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ABSTRACT

Stroke is a prominent cause of disability on a global scale, often resulting in hand
impairment that significantly hinders a person's ability to carry out daily activities. Soft
actuators present a promising technology for addressing hand impairment in stroke
patients, offering a more versatile and adaptable approach to actuation. Despite the
benefits of soft actuators, their nonlinearity presents a challenge when it comes to
modeling, controlling, and achieving swift response times. Due to the nonlinearity of
the system, open-loop systems are not suitable for soft actuator applications. Open-
loop controlled pneumatic actuator muscles often struggle with high precision control.
The drawbacks can be addressed by implementing a closed-loop control system. The
objective of a closed-loop control approach is to perform a dynamic task while
enhancing precision, robustness, and actuator conformance to the environment. In this
study, one approach to implementing closed-loop control is through system
identification (SI), using a transfer function that simulates the actual actuator. The
auto-regressive model structure was selected for this study. Pseudo-random binary
sequences were employed as the input signal for the SI process. The implementation
of a proportional-integral-derivative (PID) controller enabled the control of the angle
of the Fiber Braided Bending Actuator (FBBA). Additionally, two tuning techniques
were proposed for the PID controller, namely the auto-tuning method and the genetic
algorithm method. Both controllers’ real-time experiments and simulations are
analyzed. The results indicate that, compared to PID tuned using the auto-tuning
method, PID tuned using GA demonstrates a significant improvement in both

simulation and real-time experiments.
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ABSTRAK

Strok ialah punca utama kehilangan upaya seseorang pada skala global, selalunya
mengakibatkan kecacatan tangan yang secara ketara menghalang keupayaan seseorang
untuk menjalankan aktiviti harian. Penggerak lembut mempersembahkan teknologi
yang menjanjikan untuk menangani kecacatan tangan pada pesakit strok, menawarkan
pendekatan yang lebih serba boleh dan boleh disesuaikan untuk penggerak. Di sebalik
faedah penggerak lembut, ketaklinearan penggerak lembut memberikan cabaran
apabila melibatkan pemodelan, mengawal dan mencapai masa tindak balas yang
pantas. Disebabkan oleh ketaklinearan sistem, sistem terbuka tidak sesuai untuk
aplikasi penggerak lembut. Kawalan penggerak pneumatik gelung terbuka sering
bergelut dengan kawalan ketepatan tinggi. Kelemahan boleh diatasi dengan
melaksanakan sistem kawalan gelung tertutup. Objektif pendekatan kawalan gelung
tertutup adalah untuk melaksanakan tugas dinamik sambil meningkatkan ketepatan,
keteguhan dan pematuhan penggerak kepada persekitaran. Dalam kajian ini, satu
pendekatan untuk melaksanakan kawalan gelung tertutup adalah melalui pengenalan
sistem (SI), menggunakan fungsi pemindahan yang menyerupai penggerak sebenar.
Struktur model auto-regresif telah dipilih untuk kajian ini. Urutan binari pseudo-rawak
digunakan sebagai isyarat input untuk proses Sl. Pelaksanaan pengawal terbitan-
integral berkadar (PID) membolehkan kawalan sudut Penggerak Lentur Jalinan Fiber
(FBBA). Selain itu, dua teknik penalaan telah dicadangkan untuk pengawal PID, iaitu
kaedah penalaan automatik dan kaedah algoritma genetik. kedua-dua pengawal
dianalisis dalam simulasi dan masa nyata. Keputusan menunjukkan bahawa,
berbanding dengan PID yang ditala menggunakan kaedah auto-tala, PID yang ditala
menggunakan GA menunjukkan peningkatan yang ketara dalam kedua-dua simulasi

dan eksperimen masa nyata.
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CHAPTER 1

