates of the nodes. If a change in the geometry doesn’t produce
any variation in the length of the elements, the mechanism is known as finite, and if a change
in the geometry produces infinitesimal variations the mechanism is known as infinitesimal [13].

2.2 Dynamic analysis

A structure is statically determined if the equilibrium equations are sufficient to find the internal
forces and structure’s displacements, subject to the action of external loads [20]. On the other
hand, a structure is statically indeterminate if it has more elements than the minimum necessary
to guarantee the solution of the equilibrium equations, consequently admitting more than one
solution. This also implies that the structure may contain prestressing forms and its elements
may be stressed even in the absence of external loads [21].

A structure is kinematically determined if any movement of translation or rotation of the
assembly corresponds to a rigid element, in other words, it is required to add energy to the
system to change its geometry. But if the structure is kinematically undetermined, there may
be variations of the geometry without external forces inserting energy into the system [22].

The structure is called self-stressed if it can generate initial stress in its elements in the
absence of external forces and fixed nodes. If a change in the geometry doesn’t produce any
variation in the length of the elements, the mechanism is known as finite, and if a change in
the geometry produces infinitesimal variations the mechanism is known as infinitesimal [13].

11



2.3 Tensegrity

The term tensegrity has been described as a class of self-stressed systems defined as a set of
compressed solid elements (bars) in a set of tensioned elements (cables) [13]. The tensioned
elements drastically modified following a specific direction through an external agent within
the prestressed cables [21].

With some advantages like storing energy when they deform and releasing when they return
to their original form, compact, volume, lightness, structural and geometric efficiency [13]. Due
to their characteristics, tensegrity systems have had a great interest in several applications such
as mobile robots [23], deployable systems [24], and manipulators [25]. The distribution of forces
in tensegrity robots has been lately studied mostly for exploration [26], where it is shown that
force distribution is a robust and reliable robot property in interaction with the environment,
landing, and exploration.

One of the tensegrity structures problems is to find an initial configuration, this method
called form-finding is the process that allows finding a feasible initial geometric configuration,
generally in the absence of external loads. Theoretical methods take into account only ge-
ometric parameters while others, additionally take force parameters, use virtual models for
approving valid and balanced topologies, and even a trial and error method is also considered
as a configuration search process. A review of several methods of form-finding is shown in [27].

Some tensegrity robots have been planned to help and perform medical assistance in re-
habilitation. They can supplies medicine if these robots are provided with certain mobility
skills [28]. Or to complete physical rehabilitation, in [29] a portable robot erosuit can offer
its user’s stability and strength, designed to act in conjunction with the user’s movements (see
Fig. 2.1).

Neonprene base substrate

Bowden housing
Micromotors|

Modular Base
Plate

Figure 2.1: Crux: system components [4].

Despite the great advantages and variety of applications, only a few cable-driven tensegrity
robots have been developed. Among the reasons we can include:

o Cable-driven tensegrity robots are mechanically complicated and demanding to build.

12



 Design requirements vary from conventional robots (exoskeleton, soft, cable-driven, artic-
ulated, etc) and traditional mechanisms.

e Due to the change of position and forces on the robot to change the configuration, the
control becomes more complex.

e There are no standard components to build a cable-driven tensegrity robot.

2.4 Cable-driven robot

In the last few years, parallel cable-driven robots have attracted attention in the rehabilitation
robotics community due to their characteristics of lightness, high reconfiguration speed, flexi-
bility in movements, and low cost compared to other robots such as exoskeletons [30]. Because
of these characteristics, some applications have been developed as astronomical observation,
construction devices, rescue, service, and rehabilitation [3,31].

In [3] presents a cable-driven robot of 3 degrees of freedom for human rehabilitation of the
upper limb (see Fig. 2.2), which consists of a set of cables driven by motors, the arm is fastened
onto a splint. The cables are connected to the upper limb, controlling the length of the cables
so the rehabilitation treatment can be performed under a defined path. A light inherently safe
robotic system to assist the movement of a person in recovery and training therapy, where the
concept establishes the idea of a suspended puppet using cables that control posture, balance,
and motor functions is presented in [31].

Figure 2.2: NeReBot [3].

Cable-driven with stress manipulation are now considered for several applications for their
reconfiguration qualities and lightness. Moreover, When the lengths of the cables are modified,
the stiffness of the system can change, which modifies the pre-stress level in the mechanism [21].

Control schemes that deal with configuration changes and stiffness variation at the same
time have not been developed in the literature [16]. The control of this kind of mechanism is
tedious because the cables need to be under constant stress. This constraint is very important

13



because positive tension must be ensured to avoid negative tension in the cables. A modulation
in a range of tension is of great interest to vary the system stiffness [16].

2.5 Modeling

The most common formulation uses ordinary differential equations (ODEs) with the help of
the Euler-Lagrange equation. Numerous developed control algorithms are based on this type of
differential equation. The equation of motion can be derived from Lagrangian equations, where
features are provided by rigid bodies, cables, gravity, mass, internal forces, external forces, and
friction forces on the elements.

2.6 Control

Skelton and Sultan [32] showed that the elements to be driven could be rigid, cables, or a
combination of both, where linear controls are the most used. Active control and estimation
problem based on tracking are discussed in [33] using sensors and actuators in a multibody
agent where the controller is designed with a time-varying relative formation of all the robots.
In [16] two control strategies are implemented in a tensegrity mechanism driven by cables in
order to convert it into a variable stiffness device. Its goal is to introduce a control strategy for
position and stiffness control. The first strategy influenced for the cable-driven control, uses a
tension distribution algorithm. The second proposal is a speed distribution algorithm, where
an angular velocity of the final effector is generated.

It is possible to use motors with a series of pulleys to modify the lengths of all the cables
individually assured by a control algorithm. A superior approach is to examine the desired
position, force, or torque for the motor or some point of the end effector. As shown in [34] a
robust closed-loop PID controller is proposed, analyzed through the direct method of Lyapunov,
the controller’s gains are proposed with correction terms based on the null space of the Jacobian
matrix.

In [35] assume that the cables of the robot are actuated, this means there are two control
variables: the length of the cable and its tension. To incorporate both, a distributed form
of impedance control is used. The control provides adjustable stiffness through the change of
gains the tensions are controlled by a PD controller on the DC motor.

Many of the controllers developed in the literature are highly dependent on the exact sys-
tem’s mathematical model. The variances between the real system and the mathematical model
may be due to un-modeled dynamics and unknown or variations of parameters, which makes
the model being too complicated. For these reasons, the use of robust control [36,37] seeks
to solve this problem, despite such system/model mismatches. An option for this controller
is the super-twisting algorithm (STA), which is a robust second-order siding mode (SOSM),
where the design of the sliding surface depends on the measurement of speed and position but
not on knowing exactly the parameters of the system [38,39]. The STA guarantees robust-
ness regarding to modeling mistakes and external disturbances while reducing the unwanted
phenomenon of high-frequency oscillations (chattering) which is the main problem by the first-
order sliding mode based on the sign function [40]. Finite-time convergence and stability are
proved with a Lyapunov function [41-43], the stability analysis of the proposed controller for
the rehabilitation system has been aimed in the same way.

Since the main idea is to change the speed and position of the actuators when the desired
structure configuration change, there is no explicit control law that provides that [44].

14



2.7 Rehabilitation protocols

The purpose of this rehabilitator is to perform a movement that allows performing one of the
techniques of exercise therapy for the human upper limb. The movements used in treatment
may be classified as follows [45]:

Passive Movement: limbs motion without the effort of the person. The motion conducted
by a therapist, automatic device or machine, is carried out to a segment of the body, muscle or
joints, classified as:

» Relaxed movements without effort or pain.

 Passive mobilization techniques (oscillatory, maintained and manipulative).

Active Movement: a type of movement performed by voluntary contraction and physical
effort exerted into muscular activity, classified as:

o Assisted: A therapist or an automatic device helps or compensates to regain muscle
strength and coordination of the patient’s injured limb.

e Free: The working muscles are subject only to the forces of gravity with objects such
as medicine balls, dumbbells, sand bags or any other objects that aren’t attached to
anything.

o Assisted-Resisted: With the use of resistance bands or tubing help the muscles work
against resistance forces, with the help of objects such as resistance bands.

e Resisted: The forces of resistance make the muscle systematically gain strength and
endurance.

The human upper limb consists in three main articulations: shoulder, elbow and wrist.
Where the daily task range of motion are shown in Table 2.1.

Table 2.1: Shoulder, elbow and wrist range of motion [6].

Joint Movement Range (AO) Range (AAOS)
Shoulder Abduction 0-160°/180°  0-180°
Adduction 0-30° 0°
Flexion 0-150°/170°  0-180°
Extension 0-40° 0-60°
External rotation 0-70° 0-90°
Internal rotation 0-70° 0-70°
Elbow Flexion 0-150° 0-150°
Extension 0-10° 0°
Pronation 0-90° 0-80°
Supination 0-60° 0-80°
Wrist Flexion 0-50° 0-80°
Extension 0-35°/70° 0-70°
Radial deviation  0-25°/30° 0-20°
Ulnar deviation  0-30°/40° 0-30°

Rehabilitation therapy is commonly performed for six weeks and begins with active move-
ments without pain in the ROM of the wrist and forearm. Once patients reach approximately
90% of the range of motion, progressive strengthening can be executed by:
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e Isometric exercises.
o Elastic bands and tubing.

o Rehabilitation equipment.