INTRODUCTION

1.1 Project Background

The leading cause of death for Malaysians is cardiovascular and circulatory disorders,
including cerebrovascular diseases (stroke), accounting for 21.65% of deaths in
hospitals under the Ministry of Health (62,205), and 23.79% in private hospitals in
2018 [1]. The aforementioned risk factors have been implicated in the escalation of
stroke incidence among individuals who are under the age of 65, whereby the male
population experiences the greatest surge with a staggering increase of 53.3%, while
the female demographic exhibits a significant augmentation of 50.4%, emanating from
the age category of 35 to 39 years [2]. Traditional rehabilitation interventions are
known to be insufficient in aiding stroke patients in regaining the capacity to lead an
active lifestyle following their discharge. Moreover, such interventions do not
effectively mitigate the risk of secondary stroke and other grave complications [3].
Results from the National Neurology Registry in Malaysia indicate that the majority
of stroke patients, specifically 79.2%, experience their first-ever stroke. Conversely, a
minority of patients, constituting 20.8%, suffer from a recurrent stroke [4].

Stroke can lead to various impairments, including finger impairments, based
on stroke location and intensity. Motor area stroke results in one-sided body weakness
or paralysis, including fingers. This is known as hemiparesis or hemiplegia, depending
on the severity of the paralysis. The impairment of the fingers caused by stroke is
known as hand function impairment, which can range from mild weakness to complete

paralysis. A common type of finger impairment after a stroke is known as spasticity,
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which is a condition where the muscles become tight and stiff, making it difficult to
move the fingers. This can lead to a decrease in fine motor control, making it
challenging to perform daily tasks, such as grasping objects, writing, and typing.
Another common type of finger impairment is weakness, which occurs when the
muscles responsible for finger movement hardly receive enough stimulation from the
brain. This can result in difficulty with gripping and manipulating objects as well as
fine motor activities. The severity of finger paralysis can vary depending on the degree
of brain damage and the individual's overall health. To address finger impairments
caused by stroke, there are a variety of rehabilitation methods that can be used,
including physical therapy [5], occupational therapy [6], and splinting [7]. These
methods are designed to improve hand function, reduce pain, and help individuals
regain as much independence as possible. Some specific techniques that can be used
in rehabilitation include range-of-motion exercises, strengthening exercises, and
sensory re-education [8]. In addition, various assistive devices, such as wrist braces
and adaptive utensils, can be used to help individuals compensate for their impairments
and improve their ability to perform daily activities.

Nevertheless, during inpatient recovery, patients experience time wastage that
should be used profitably for successful rehabilitation. The insufficiency of therapy
sessions in regards to metabolic stress calculation is a hindrance in inducing a
cardiopulmonary training effect for patients in a post-stroke setting. Patients are
inactive for 21% to 80% of the rehabilitation time [3]. The term rehabilitation process
refers to a procedure that requires cooperation between various practitioners, the
patient and family involved. With solid and meaningful objectives formulated along
with the patient, this phase should be undertaken. The rehabilitation regimen may face
limitations on occasion, due to the medical circumstances of individuals who have
suffered a stroke; healthcare providers sometimes exhibit excessive vigilance. The
physical and occupational therapists, for instance, may be afflicted with apprehension
or worry about intensifying the degree of physical activity for these patient.

Stroke rehabilitation is targeted at two target behaviors that consistently work
with a rehabilitative approach in all areas of patient care, and also work with the
objectives of patients consciously and systematically. Approximately 66% of
individuals who have experienced a stroke are confronted with enduring disability and
limitations in upper limb mobility, posing a significant obstacle to their recovery. This

dilemmais particularly prevalent in developing nations, where there is a pressing need
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for cost-effective rehabilitation interventions [9]. Therefore, rehabilitation robots have
been recognised as productive and may be a cost-effective alternative to traditional
rehabilitation facilities that offered highly rigorous and repetitive training [10]. Robot-
assisted therapy represents a novel and auspicious strategy for rehabilitation that has
demonstrated its efficacy in enhancing motor capacity, particularly in the context of
finger rehabilitation following a stroke. The therapy involves the use of robotic devices
to assist with rehabilitation exercises designed to improve range of motion, strength,
and coordination. The utilization of soft actuators for finger rehabilitation is
progressively becoming more prevalent, as they possess the capacity to replicate the
innate movement of the human body and furnish particularized, delicate aid to the
fingers.