Rehabilitation time depends on how intense and how often the therapeutic exercises are
performed. Physical therapy consists of 3 main stages of rehabilitation: passive, active-assisted,
and active [5,46]. In the passive stage, a therapist helps the patient to mobilize the affected
limb along the corresponding ROM, the patient does not make any effort and only seeks to
gain mobility throughout the range. In the active-assisted stage, the exercises are performed
by the patient himself, but he can have help from the therapist when he needs it. Some
strength exercises begin to be performed. In active exercises, the patient already performs the
movements and exercises without any external help, in this stage the aim is to gain muscle and
endurance. When using a device, the following general guidelines are recommended in [5,47,48]
for proper upper limb rehabilitation.

Stage 1. Instantaneous Motion (Passive)

Movements of the forearm and wrist are made along the ROM without the patient having
pain in the limb with the goal to avoid muscular atrophy. The exercises performed are with
the help of the therapist and it is recommended to perform 10-min series. The patient should
avoid lifting or carrying any heavy object at this stage. Once the pain and inflammation have
almost completely disappeared, the procedure starts with the passive mobilization phase. Here,
the physiotherapist will be in charge of performing the movements of flexion, extension, and
radial and ulnar deviations. This work should be done painlessly or with a pain tolerable by
the patient. A supination-pronation example exercise is shown in Fig. 2.3 where the therapist
grasp the path motion is a rolling of the radius around the ulna at the distal radius.

Figure 2.3: Forearm pronation [5].

Stage 2. Intermediate (Active-assisted)

Approximately after a month and a half after having recovered the ROM as it was before
the injury, such movements are performed without the help of the therapist. Exercises are
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performed with or without the help of the therapist or some device with the aim of gaining
muscle and endurance with weights ranging from 1 1b to 2 lb.

Stage 3. Strengthening (Active)

Aside from the movements, depending on the pathology to be recovered, subsequently, the
wrist-forearm mobilizations are carried out by the patient, along with the stretches that the
physiotherapist will teach the patient. After two months, more intense exercises are performed
with weights from 2 1b to 4 lb, weights or similar objects can be used, as well as resistance
bands or tubes. Besides, functional movements such as exercises are performed where the wrist-
forearm movement is fixed against a hard, unrelenting surface. In this stage, it can be used a
small bar with weight for strengthening the affected forearm (see Fig. 2.4).

Figure 2.4: Mechanical resistance exercise (A) pronation and (B) supination [5].
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Chapter 3

State of the art

3.1 Rehabilitation

According to the statistics of the INEGI, there are about 126 million people in Mexico in 2020.
Of these, almost 5.7% reports having significant difficulty or not being able to do any of the
basic activities and about 15.9 million have mild or moderate difficulties in carrying out the
same activities [9]. Globally, about 190 million adults experience some degree of disability, and
it is calculated that over 90 million children under 15 years old live with a moderate or severe
disability [49].

There are several causes of disability that range from congenital, some accident, or advanced
age, these being the main causes [50]. Of this population, the percentage with disabilities, by
type of disability according to the 2015 age group, is given in Tab. 2.1.

Table 3.1: Kinds of disability [9].

Kind od disability / Range of age  0-14 15-29 30-59 60 and more

Walk, raise o lower using their legs 36.2 32.1  56.2 81.3
See 26.9 44.6  58.2 67.2
Move or use arm and hand 14.1 182  28.5 42.7
Learning, remember or focus 40.8 315 321 44.6
Listening 134 185  24.2 46.9
Speak or communicate 26.6 28.0 20.1 16.3

Based on the exercises during different rehabilitation sessions, and on the types of move-
ments of the upper limb supervised by specialist therapists, the following exercises are identified:

» Series of excluding exercises by articulation.
o Exercise with an apparent load.
o Activation of muscle memory through trajectory tracking.

In order to have adequate physical rehabilitation, it is necessary for a physical therapist
to attend to the patient, but since physical therapies are time-consuming and require several
sessions, the existing therapists are not enough to meet the emerging demand of patients. [51].
Given this situation, the development and construction of automatic devices that meet these
needs are required, which would cause an increase in the number of training sessions for a

18



patient with consistent repetitions and enable the possibility that one therapist to prepare two
or more patients at once [52].

Different studies have shown that intensive and repetitive therapy exercises with adequate
duration and consistency, significantly improve motor skills [53,54]. Rehabilitation based on
virtual reality significantly reduces the deterioration of the affected limb and improves motor
function allowing recovery [55,56]. Motor learning is crucial in rehabilitation with ADL or
games, motor coordination is improved, muscle memory is recovered, and the muscles begin
to gain strength and endurance [57,58]. Patient active participation is crucial for increasing
robotic rehabilitation efficacy. In the impedance-admittance control technique, the patient’s
participation is very active, this allows rehabilitation to be more effective since the patient
notices his progress [59]. Robot-assisted therapy proposed in [60] restore loss of motor function
when physical training is repetitive, intense, and quantifiable.

Although exist rehabilitation robots, they are still not enough to cover the increasing de-
mand and those that are in stock are expensive, heavy, require large workspace, they do not
provide information in real-time to both the patient and the therapist about the movements
performed. The past decades have seen a vast development of rehabilitation robots. Some
robotic therapy devices for the upper limb are typically complex, heavy, and expensive, and
the design can be tedious. In [61] shows the evolution of the rehabilitation robots, in addition,
the current state of clinical evidence is reviewed.

3.2 Overview of upper limb rehabilitation robot

Upper-limb robotic devices are divided into two categories: prosthesis and orthosis. A prosthesis
is a functional replacement for replacing or augmenting a missing or impaired limb. An orthosis
is a device made to support, align, prevent, or correct deformities or to help someone move it
more easily [62]. In particular, the orthoses can be divided into two categories: devices that
use the end effector aligned with the user (i.e. hand, arm), and devices that have been made to
mechanically align its joints with the joints of the user as the exoskeleton robots. An overview
of automatic orthoses devices for upper limb rehabilitation is shown in Table 3.2.

A bimanual lifting rehabilitator [63], requires patients to lift a weight off the table with two
hands, support it, then lower it on the table. MIT-MANUS [65] is configured to provide passive
rehabilitation training for the elbow, forearm, and wrist. The training is through a series of tasks
displayed on a monitor, providing sensorimotor rehabilitation. The purpose of the Arm Guide
device [66] was to investigate the effects of rehabilitation robotics, proving that intense and
repetitive active-assistive movements and exercises improve arm mobility after chronic stroke.
GENTLE/S [67] is a rehabilitation device based on integrating appropriate haptic and virtual
reality environments where passive and active-assisted tasks are performed. HandCARE [76] is
a rehabilitation device that uses cables attached to each finger, where motors and pulleys allow
force and displacement control, and each one of the five fingers has independent movement.

RUPERT is a robot driven by a pneumatic muscle [70] and [69], the robot provides training
for activities of daily living (ADL) like reaching objects and feeding. CADEN-77 [71] driven
by motors, cable-driven systems, and bearing is an exoskeleton with 7 DOF that assists upper
limb rehabilitation, designed based on ADL movements. MAHI Exo II [72] with 3-DOF parallel
mechanism focused on the forearm and wrist joints, designed for passive, assisted, and active
rehabilitation, this design encloses the forearm in a bearing. MEDARM [73] consists of a robotic
exoskeleton for improving motor function for the shoulder and elbow joints, the movements are
driven by cables attached to motors, and the robot is mounted onto a support structure and
a movable chair. ARMin II [74] enhances the outcome of neuromuscular rehabilitation, based
on impedance and admittance control strategies, with five adjustable segments which allow it
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Table 3.2: Overview of upper limb rehabilitation robots

Type Device DOFs Part of Actuator Control Training
Limb mode mode
End-effector The Bimanual 1 Distal Bimanual  Force Active
Lifting [63] load lifting
End-effector MIT ~ MANUS 5 Distal Motor Impedance Active &
[64,65] Passive
End-effector Arm Guide [66] 3 Proximal =~ Motor Impedance Active &
and Distal Passive
End-effector GENTLE/S [67] 3 Proximal =~ Motor Position Passive
and Distal
End-effector HandCARE [68] 5 Distal Motor Force Active
Exoskeleton RUPERT 4 Proximal Pneumatic Force and Active
[69,70] and Distal Impedance
Exoskeleton CADEN-7 [71] 7 Proximal =~ Motor Position Passive
and Distal
Exoskeleton MAHI Exo II 5 Distal Motor Position Active
[72]
Exoskeleton MEDARM [73] 6 Proximal  Line Position Passive
and Distal
Exoskeleton ~ ARMin II [74] 7 Proximal =~ Motor Force Active &
Passive
Exoskeleton RiceWrist-S [75] 3 Distal Motor Force Passive

to fit with different types of patients (sizes). The RiceWrist-S [75] is a robotic mechanism that
uses ring bearings to surround the forearm that helps wrist flexion-extension and radial-ulnar
deviation and forearm pronation-supination rehabilitation.

Various rehabilitation systems for different extremities have been created, as it was described
for the upper limb in Table 2.2, where the exoskeletons that although they are a good option,
their main disadvantage lies in the cost of the devices, as well as are available in some clinics
or rehabilitation centers and also on occasions of their performance limitations or geometry.