In recent times, soft actuators have become more popular in research and
industry because of their advantages over rigid actuators [11]. The incorporation of
soft actuators has led to entertainment being integrated into the rehabilitation process,
as noted in a study by [12]. The study designed a music rehabilitation glove and
developed a mode of rehabilitation training that utilized multisensory interaction,
encouraging users to complete hand rehabilitation exercises and aiding in their
recovery preparation for hand functionality at home [13]. An alternative to motion
recovery are robotic-based rehabilitation [14]. In the preceding decade, there has been
considerable advancement in the realm of soft robotic gloves. These gloves possess an
extraordinary aptitude to facilitate individuals in executing finger movements, which
are indispensable in carrying out day-to-day routines (ADL) and auxiliary activities
(IADL). The aforementioned activities necessitate the ability to clasp objects, and
these gloves enable individuals to do so with ease and comfort [15]. Individuals who
have experienced a stroke can harness the power of a soft robotic exosuit to assist their
paretic plantar flexor muscles, resulting in remarkable improvements in both speed
and distance that are clinically significant [16].

Soft actuators are typically composed of tremendously extensible elastomeric
substances or silicone polymer making their operation safer than rigid actuators such
as electric motors, and hydraulic and pneumatic cylinders [17]. The utilization of soft
actuators has a diverse array of potential applications, encompassing manufacturing,
manipulation, gripping, human-machine interaction, locomotion [18]. Soft actuators
possess a high degree of compliance and are cost-effective to produce, rendering them

suitable for use in both structured and unstructured environments [19], lightweight,
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high power-to-weight ratio, are safer to access than their counterparts [20]. Numerous
methodologies have been formulated for the fabrication of soft actuators, including but
not limited to the McKibben muscle, balloon-type, elastomeric-based, and a plethora
of others.

McKibben’s is a popular choice for soft actuators. It is a standard Pneumatic
Muscle (PM) that has a double helical braid wrapped around an elastic cylindrical tube.
It can produce large contraction strains, high blocked forces, and fast response time
[21] making it suitable for rehabilitation purposes. The structural compliance of soft
robots is another feature that might help to improve inherent safety. Due to its
lightweight and compliant physical structure, McKibben’s muscles are especially well
suited to meeting these requirements [22]. Soft actuators typically have fewer sharp
edges or pinch points, reducing the chances of entrapment or injury. The intricate
motion patterns of the human hands coupled with their restricted joint range of motion
render rigid accessory equipment capable of causing further injuries.

In light of this, the soft robot presents a promising avenue for exploration in
the field of rehabilitation within the robotics industry. Notably, the Fiber Braided
Bending Actuator (FBBA) represents a novel liquid silicone and thread-based
invention that can be conveniently affixed to the dorsal aspect of the human hand [23].
When the soft actuator undergoes inflation or deflation, it concomitantly undergoes
deformation and a consequential bending and stretching motion of the hand. This
process occurs repeatedly with deformation. In the care of movement-disabled stroke
patients, robot-assisted therapy has become a prevalent practice of late. Due to its
inherent enforcement and safety characteristics, PM stands out as one of the most
promising actuators for rehabilitation robots.

Despite the advantages of soft robots, they also pose several challenges as soft
robots are made of compliant materials that exhibit nonlinear and time-varying
behaviour, which can be difficult to model and control. Soft robots are a relatively new
technology, and there are currently no standardized methods for controlling them. As
aresult, researchers and developers must often design custom control systems for each
specific soft robot application. It is also challenging to obtain accurate measurements
of the robot's position and movement, which can impact the effectiveness of the control
system. Soft robots can be highly complex in their design, with many degrees of
freedom and a high level of flexibility. Consequently, the process of designing and

implementing an effective control system that can provide the necessary level of
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assistance and feedback is difficult. The design and control of soft robots require
specialized knowledge and expertise in areas such as materials science, robotics, and
control theory. Therefore, the number of researchers and developers who can work on
soft robot applications is limited.