One of the main problems with rehabilitation robots is that they must fit the patient in such
a way that they do not suffer any injury or pain when performing the indicated movements or
tasks. Both the parts and the mechanical joints of the robot must interact with their human
counterpart comfortably, in other words, the robot must be ergonomic.
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Chapter 4

Component selection and platform
instrumentation

This chapter presents the considerations for the design of the adjustable stiffness device, as well
as a detailed description of its characteristics and functions.

The design is aimed at people who require rehabilitation in the wrist-forearm, therefore
the prototype of the device will be limited in its supination-pronation movement so that the
development of the device’s movement is more natural. The values of weights and dimensions
of the elements should be the lightest possible so that the disabled person can use it without
making an additional effort.

The adjustable stiffness device system objective is to give rehabilitation in pronation-
supination ROM (see Fig. 4.1). The project considers the wrist-forearm range of motion,
with passive and active movements, where the rehabilitating protocol is: stop all activity of the
joint (or limit activity), i.e., rest and try to break the loop of more activity more injury (and
more pain).

Fii 0°

\ | 9___ -{M

1
I
{

|

Position 0 — R e —
Pronation Supination

0-90° (AO)  0-60°(AO)
0-80°(AAOS) 0-80°(AAOS)

Figure 4.1: Normal values of pronation-supination movement [6].

4.1 Experimental setup

To demonstrate the effectiveness of the rehabilitator and the proposed control techniques, it
was first verified by simulation with the Matlab & Simulink software with the mathematical
model of the system and the proposed control laws. To validate the computed simulations in
real-time, an experimental setup was created. This chapter shows how the experimental setup
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was built, both in its mechanical and electrical components. An analysis of the key components
such as the handle, the springs, and the motors is made.

L298N

o voco

24V DC LINEAR
ACTUATOR

NUCLEO
F76771

DC POWER
SUPPLEY

. LOAD CELL
iw

g

Figure 4.2: Schematics.

The experimental setup (see Fig. 4.2) used to verify the efficacy of the PID, PD, ASMC
and STA controllers proposed in this project consists of the following components:

4.1.1 Linear actuator

The linear actuator TGA-Y-300-24-5-405 (see Fig. 4.3) is a type of lightweight and compact
electric linear actuator, made of aluminum, takes DC motor element and gear reduction ele-
ment and inner micro switch to stop the stroke automatically at the end and the beginning.
This module adds an encoder to the original module of HF-TGA. An internal chip of encoder
processed electric signal could recognize the stretching direction depending on its internal mul-
tiple photoelectric sensors and realize the visualization on controllable of stroke. Speed and
load perform diagrams for the linear actuator are shown in Fig 4.4.

Figure 4.3: Linear Actuator.
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The mechanical characteristics are:

o Ambiental temperature: -20°C +65°C
e Aluminium outer tube and pushrod
o [P Grade: 1P54
« Input voltage: 24 VDC
o External encoder: a feedbacking process of stroke
o Powder metallurgy gear
e Max load force: 900 N
Speed VS load Current VS load
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Figure 4.4: Performance diagrams.

e Duty cycle: 20%

» Max static load force: 2300 N

o Working life: 50 000 complete cycles
o Stroke 300 mm (£2 mm)

o Weight 1.11kg

4.1.2 H-Bridge

The rotation direction of the linear actuator’s motors is controlled by using an H-bridge, where
the direction of the current flow through the motor is reversed. For this purpose, the L298N (see
Fig. 4.5) is a motor driver that controls the velocity and direction of the two linear actuator’s
DC motors.

The h-bridge can drive DC motors that with voltages between 5 and 35 V, with a peak
current up to 2 A, due to the two linear actuator motors that work at 24 V with a peak current
up to 1 A, the selection of this L298N driver is the best option.

The L298N driver applies signals from the microcontroller to make the motors rotate in a
certain direction, and variate the duty cycle to control the velocity. To measure the velocity
and position of the linear actuator is necessary a control system with feedback. An encoder in
each DC motor triggers and updates the duty cycle of the motor. Eventually, this will result
in the linear motor’s rod reaching its target.
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Figure 4.5: L298N Driver.

4.1.3 PWM DC Motor Control

Pulse width modulation (PWM) allows adjusting the value of the voltage (0 V to 24 V) that’s
going to the linear actuator motor by turning on and off the power at a fast rate. Since the
speed depends on the pulse width when modifying the PWM the speed increases or decreases
depending on the width. Some important parameters are:

o The ratio of amplitudes between the carrier signal and the modulator, it is recommended
that the latter does not exceed the carrier’s peak value and is centered on its average
value.

o The frequency ratio, where it is generally recommended that the ratio between the carrier
frequency and the signal frequency be 10 to 1.

4.1.4 Nucleo F7677Z1

The proposed control is provided by the microcontroller Nucleo F767ZI controller to the con-
trolled system. The controller board is connected by means of a wire, with the USB slot of
the PC that allows for rapid control prototyping (RCP) and the output pines give the control
signal, the implementation of RCP offered by Matlab/Simulink permits reduce the complexity
in the programming of the board [77]. The Nucleo F767ZI can guarantee adequate sampling
precision for the controllers designed for this project. It contains the low-level (general pur-
pose input/output for sensors, actuators, adc, timers, etc.) and high-level (trajectory/tension
controllers) control strategy.

4.1.5 Encoder

The LPD3806-400BM-G5-24C is a digital incremental encoder that has two outputs, A and B,
which generate square pulses which are 90° out of phase, and this is the key design element that

will provide the quadrature encoder its functionality. Its resolution is 400 pulses per revolution
(PPR), with the use of the NUCLEO F767ZI is possible for the counter to count the rising
and falling edges with both channels (A and B), resulting in a quadruple (x4) the number
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of pulses (1600 PPR) with a resolution of 0.225. This kind of encoder has many advantages
such as against humidity and dust, it is lightweight, small in size, low cost, able to resist a
rotation speed of up to 5000 revolutions per minute as well as being fully compatible with most
commercial microcontrollers such as Arduino, PIC, AVR, COP, DSP, STM32, etc.

4.1.6 Load cell

The implemented load cells are the JLBM-1-100, which have a capacity of 100 N with a sensi-
tivity of 2.0 £0.1 mv/V, both cells are energized with a voltage of 9 V. The use of this project
is to measure the tension of the springs, therefore these values serve by means of feedback and

the corresponding control can be adjusted before the desired reference tension. The measure
tensions are read from the 12-bit ADC on the Nucleo F767ZI board.

4.1.7 Control Algorithm

The type of control selected is PID, PD, Super-twisting, and asymptotic sliding mode control
algorithms which operate by using feedback to match a setpoint or a reference using an external
device, in this case, encoders and load cells that call an external function. This function or
algorithm computes the selected control algorithm, by changing the DC motor’s duty cycle.

The control algorithm made in Matlab & Simulink has tucked away in the function "con-
trol( )” with Rapid Control Prototyping in the SW4STM32. It is worth mentioning that the
capabilities of generating Matlab & Simulink source code allows users to implement complex
control algorithms without the need to write code. This allows the user to import the generated
function into the SW4STM32 software to access and write a program that uses the advanced
options of the microcontroller. The ”control()” function characteristics are:

o Updates error position and tension

Checks to see if the actuator’s rod has reached its target (and if it has, stops the loop)

Checks if the handle has reached the desired position

Updates the output (duty cycle) of the control loop

Control the duty cycle to the specified position and tension reference

4.2 Analysis on elastic elements

To make a stiffness adjustment in the device, it was necessary to perform the analysis of
two elastic elements, Thera-Band® tubes, and springs, of which the following analysis was
performed:

4.2.1 Thera-Band®

Since an alternative for assisted and active rehabilitation therapy is resisted-assisted and resisted
exercises, the use of elastic resistance, such as elastic tubes and bands, with various levels
of resistance can be used to do different exercises, their use is simple, are portable, can be
used anywhere and low-cost materials. The consequences of movement with progressive elastic
resistance have been investigated for some research as in [78] and the results demonstrate the
effectiveness of using such a method in order to develop muscle and endurance.

The use of these elastic resistance tools seems intuitive like Thera-Band® elastic tubes are
simple-to-use tools for multipurpose physical training with increasing strength. They provide
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variable resistance and tension, the more the band or tubing is stretched, the greater the
resistance. But its resistance is not characterized and its tension may vary depending on the
elongation. Thera-Band® uses color progression resistance as can be seen in Fig. 4.6.

Thera-Band® Increase from Preceding 100%
Band/Tubing Color Color at 100% Elongation | Elongation

Thera-Band Tan - 2.4
Thera-Band Yellow 25% 3.0
Thera-Band Red

Thera-Band Green

Thera-Band Silver 40% 10.2
Thera-Band Gold 40% 14.2

QIDNYADY f— HINNIDIE

Figure 4.6: Thera-Band® color progression chart [7].

4.2.2 Characterizing the elastic tubing

Resistance training exercises using elastic tubing depend on the properties of polymers and
thickness, which dictate the level of resistance and the amount of potential energy stored.
The level of resistance changes according to the elongation of the material. The mechanical
properties of tubing are often compared to the dynamics of springs in relation to stiffness but
in the literature, there is no analysis of the Thera-Band tubing that is used in this thesis, for
this reason, it is necessary to characterize it to determine if it is useful for the project.

A sample of 30 cm in length of Thera-Band® yellow tubing was taken, from which 10 stress
tests were taken, the results obtained are shown in Table 4.1, and the graphic behavior is shown
in Fig. 4.7.

Table 4.1: Tension generated for a percentage of Thera Band® yellow.

Deformation x (m) % Elongation Force (N) median

0.03 10 2.34
0.06 20 4.9
0.09 30 6.86
0.12 40 8.53
0.15 20 10.03
0.18 60 11.26
0.21 70 12.43
0.24 30 15.55
0.27 90 14.42
0.30 100 15.42
0.33 110 15.85
0.36 120 16.72
0.39 130 17.66

26



n
(=]

[y
=]

.

L o«-"'l.

.‘
o**
..
14 ',cn‘
(g
‘A"
~ 12 ‘..-
Z *®
.

a 10 ®
= *®
S Iy
= 8 o
L) [N
= .

6 L

L o
*
4 LB
*
*’
2 .
°
0
0 20 40 20 100 120 140

60
% Tubing length change

Figure 4.7: Tension generated for percentage change in length for Thera-Band® yellow color.

Linear regression was used to calculate the tubing tension equation, given by:

T = —92.40557 + 74.9426; + 0.8163 (4.1)

therefore, the stiffness constant k of the elastic cable varies as the cable is deformed. Giving us

the next equation:

k = 355.920% — 250.780; + 96.089 (4.2)

Taking into account that the elastic cable is initially tensioned to a length of 44 cm and taking
into consideration that its initial length is 30 cm, the length of the elastic cables is shown in
Fig. 4.8 without the action of the linear actuator. The tension in the cables produced by the

deformation is shown in Fig. 4.9.
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Figure 4.8: Elastic cable length.
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4.2.3 Springs

Given the linear characteristics of springs we introduce tension springs instead of elastic cables,
from Lee Spring® and one more manufactured in a tool workshop, the chosen parts are:

« LE 034D 14 M

* Outside diameter: 9.524 mm

* Wire diameter: 0.863 mm

* Maximum load: 20.460 N

* Free length: 114.300 mm

* Rate: 0.07 N/mm

* Maximum length: 347.725 mm

* Initial tension: 2.224 N

* Material: Zinc plate and bake per ASTM B633
* Number of coils: 113.3

« LE 031D 11 M

* Outside diameter: 9.524 mm

* Wire diameter: 0.787 mm

* Maximum load: 15.123 N

* Free length: 76.199 mm

* Rate: 0.07 N/mm

* Maximum length: 251.206 mm

* Initial tension: 1.334 N

* Material: Zinc plate and bake per ASTM B633
* Number of coils: 75.6

« LE 026C 15 M

Outside diameter: 6.35 mm

Wire diameter: 0.66 mm

* Maximum load: 13.788 N

Free length: 127 mm

* Rate: 0.06 N/mm

Maximum length: 325.12 mm

* Initial tension: 1.779 N

* Material: Zinc plate and bake per ASTM B633
* Number of coils: 176

o« Manufactured

* Qutside diameter: 12.25 mm

* Wire diameter: 1.36 mm
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Table 4.2: Tension data for the percentage of change in length for springs.

Def. Elong. 034D14M Elong. 031D11M Elong. 026C15M Elong. Manufac.
(cm) (%)  Force (N) (%)  Force (N) (%) Force (N) (%) Force (N)
1 8.75 2.20 13.12 1.23 7.87 2.40 4.20 4.95
2 17.50 3.68 37.73 2.03 15.75 2.90 10.70 7.31
3 26.25 4.53 48.23 2.83 23.62 3.45 14.37 9.18
4 35.00 5.30 59.38 3.63 31.50 4.00 18.18 10.99
5 43.74 6.13 69.55 4.48 39.37 4.50 21.78 12.84
6 52.49 6.85 80.38 5.33 47.24 5.05 25.53 14.64
7 61.24 7.70 89.90 6.10 55.12 5.60 29.00 16.49
8 69.99 8.50 101.05 6.88 62.99 6.15 32.81 18.30
9 78.74 9.28 111.55 7.73 70.87 6.68 36.48 20.12
10 87.49 10.05 121.72 8.48 78.74 7.20 40.09 21.87
11 96.24 10.80 131.89 9.25 86.61 7.78 43.70 23.65
12 104.99 11.58 141.73 10.10 94.49 8.23 47.24 25.42
13 113.74 12.43 151.90 10.90 102.36 8.85 50.85 27.35
14 12248 13.15 163.06 11.65 110.24 9.35 54.66 29.03
15 131.23 13.95 172.57 12.43 118.11 9.83 58.14 30.77
16 139.98 14.88 183.07 13.20 125.98 10.33 61.81 32.64
17 148.73 15.70 195.21 14.08 133.86 10.88 65.81 34.55
18 157.48 16.53 206.04 14.93 141.73 11.43 69.55 36.44
19  166.23 17.33 216.87 15.65 149.61 11.83 73.29 38.08
20 174.98 18.10 227.37 16.50 157.48 12.43 76.97 39.97

* Free length: 120 mm
* Initial tension: 5.46 N

* Number of coils: 64

Checking the spring stiffness constant, it was shown that it varies with respect to those
provided by the supplier, in such a way that the spring stress tests obtained the following

results in Table 4.2.

The spring linear behavior is shown in Fig. 4.10 where a linear regression was utilized to
obtain the spring tension equation from the amount of elongation. Given the following tension

equations:

LE034D14M:

LEO031D11M:

LE026C15M:

Manufactured:

T =79.701z 4 2.10

T =79.435x + 0.54

T = 53.018z 4 1.86

T = 181.77x + 5.46
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Figure 4.10: Tension generated for percentage change in length for Lee Spring® and a manu-
factured spring.

where z is the suffered elongation.

This information is useful in the selection and suitability of tubing or spring, as well as
the reduction of operational costs in rehabilitation programs and training, since the tubing is
about 1/10 part of the cost of spring but its behavior is non-linear and depends on the color
and length of the tubing.

Spring damping

Even when behavior spring seems like expected, they present a damping constant. For example,
for the LE034D14M several tests were carried out to determine the assumed constant. The free
vibration trace measurement shows a 77.77% reduction in vibration after 8 cycles (see Fig.
4.11).

The damping ratio is a parameter denoted by ( (zeta) that characterizes the frequency
response of a second-order ordinary differential equation. For a mass-spring-damper system,
where m is the mass, ¢ the damping coefficient, and k spring’s stiffness constant, the system’s
equation of motion is:

d?*z dx

the equation to the critical damping coefficient:

c actual damping

(=<= (48)

cqg critical damping

the critical damping coefficient is given by:

ca =2Vk-m =2m\/k/m=2m - w, (4.9)
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Figure 4.11: Vibration of spring with a mass of 1.125Kg.

where w,, = y/k/m is the natural frequency of the system.

The logarithmic decrement represents the rate at which the amplitude of a free-damped
vibration decreases &

1
e — 4.10
¢ ") (4.10)

1)

where

€
0 =In— 411
0! (111)

where x; and x5 are the vibration amplitudes at two successive peaks of the decaying vibration.
The system consists of the following parameters:
o« m=1.126kg
e k=79.701N/m
Performing the operations with the given equations we obtain
¢ =0.5653 N-s/m (4.12)

which is the spring damping constant.

4.3 Load cells characterization

For the characterization of the two load cells, the instrumentation amplifier AD620AN and
specific weights were used, the implemented circuit is shown in Fig. 4.12.

Each load cell was fed with a voltage of 9V, and the amplifier AD620AN was modified the
excitation voltage from 3.3 V to 5 V obtaining better results with 5 V. The differents weights
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Figure 4.12: Load cell circuit.

Table 4.3: Load cells.

Load cell 1 Load cell 2

ADC T(N) ADC T(N)
1095 0 4095 0
4070 5.9 4090 6
4030 108 4070 10
3050 16 4025 20
3810 26 3970 25
3730 311 3900 30
3560 41 3800 40
3430 512 3580 515
3330 564 3300 65.4

were measured with a digital force gauge. The AD620AN output signal is connected to an
ADC of the NUCLEO STM32F767ZI, obtaining the Table 4.3:

From the values of the Table 4.3, it is obtained a function that represents the tension getting
the following equations:

Ty = 0.00003652045 4 0.04576167 Ay + 6.341392 x 1077 A3, — 2.8408859 x 109 A3,
T, = 6.2859166 x 107° + 0.007550844 A4 + 0.0000195626 A%, — 5.125059047 x 107243,

Where T is the tension in Newton and Ag. the values of the ADC. Regarding Table 4.3,
higher values were not obtained since the project does not contemplate forces greater than 60N.

To verify the effectiveness of the function, a graph with three different weights was obtained
(see Fig. 4.13a), which were 41 N, 51.2 N, and 56.4 N. These were measured by the load cell in
such a way that they hung, once the measurement was made it was removed and then another
weight was put on it. It should be noted that in Figure 4.13b, the noise is evident, which is
why a digital filter was made for each load cell in MATLAB & Simulink using RCP [77], the
resultant digital filter function is integrated into the main code in SW4STM32. Obtaining the
following results showed in Figure 4.13:

4.4 Model fabrication

Because the physical model is an innovative design, many of the pieces to perform the mentioned
tasks are designed. For this reason, some pieces are manufactured using three-dimensional (3D)
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Figure 4.13: Tension measurement.

printing, although others will be purchased if they exist under the requirements. The factors
considered for the material selection include:

o Cost of the material

o Its ability to manufacture
o Mechanical attributes

o Tensile strength

e Yield strength

The use of Polylactic Acid (PLA) is the best choice for manufactured pieces because of
its properties in strength and stiffness than both Acrylonitrile Butadiene Styrene (ABS) and
nylon. With a low-cost of PLA is one of the easiest materials to 3D print successfully.