The FBBA utilised in this research was based on previous research by M.
Nordin et. Al. [24]-[28]. The researchers have developed a single chamber actuator
with two fiber braided angle reinforcements. A single-chamber soft actuator is a type
of soft actuator that consists of a single inflatable chamber or compartment. It is
designed to mimic the movement and functionality of natural muscles by utilizing the
deformation of soft materials. The developed FBBA system was an open-loop without
any control mechanism. Therefore, there is no feedback data for the bending position.

This research focuses more on modelling and controlling the FBBA position.

1.2 Problem Statement

The previous project focuses on fabricating the FBBA. However, the implementation
of a closed-loop control system is not present. Despite the numerous benefits that soft
actuators offer, scholars encounter arduous obstacles when attempting to surmount the
formidable non-linear characteristics of these devices. Such difficulties pose
significant challenges for modeling, controlling, and achieving low response time [29]
due to their materials, air compressibility, significant mechanical friction, poor
damping ability, and valve dead zone issues. The uncertainties make the modelling
and control of soft actuators more complex [30]. The implementation of a control
system can be quite difficult as soft actuators are highly non-linear and have infinite
parameters [31]. Therefore, numerous improvements are necessary to achieve the most

optimum control capability.

1.3  Objectives

The followings are the objectives of this research:

i. To develop a mathematical model of FBBA based on Auto-regressive
Exogenous (ARX) Model in Matlab System Identification Tool for FBBA.
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6

To construct an optimal PID controller for angle control of FBBA based on
Genetic Algorithm and auto-tuning method.

To evaluate the simulation and experimental results for the proposed optimized

controller.

Scopes

The followings are the scopes of this research:

Vi.

Vii.

viii.

This study only focuses on actuating, controlling, and analysing one finger

actuator in the FBBA system.

The FBBA used in this study was based on previous work. PID controller

design was tested on the obtained FBBA model.

This research is not applied to humans as finger rehabilitation is taken as a case
study for the implementation of FBBA position control development.

Control system design development focuses on reducing error gain and

increasing the reliability of the closed-loop system.

The system uses Arduino as Data Acquisition (DAQ) device that records input

and output data for the system identification process.
The sampling time of 0.005 s are used throughout the whole project.

7-bit pseudo-random binary sequences are used as the input signal for data

acquisition.

Electro-pneumatic regulators (SMC ITV003) are utilised in the project.



CHAPTER 2

LITERATURE REVIEW

The field of robotics has seen significant advancements in recent years, and one of the
areas that have garnered particular attention is soft actuators. Soft actuators are a class
of devices that can bend and flex, allowing them to mimic the movements of natural
muscles. These actuators are more versatile than traditional rigid actuators, and have
the potential to revolutionise the field of robotics. However, designing control systems
for soft actuators can be a challenging task. The properties of soft materials can vary
considerably, which makes it difficult to model and control the behaviour of these
actuators. This is where the system identification technique comes in. Using this
technique, it is possible to measure and model the dynamics of soft actuator systems,
which is a crucial step in developing effective control strategies.

Robot rehabilitation involves restoring the functionality of damaged muscles
of disabled patients, which can be achieved through the use of soft actuators [32].
These actuators can provide the necessary force and compliance to help restore the
patient's range of motion, and control systems are used to manage the movement and
angle of the actuators. This chapter explores the types of soft actuators, and discusses
the development of control system designs for the actuators. The chapter also covers
system identification techniques that can be used to model the dynamics of soft
actuator systems. Finally, this chapter discusses the role of control systems in robot

rehabilitation and the potential of soft actuators to improve the process.