Throughout the construction of the physical model, some tests were carried out on the parts
design and the function they fulfilled. Such is the case of Fig. 4.14 where these parts were
replaced by other pieces. Figure 4.14a shows the handle, in which the cables were attached to
it by the four holes that are observed, it was changed because a pulley in the handle makes the
torques perpendicular to it. A motor coupling was designed for the encoder (see Fig. 4.14b),
but there was significant wear, which had to be changed for a metal one. Figure 4.14c¢ shows the
handle pulley in the system, which was changed to increase the angular velocity. The current
handle and handle pulley designs are shown in Fig. 4.15.

Figure 4.16 shows other parts that were printed: where Fig. 4.16a shows the piece that
joins the encoder with the linear actuator, Fig. 4.16b is a 90° joint for the aluminum profiles
of the structure, two pieces serve as a spring-load cell-rod union of the actuator (Fig. 4.16¢)
and Fig. 4.16d is one of the pulleys that serve to redirect the cables inside the structure.

33



(b) Encoder union. (c) Handle pulley.

Figure 4.14: Replaced parts.

(a) Handle.

Figure 4.15: Handle and handle pulley.
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(a) Encoder union. (b) 90 degree union.

(c) Load cell union. (d) Pulley.

Figure 4.16: Other manufactured parts.
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Chapter 5

Adjustable stiffness rehabilitation
device

The rehabilitation system reported in this paper includes four non-elastic cables driven by two
electrical linear actuators, a guiding mechanism consisting of a series of pulleys that serve to
redirect the cables, two springs, two load cells, and a handle with a pulley that reproduces
angular displacements to perform wrist-forearm supination-pronation rehabilitation protocols
(see Fig. 5.1).

Handle

(maneral) Encoder

/“

Arm
Supporter

Handle pulley

Lineal

Actuator 1 (A1) Cables

Guide pulley

Figure 5.1: Mechanical structure.

The rehabilitation structure should accomplish the next goals:

o The size of the adjustable stiffness device should be adjusted to suit different patient sizes.
e The rehabilitation structure should coordinate wrist and forearm movements.

e The movements of the structure should be smooth, while the axes of rotation should
support the rotations of the limbs of the human body, from which they should protect
the patient from any injury.
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5.1 Mechanism description

With the purpose to obtain optimal supination-pronation rehabilitation, an adjustable stiffness
device, it is designed in such a way that when changing its shape, the device can measure and
modify the tensions which it is subjected. The proposed tensegrity system is composed of two
springs, four cables, two linear motors, three encoders, two load cells, and a microcontroller, the
purpose of the structure is to rehabilitate the wrist-forearm through the movement of pronation
and supination that covers a range of motion in the plane from -90° to 90°.

The springs have the objective of generating a variable tension that will be controlled by
the linear motors, while the cables will transmit the movement of the motors to the springs
and the handle. Figure 5.2 illustrates the way the cables are connected to each linear actuator
through a spring, a load cell and two connectors (in blue).

Actuator rod
Load cell

Spring

\ W’%@%@w@@ Cable
Displacement 3‘\

Figure 5.2: Linear actuator, load cell, spring and cable assembling.

Each spring is attached to two rigid cables, and the four cables are attached to the handle
(see Fig. 5.1), where it will act in the plane (x,y), but it will only make a change of rotation
f this in order to analyze the change of the configuration, a change in the potential energy of
the system and therefore the tensions in the elastic cables.

The system will allow greater flexibility in the forces and movements of the therapy such
that the designed application helps patients to overcome muscular weakness. When a passive
movement is performed, the device is in charge of performing the movements without any
intervention (strength) of the patient. On the other hand, when an assisted-resisted movement
is performed the elastic cables will play an important role to create greater tension and with
this to create muscle strength in the human member.

In accordance with traditional rehabilitation protocols for the wrist-forearm (see [5,47,48]),
the following procedure was designed to be used in the rehabilitator device:

o The hand of the affected limb of the patient will grasp the handle either sitting or standing,
if the patient had any discomfort the forearm would be accommodated in a supporter.

o The supination-pronation movement is performed with the arm fully extended or with
the elbow at 90°.

o The supination-pronation ROM that the patient performs will be based on the evaluation
previously made by a physical therapist.

o The variation of the tension in the rehabilitative device will be according to how the
patient is evolving.

To achieve correct wrist-forearm rehabilitation, the rehabilitation device is capable of per-
forming the three rehabilitation stages according to the ROM of each patient since not everyone
can perform a ROM of -90° to 90°, the exercises, and their resistance level will be previously
established by a physical therapist. The rehabilitator performs the three stages as shown in [8].
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Figure 5.3 depicts the movements of the wrist-forearm with the handle, four forces are
present fi, fo, f3, and f; that produce the torque 7. The two movements supination (see Fig.
5.3a) and pronation (see Fig. 5.3c) that the rehabilitator, the two of then start from the neutral
position (see Fig. 5.3b).

(a) Supination (b) Neutral position (¢c) Pronation

Figure 5.3: (a)Supination, (b) Neutral position, (c¢) Pronation [8].

5.2 Modeling

Figure 5.4 represents the one degree of freedom (DOF) system aimed at reproducing the angular
movements shown in Fig. 5.3.

Figure 5.4: Handle with pulley and cables.

5.2.1 Abbreviation

The main parameters of the system are:
e wu; are control inputs.

o [; are the initial lengths of spring.



lo is the free length of the spring.

f is angular motion of the handle.

rp is the pulley’s radius.

0; is the elongation or shortening of the spring.

The dynamic model is developed using the Euler-Lagrange equations that constitute an
alternative formulation to the classic Newtonian formulation. The justification for using them
is that it leads to the correct equations of motion, with the following assumptions.

5.2.2 Conditions

The initial configuration of the system.

o The initial configuration is in a prestressed state. Such that the deformation suffered is:

o There is a geometric symmetry in each cable [y, I, I3, 4.
o The mass of the springs and rigid cables are negligible.

e The mass of the handle with the approximate mass of the hand are the only ones consid-
ered.

o The stiffness constants of each springs are equal ky = ky = K.
o The free length of each elastic element is: Iy = lg; = lgs.

e The initial length is constant and equal in each spring.

o The rotation movement is considered without friction.

o The assigned material and dimension to each element of the structure is defined by the
designer.

o Tension are delimited by:

Tmin S ,—Tz(ea 0) S Tmax (52)

0 is generated by the combined action of four forces fi, f, f3 and f; acting through cables
l1, 1,13 and ly, these cables are tangent to r,. The motion of the rehabilitator device is executed
on the xy plane. Then, the angular motion’s torque 7 generated is parallel to the z axis. In Fig.
5.4, the handle initially is at the neutral position # = 0. If the handle rotates clockwise, 8 > 0,
otherwise 6 < 0 (if this initially is at the neutral position). There is a friction torque k, present
in the relative angular displacements between elements (bearings and shafts, for instance) that
is not considered.

Since cables are tangent to the handle, the couple of forces fi-f3 generate with respect to
the point 0 the torque 713 = 2 f137,,, while the couple fs-f4 generates the torque 794 = 2 fo47,,.

From the conditions, the elongations produced by the deformation of ; = d3 = d13 and the
elongations produced by the deformation of d, = d, = 94, the forces are calculated as:
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fiz = K(l; — lo + 013 + u13)
foa = K(l; — lo + 024 + u24)

where 113, ug4 are the input control displacements due to linear actuators. Then the total torque
T is written as:

T = fis+ foa = [2f137p — 2f2ur] (5.5)
= 2rpK(f13 — f24)
= 2r,K([(l; = lo + 013 + u13)
—(li = lo + 624 + u24)]

= 2r,K|[013 — 024 + w13 — U]

The handle experiences angular motion, then the kinetic energy FEj of the system is calcu-
lated by the Eq. 5.6
1

B, = 51229'2 (5.6)

where I, is the inertia moment of the system with respect to the z axis and 0 = fl—f.

Because there is no gravitational potential energy (E,,) associated with the system, La-
grange’s equation of motion is obtained by:

——— — — =F (5.7)
where £ = Ej, — E,, and F; is the generalized external forces.

Therefore:

1 .
L = 512292 (5.8)

using Eq. 5.8 and defining the incremental deformation as Adyy = 913 — dog and Awuqg — Aoy,
it can be established that:

[zzg = 27“;,K(A(514 + AuM) (59)

For 0 to achieve its full movement, the next inequalities must be satisfied.
For 6 < 0:

013 > 0,u13 >0 and dy < 0,u94 >0 (510)
For 6 > 0:
513 < 0,U13 <0 and (524 > 0,u24 >0 (511)

Where the displacement of d13 and o4 are:

d13 = —2mry0/360 (5.12)

0oy = 27rrp0/360 (5.13)
4r, 70

A = P 5.14

W= (5.14)
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Thus Eq. 5.9 becomes 5.15

_ST’gKﬂ'@

360

+ QTPKA14 (515)

Equation 5.15 relates the angle trajectories to measured angular displacement. Constants
are defined:

8T§7TK
T = —
3601,
c
Cy = —ifz
2r, K
= L
Au = ujz — U

Thus the second-order differential equation of the rehabilitation system with friction is:
0 = 10+ cof) + c3Au (5.16)

with w13 and ugs as inputs of the linear actuator 1 and 2, respectively, which are connected
to the cables 1,13 and ly,l;. K correspond to the spring stiffness coefficient [N/m], r, is the
radius of the handle pulley [m], ¢; is the viscous friction coefficient [kg-m?/s|, I,, is the moment
of inertia’s handle [kg-m?].

Equation (5.16) be written as in equation (5.17) representing a continuous linear system:

ab + b0 + cf = Au (5.17)

where the following relations have been used: a = 1/c3, b = —co/c3 and ¢ = —c;/c3. Then,
by applying Laplace transformation to Eq. (5.17) and stablishing 6 as the output of the system,
the transfer function of the adjustable stiffness device is provided in Eq. (5.18).

1
as?+bs+c

G(s) (5.18)

5.2.3 Moment of inertia’s handle

To calculate I,, we took an approximation of the handle designed in SolidWorks (Fig. 5.5),
where the detailed description of the I,, with the measurements of the Hand Gripper are:

[zz = Izzl + [zz2 + [zz3
MiR: MR

]zzl - —
2 2
1 R2 R2
Lep = 5 Ms(a® +07) +4M; (23 + d?) — 4N (24 + di)
R? M;L?
[zz = 2M, =3 d2
3 6 ( 9 + 2) -+ 12

the masses are M; = 51.46g, My = 2.97g, M3 = 72.3g, My = 11.5g, Ms; = 2.97g, Mg =
10.18g, M, = 42.49¢g
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Figure 5.5: Measurements of the approximate handle.

Therefore the resulting I, is:
I.. = 464061.98¢ - mm?* = 4.6406198 x 10~ *kg - m? (5.19)

The handle designed in SolidWorks and fabricated with PLA has the following mass and
moment of inertia (provided by mass properties Solid Works):

o Mass= 209.37 grams
o I, =460987.98 gr-mm?=4.6098798 x 10~ *kg-m?

5.3 System behavior

With the defined workspace and the dynamic model developed, the configuration of the system
in motion depends directly on its dynamic behavior and the proposed strategy aims to follow
a defined path in the workspace of the actuator being controlled by the forces of this.

Now it is presented in two cases of deformation, a spring is taken and stretched 14 c¢m so
that the system is pre-stressed, in the first case, there will be no displacements u; made by the
linear motors. In the second case, the deformation will occur when the linear motors have a
displacement of 9 cm to 18 cm.

5.3.1 Case 1l

Figure 5.6 shows the case that the inputs u; = 0 and us = 0 and the springs are deformed
due to the rotational movement of the handle. The red line shows the behavior of the spring
connected to the cables [; and I3 and the blue one the spring connected to the cables [, and 4.
The graph shows when the handle moves 6 > 0 the spring connected with the cables [y, [3 will
be lengthened from 14 cm to 22.5 cm, while the springs in I, [4 will be shortened from 14 cm
to 8 cm when 6 < 0 the opposite happens.
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Figure 5.6: Spring length.

5.3.2 Case 2

Now the inputs u; and us under the action of the linear motors will move in a range from 90
mm to 180 mm. The length of spring 1 is shown in Fig. 5.7 and the length of cable 2 is shown
in Fig. 5.8. These figures show the behaviors of the springs through the actuation of the linear
motors. Starting from ¢ = 0 and an initial length of 14 c¢m, the spring will elongate from 22.5
cm to 32 cm when 6 > 0 and the linear motor that is connected to them contracts its stem (S1,
S2) from 135 mm to 90 mm. On the contrary, it will be shortened from 14 ¢cm to 8 cm if the
stem that guides it makes a forward movement from 135 mm to 180 mm.

Figure 5.7: Spring 1 length with linear motor action.
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Figure 5.8: Spring 2 length with linear motor action.

5.3.3 Control actions

To design adequate control, it must be taken into account that there is no control theory in
the design of this type of system. One consideration is that actions of local control can be
distributed throughout the structure. Where the variation of the initial configuration will be
made with the systematic variation of a member (Linear actuator) in which it will change
position, the predefined solutions with maximum and minimum values in the coordinates will
be estimated. It has to consider material, and structural failures, as well as propose a range of
energy and restrictions of the elements involved. For control issues will not consider:

o Complex oscillatory movements
o Non-linear elastic interactions.

The control must modify the position and tension of the adjustable stiffness device. The
control will be carried out by means of the linear motors, it is evident for the geometrical
symmetry only 2 linear motors can be used u;,us which are linked to the deformation of the
springs 01, 0o respectively.

5.3.4 Stiffness

The stiffness is the resistance of the 1-DOF stiffness variable rehabilitator to displacements
when an external force F' is applied. When F' = 0, there are no external forces that modify
the position of the system, that is the system is in equilibrium o in its initial position. The
equilibrium system is when its potential energy is at a minimum, as shown in Fig. 5.9.

By differentiating the potential energy with respect to €, it can get obtain the behavior of
the force F' expressed in the equation 5.20

OE,

F el
00

(5.20)

The graph of 5.20 versus # is comprehended as the stiffness profile (shown in Fig. 5.10).
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Figure 5.10: Stiffness profile.

The system stiffness K can be obtained with the partial derivative of equation (5.20) with
respective to 6:

_OF

K= ——
06

(5.21)

From Fig.5.11 it can be seen that when a tensile force is applied the stiffness increases, while
it decreases when a compression force is used. The stiffness is related to 6 and the critical value
defined as 0,,;, that corresponds to a F,;, from Figure 5.10. It is seen that the stiffness is at a
local maximum when the system is in stable equilibrium while it is a local minimum when the
system is in unstable equilibrium.
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Figure 5.11: Stiffness.

The phase portrait of the system is shown in Fig. 5.12. Therefore the trajectories close
to the equilibrium point can be guaranteed to stay within a cycle centered at the equilibrium
point.

40/
30}
20/

3 2 a1 0 1 2 3
0
Figure 5.12: Phase portrait.

The steady-state response at 60° of the systems is shown in Fig. 5.13, which produces a
change in the potential energy of the system (Figure 5.14).

The steady-state response at 45° of the systems is shown in Fig. 5.15, which produces a
change in the potential energy of the system (Figure 5.16).

5.4 PID design controller

The PID controller is widely used in industrial processes and in general in any automatic process
because is an accurate, stable, and reliable controller. This controller has the transfer function:

K;
Gp[D:Kp—i‘*—i—KdS (522)
S
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Figure 5.15: Steady-State Response at 45°. Figure 5.16: Potential energy at 45°.

The control law in the time domain is given by:

de(t)
dt

The main purpose of using the control law (5.23) is to drive the error (e) to zero in a control
loop feedback device.
From Eq. (5.18) and using the PID controller transfer function (5.23), the closed loop (G¢p)
transfer function, with negative and unitary feedback, is given by:
K;s? + K,s+ K,

_ 24
Gorls) = 757 (b4 Kaq)s® + (e + Kp)s + K o

(5.23)

t
u=K,e(t) + Ki/ e(r)dr + K4
0

The closed loop characteristic polynomial Pgy, is provided in Eq. (5.25).
Pop(s) =as® + (b+ Kg)s* + (c+ K,)s + K; (5.25)

Where K, is the proportional gain, K; is the integral gain, and K, is the derivative gain of
the PID controller.

To determine the ranges of the PID gains that will result in a stable system, the Routh-
Hurwitz criterion is used. t is simple to verify that inequalities (5.26) need to be, simultaneously,
satisfied in order to guarantee closed-loop stability of the system.

K, > 0

K, > 0

K; > 0 (5.26)
(b+ Kg)(c+ K,) > akK;
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Based on parameters values, a > 0,b >0, ¢ >0 and ¢ > b > a.

5.5 Asymptotic sliding mode controller (ASMC)

The SMC has been used in many applications, proving to be an efficient control technique,
first-order SMC has high-frequency switching causing chattering which is an undesirable phe-
nomenon in practical applications, the ASMC uses the sliding mode function in terms of control
function derivative, becoming the controller algorithm into a continuous control [37]. Although
the ASMC algorithm performs well in simulation, tracking error dynamics do not converge
to zero in practical implementations, to overcome this difficulty in [79] an integral term of
measurement, error is added to the ASMC algorithm as follows.

The following second-order model (5.27) with disturbances and unmodeled dynamics (p)
represents the experiment dynamics:

Ztl = T3 (527)
To = axi+p+hu

Where p is a time-state function that represents the uncertainties of the system such as
the non-linearity of the springs, the static friction, and the disturbances. The analysis of the
ASMC is shown in the submitted article sliding mode controllers for an adjustable stiffness
wrist- elbow rehabilitator (see appendix B).

5.5.1 Simulation asymptotic sliding mode controller

Figure 5.17 shows the desired trajectory (dotted red line) together with the output signal
(continuous blue line). Figure 5.18 illustrates the behaviors of the tracking error (e;) in magenta
of the tracking error that varies according to —1° < e; < 1°. It is highlighted that maximum
values of this error correspond to ridges and valleys where the handle of the system is reversing
the direction of rotation: clockwise-counterclockwise-clockwise and so on. The green line shows
the control signal that represents the movement of the linear actuator stem.

100

Position (deg)

0 100 200 300 400
Time (s)

Figure 5.17: Handle position with ASMC.

5.6 SOMS Super-Twisting Controller

The ST controller is a robust and continuous control that uses the first derivative of the slid-
ing variable and drives the sliding surface and its derivative to zero, this control avoids the
chattering effect and rejects bounded perturbations.
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Figure 5.18: Error and control signal with ASMC.
Considering the system (5.27) the sliding surface s is defined as:
s = (9d — Zlfg) + )\(Hd — ZUl)
= e9+ A €1 (528)

Where 6, is the angular position trajectory reference.

The analysis of stability and the proposal of the ST controller considering a Lyapunov
function is shown in the submitted article sliding mode controllers for an adjustable stiffness
wrist- elbow rehabilitator (see appendix B).

5.7 Simulation Results

This section reports the numerical results obtained from the simulation of the ST controller, it

is tested by a tracking reference signal represented by a sinusoidal trajectory of the magnitude
of 90 and frequency of 0.1 Hz.

Table 5.1: Control parameters.

Parameter Value

o 550
Qo 100
) 500
€ 1
) 800 —75
Matrix P [_75 3 ]

According to the five conditions mentioned in the submitted article sliding mode controllers
for an adjustable stiffness wrist- elbow rehabilitator:

l.e=1= a3 =750 > 2¢, ap =200 > 0

2. Po=-75<0
285625

3. P; =800 > ~ 381.34
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29
4. Poy =8 > — ~ 1.318
22 > 29

5. P222+€P22+P12:—3<0

Figure 5.19 shows the desired trajectory (dotted red line) together with the output signal
(continuous blue line). Figure 5.20 illustrates the behaviors of the tracking error (e;) in magenta
the tracking error has smaller values than the ASMC strategy, except for an initial behavior
where a variation in the interval [-1 °; 3 °] can be observed, the tracking error remains close
to zero for the rest of the test. The green line shows the control signal that represents the
movement of the linear actuator stem.
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Figure 5.19: Handle position with ST.
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Figure 5.20: Error and control signal with ST.

5.8 Observer

Figure 5.21 shows the proposed configuration control where the control objective is considering
the sliding surface s, the proposed controller combines a Super-Twisting Algorithm (STA)
feedback control with a Generalized Variable Gain Super-Super-Twisting (VGSTA) Derivator
used as State Observer which estimate éd.

From 5.16, this model can be expressed under the following state space form [0, 8] = [z1, z):

jjl = T2 (529)
To = axy+brs+hu

The sliding surface (5.28) and the super-twisting control algorithm (??), a robust and ex-
act derivative is proposed with convergence in finite time, by means of the STA or VGSTA

20



Desired
Trajectory,

Sliding
Surface

Super
Twisting

Observer

System

Figure 5.21: Control scheme with observer.

algorithm. If an input signal z(¢), which is defined in the interval [0, c0) and by measurement
noise bounded with unknown characteristics and a base signal z((t) with first derivative that
has a global Lipschitz constant L > 0. The problem is to find a real-time estimate of &(¢). The
proposed VGSTA has the form:

ry = .@24-21 (530)

Ty = f(t,l'l,f%Q,U)—f—ZQ

where Z; and Z, are the state estimates, while the correction variables z; and z, are the output
error injection of the form:

zZ9 = —]{Zg(t)ng(fl) (532)

the terms ¢y 2(71), where z; = x; — 2

o1(Z1) = |71V ?sign(Zy) + ksZ (5.33)
T = 64(8) = geim(@) + Sholm|sien(m) + K (5.34)
We have:
@1:: —ky (1)1 (1) + o (5.35)
By = —ka(t)do(21) (5.36)

when k3 = 0 and kq, ko are constant, this algorithm becomes the STA. The additional k3
term allows dealing with linear disturbances. If k3 > 0 and k1 (t) and ko(t) are:

= l L(t)2 € € € €
h@)_.6+5{ L +2L@+»+(B+4%

ko(t) = B+ 4e® + 2eky (1) (5.37)

where > 0, € > 0, § > 0 are arbitrary constants and L(t) is a known continuous function.
The existence of a constant L > 0 is guaranteed when the system states are bounded, then,
the inequality:
|F<t,$1,l‘2,i’2)’ <L (538)

If we consider the error as e; = &1 — z(t), ea = &9 — (1), it is obtained:

6 = @y —i(t) (5.39)
by = @y —i(t) (5.40)
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The dynamic error is:

él = 62—k1(t>¢1(61) (541)

where |%(t)] < L(t), always that L(t) > 0, be a continuous function in ¢ € [0,7), 7 > 0.

5.8.1 Simulation Results

The reported numerical results are shown in Fig. 5.22 from the controller (??) and the observer
(5.30). The STA-VGSTA is tested under the control requirement which consists in tracking a
reference signal represented by a sinusoidal trajectory of the magnitude of 90 and frequency
of 0.035 Hz. Figure 5.22a shows the handle tracking performance with the ST controller, the
tracking error (5.22b) is close to zero, except in the begging of the simulation and in the ridges
and valleys of the input signal. The observer performance is shown in Fig. 5.22¢ and Fig.
5.22d, where the observer estimates the value of the rotational velocity of the handle (red line),
as in tracking position (see Fig. 5.22a), the velocity estimation error are quickly steered to zero
remains close to zero (see Fig. 5.22d), except for the simulation start where the error varies
from -1.5 deg/s to 4.5 deg/s.
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Figure 5.22: ST position control and VGSTA observer.
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Chapter 6

Experimental results

The proposed linear actuator control is shown in Fig. 6.1, to get the accuracy of position
(millimeters) it is used a PID controller, the NUCLEO STM32F767Z1 microcontroller, an
L298N motor driver is used to execute the control signal (PWM) and to switch the motor’s
direction, and an encoder is used to provide position feedback. The implementation code is
considered to generate the PWM output using PID and sliding mode controllers.

PID Controller

L.298 Motor Linear Actuator

Reference  + error Driver 5. | Position Output
w3 ¥ =

Desired Position

Nuclen; STM32F767Z1

Actual Position ﬁ L

measured

Encoder

Figure 6.1: Linear motor control diagram.

Because the encoder pulses indicate a motor displacement, the motor speed can be approxi-
mated by a specific interval of time by calculating the number of pulses divided by the sample’s
time. With a maximum speed of 4.2 mm/s as can be seen in Fig. 6.2.
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Figure 6.2: Linear motor response.

The first-order model approximates the linear motor model is:

w(s)  0.83151
V(s) 1.867601s+ 1

(6.1)
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Where the fit of estimation data is 90.61%, then the motor transfer function, where the
system input will be represented by the voltage supply V' (s) and the output is the displacement
D(S) of the piston rod is:

D(S)  0.83151
V(S)  1.867601s2 + s

(6.2)

6.1 Linear motor experimental results

The following points are important to be able to control linear actuators: 1) Adjusting the
controller values and Simulink data reception sampling times and 2) Adjust the signal input
with the restrictions of linear actuator length and maximum/minimum velocity.

Figure 6.3 shows the trajectory tracking of two signals, the rod of the linear actuator (out-
put) must follow the reference signal, and a closed-loop control is performed as shown in Fig.
6.1.
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(a) Tracking trajectory 1. (b) Tracking trajectory 2.

Figure 6.3: Control position based for 1 linear actuator.

Figure 6.4 shows the trajectory tracking of two signals, there is a reference signal (red), and
the linear actuator 1 follows just the positive trajectory when the reference becomes negative
the actuator remains at 0°. Linear actuator 2 follows the negative trajectory, when the reference
returns to positive values actuator 2 remains at zero 0°.

Figures 6.3 and 6.4 show adequate trajectory tracking, according to the PID control and
the linear actuator model (Eq. (6.2)), it is important to emphasize that in order to perform a
tension adjustment and trajectory tracking in the rehabilitation system, the actuators must be
completely controllable.

6.2 Open loop control

In the open-loop configuration, the control action (PID) is totally independent of the output
of the system handle (6). Figure 6.5 shows the system’s configuration control:

The following experiments (Fig. 6.6 and Fig. 6.7) were carried out to see the system nature
in an open-loop configuration, Fig. 6.6 shows the behavior of the adjustable stiffness device
when it does not have springs, Fig. 6.6a shows the trajectory tracking, that despite good
tracking, the error (see Fig. b) has maximums of +5 degrees that occur when the trajectory
reaches the 90° and -90°.
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Figure 6.6: Control position open loop without springs.

Figure 6.7 shows the behavior of the system with the two springs with two different references
(Ocr). Figure 6.7a has as a reference a signal that goes from 90 to 90, with constant speed,
while Fig. 6.7b has a sinusoidal reference, in which the speed varies. When introducing the
springs to the system and since there is no feedback from the output, the behavior of the system
is not favorable, since the tracking does not reach the highest points where it should go (90° and
-90°). This behavior is more evident in Fig. 6.7b by having a sinusoidal signal as a reference.

6.3 Tension adjustment
Figure 6.8 shows the control proposal, it is divided into two parts, in Fig. 6.8a a trajectory

tracking is carried out by the system from 0 s to 25 s where it reaches the desired trajectory,
in this point is where the tension control intervenes from 25 s to 60 s, following a tension
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Figure 6.7: Control position open loop with springs.

modulation from 10 N to 25 N (see Figure 6.8b), this modulation leads to the handle having a
deviation in its position.
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Figure 6.8: Position and tension adjustment technique.

Figure 6.9 shows the same technique performed as that of Fig. 6.8, in this test the tension
adjustment is for 3 s every half cycle, and the results obtained are shown in Fig. 6.9a. Figure
6.9b shows the voltage peaks of Tension 2, showing an approximate tension of 23 N. Fig. 6.9¢
shows in more detail where the control modulation is performed while Fig. 6.9d shows the
Average error divided into two parts the part, Error™ is the positive trajectory and the Error™
that is the negative trajectory.

6.4 Experimental results with lineal controllers

The second-order differential equation that describes the motion of the rehabilitator device with
viscous friction is delivered in Eq. (6.3).

0 = 10+ 0+ csu (6.3)
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where 6§ = %, 6 = Z—f, c1, ¢o and cg are physical parameters whose values are shown in Table

6.1. The control is generated by the mixed efforts of u; and wusy of the two linear actuators as
U= Uy — Us.

Table 6.1: Physical parameters.

Gain Value Units
cl —2403.80 deg/s*
o —439.56  deg/s

3 9772.10  deg/m s>

Since supination-pronation rehabilitation exercises are a series of repetitive movements, with
the same intensity and duration, the control informed in this thesis focuses on a trajectory-
tracking problem. Then, a position-based tension control strategy is design with sinusoidal
trajectories, with an amplitude of 90° and a frequency that can vary depending the patient’s
necessities. The Amplitude and frequency are adjusted with the help a physical therapist.

Fig 6.10 shows the control strategy with two linear controllers, the PD controller in charge
of regulating the system’s stiffness with tension measurement feedback provided by the load
cells and the PID controller in charge of tracking regulation with angular position feedback
measured by the encoder. The saturation block limits the action of controllers and motors, due
to the physical restrictions of the system itself. According to the rehabilitation stage in which
the patient is, the PD and PID controllers will switch to carry out the assigned task. Table 6.2
delivers the values of the gains for the PID controller and PD controller.
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Table 6.2: Gain values.

Gain PID PD

k,  99.18 53.34
ki 029 ——
ke 89.26 20.42

A series of experiments carried out on the adjustable stiffness device is shown in the article
published in 2022 [8] as shown in Chapter 7, in which experiments were carried out for the three
stages of rehabilitation: passive, active-assisted, and active. In the three cases, favorable results
were shown, when the Tracking trajectory occurred (handle angular position), errors of less than
2% were achieved, and also when the system tension was adjusted, the springs and cables keep
the desired value. A phenomenon occurred at the beginning of each experiment when the
rehabilitator started, which took some time to react due to the springs, this phenomenon is
due to the fact that the springs take some time to release the energy.

6.5 Experimental results with sliding mode controllers

The general idea of the sliding modes control strategies is illustrated in Fig. 6.11. But instead
of PID and PD controller in this section is used the ASMC and the STA. To satisfy the
passive and active phases of rehabilitation, the control strategy combines tension adjustment
and trajectory tracking with two loops, one feedback for the tracking and the other for tension
control by means of an encoder and load cells, respectively. Each control strategy (ASMC or
STA) allows to alternate between the trajectory tracking control and the tension control using
the switch observed in Fig. 6.11.

6.5.1 ASMUC results

The experimental results obtained with ASMC and with the aim of emulating the full ROM
for supination-pronation wrist-forearm passive rehabilitation phase, the reference is 0,.5 =
90sin(0.09¢). The tracking reference is shown in Fig. 6.12a where good tracking can be ob-
served. The tension evolution as the position change is shown in Fig. 6.12b. The mean tracking
error of 2.07° can be observed in Fig. 6.12c.
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Figure 6.12: Trajectory tracking with tension adjustment, ASMC controller.

For the active rehabilitation phase the user performs the movement depending on his/her
ROM, the adjustable stiffness rehabilitation device has a predefined torque that can be adjusted
depending on the strength of the patient.

Figure 6.13a shows the angular position of the handle when the user performs the exercise,
this movement can be carried out at the speed that the user can do it. The evolution of the
tension is observed in Fig. 6.13b where they remain in a range due to torque restriction. The
total torque with a reference value of 4.3 Nm is shown in Fig. 6.14.
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6.5.2 STA results

The STA is tested on the adjustable wrist-forearm physical rehabilitator obtaining results shown
in Fig. 6.15. The tracking position turns out to be quite good along the entire trajectory except
at the peaks and valleys of the sine wave (see Fig. 6.15a), the mean error in this experiment
without tension adjustment is 2.3077°, which can be observed in Fig. 6.15b.
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Figure 6.15: Position control without tension adjust, ST controller.

The following experiments are made with the same conditions established for the experi-
mental test with the PID, PD, and ASMC strategies for the passive rehabilitation phase,
which involve: reference trajectory and tension, the same time intervals for tension adjust-
ment, and full supination-pronation ROM. First, the super-twisting controller is implemented
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to

track a reference trajectory and adjust the tension system (see Figures 6.16a and 6.16b).

Super-twisting being a controller that is robust to bounded disturbances, it is expected to have
a better performance than linear controllers (PID and PD), the tracking error which can be
observed in Fig. 6.16c shows a lower mean error than the controllers presented above which is
1.486° which represents more than %50 improvements with respect to linear controllers.
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Figure 6.16: Trajectory and tension behaviors with load, ST controller.

For the active rehabilitation phase the user performs the supination-pronation move-
nt at his/her own pace and ROM. Figure 6.17a reports the trajectory carried out which

tries to emulate full ROM for a healthy person, Fig. 6.17b shows the tension evolution for

the aforementioned trajectory, the two tensions remain in a range because the system torque
requires to be constant.
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Figure 6.17: Trajectory and tension behaviors with torque reference, ST controller.

The total torque with a reference value of 3.6 Nm is shown in Fig. 6.18.
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The results show that emulating passive rehabilitation throughout the full ROM, results in
a mean error of less than 3.6° for the four control strategies presented which represents less than
4% total error. The PID/PD controllers were the ones that obtained the highest mean error in
the tests with 2.45°. This error is used for the comparison of the presented SMC strategies, with
the ASMC, a 19.5% reduction of the error is obtained, with the ST /PD controller, the obtained
reduction of the error is 28.27%, and finally, for the ST/ST controller, the error obtained had
a 65.5% of improvement in relation to the PID/PD controllers.
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Chapter 7

Conclusions

A new rehabilitation device has been reported in this thesis. This system is oriented to wrist-
forearm supination-pronation exercises as part of rehabilitation protocols defined by physical
therapists. The reported device is based on an adjustable stiffness approach to adapt torques to
the medical conditions of potential patients. Based on experimental tests, the effectiveness of
the rehabilitation device has been demonstrated, in addition, three control techniques have been
tested for tracking and tension control which are responsible for carrying out the rehabilitation
protocols.

Three main aspects have been validated: the effective trajectory tracking performed by the
system, its capacity to regulate tensions in the cables, and its capacity to adjust the applied
torque that represents the adjustment in the system stiffness. The execution of the wrist-
forearm supination-pronation task, through several cycles, has been experimentally validated
by contracting and releasing tension in the cables of the device by the control signals generated
by two linear actuators.

The use of the adjustable stiffness rehabilitator reported in this paper in the passive, active-
assisted, and in active phases of rehabilitation protocols has been demonstrated through ex-
perimental tests providing satisfactory results.

The control strategies proposed were proved experimentally assessed in terms of track-
ing trajectory and adjustable stiffness for the three phases of rehabilitation. Two linear control
(PID and PD) and two continuous-time sliding modes controllers (asymptotic sliding mode and
super-twisting) have been implemented and tested for a set of real-time experiments. Linear
controllers have proven to be more effective in tension adjustment while sliding mode controllers
present high accuracy when tracking the angular position of the device’s handle or in the com-
bined action of position and tension scenario. The obtained experimental results place the two
SMC strategies as excellent candidates to perform the tasks aimed at the rehabilitation of the
forearm-wrist supination-pronation motion. Based on the experimental results reported in this
thesis, it can be established that the super twisting controller possesses better performance for
both scenarios with and without the presence of external disturbances.

Future work:
o Design a simultaneous strategy control of tracking and tension adjustment.

o Improve the design of the prototype, in the aesthetic aspect as well as in the reduction of
friction in its components.

o Carry out tests with patients who are undergoing forearm-wrist rehabilitation to assess
the effectiveness of the system.
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o Characterize the appropriate torques, forces, and speeds to accomplish an appropriate
rehabilitation process, both in passive and active phases.
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Published article

Adjustable stiffness-based supination-pronation forearm
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Appendix B

Submitted article

Sliding mode controllers for an adjustable stiffness wrist-
elbow rehabilitator
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Figure B.1: Heading of the submitted work.
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Appendix C

Experimental platform

Construction of the experimental platform.

Throughout this project, a prototype of the forearm-wrist rehabilitator was made as shown in
Chapter 4 and 5, where the proposed control strategies and the experiments carried out for the
three forearm-wrist pronation and supination rehabilitation protocols are validated.

Figure C.1: Experimental platform.
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