2.1  Type of Soft Actuator

The McKibben muscle represents a typical example of a PM utilized in contemporary
soft rehabilitation robotics. It features an elastic cylinder tube and a double helical
braid that enwraps its exterior [33]. There is also a research paper that implemented
Neo Hookean (hyper-elastic model) behaviour on soft actuator development [34]. The
application of PM in rehabilitation robotics has significantly increased but only a
limited number of review papers have focused on PM-powered rehab robots. When
operating in the vicinity of human beings, robots designed for deployment in the
domains of medical assistance and social welfare must ensure the safety of their human
counterparts with whom they may occasionally interact. Consequently, a tendon-
driven balloon actuator (balloon actuator) was developed for integration into a robotic
hand specifically tailored for such environments, as shown in Figure 2.1. The
pneumatic tendon-driven balloon actuator, or balloon actuator, boasts a number of

distinct advantages, including a wide stroke and high capacity ratio [35].

Spaing Pullev
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] <€— Air hose
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Tendon

Figure 2.1: Tendon-driven Balloon Actuator [35]

There is also a soft actuator that uses fluid pressure in producing an
elastomeric-based framework which can produce high deformation. Elastomeric
configurations featuring integrated expandable chambers comprise of flexible fluidic
actuators (FFASs) that exhibit alterations in their volume upon receipt of pressurized
fluids. Consequently, contingent on the position of the chamber, the driver undergoes
deformation, causing a displacement to occur [36]. FFAs that have antagonistic pairs

will change shape and volume when a pressurised fluid flows into the chamber. The
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movement of FFAs depends on which chamber will be supplied with pressurised fluid.
Therefore, displacement can be generated by the deformation of any chamber [37].
Figure 2.2 shows the FFAs developed by G. Gerboni et. al. [27].

50 mm Pressure SECTION A-A

double cylinder in-extensible
chamber tiifend
FFA —

Pressure line

Flex bend .
\ Flex bend |*™°" m’?nk-coahng
flexible
- FFA sensor 414#, substrate
v S

Figure 2.2: Flexible Fluidic Actuators (FFAS) [37]

Figure 2.3 depicts the dielectric elastomer actuators (DEAS). This particular
variety of actuator is noteworthy amidst the diverse array of pliable actuators that have
been scrutinized for employment in the realm of soft robotics, owing to its captivating
benefits of substantial deformation, elevated energy density, rapid reaction time, and
economical price point. W. Liang et. al. proposed an antagonistic actuation system for
DEAs control [38]. The proposed system was stimulated by the resemblances
discerned between DEAs and biological muscles with large deformations that may be

found in animal bodies.

Horizontal

Figure 2.3: Dielectric Elastomer Actuators (DEAS) [38]

Diverse movements can be engendered by pliable actuators/robots, for
example bending [39], rotary [40], contraction, and expansion [32], that have been



10

studied and fabricated. The soft actuator has demonstrated its ability to perform tasks,
such as gripping and grasping object [41]-[43], engendering crawling [44]-[46], and
a range of gait movements [47]-[49]. V. Oguntosin et. al. directed their attention
towards the pliable actuator that generated a rotary motion [50]. The expansion and
contraction of the soft actuator caused clockwise and anti-clockwise rotary motions
joined to a joint with opposing and protagonist pairs depicted in Figure 2.4. The
mechanism consists of two pneumatic soft robots which are label R1 and R2. The
direction of the joint will be determined by the state of the soft robots. The joint will

rotate clockwise when R2 in expand state and R1 in contract state.

Figure 2.4: Gesture-Based Control of Rotary Pneumatic Soft Robot [50]

Hydraulically Amplified Self-Healing Electrostatic (HASEL) actuators consist
of a soft or flexible pouch filled with a dielectric liquid. On either side of the pouch, a
pair of electrodes are positioned as shown in Figure 2.5. Electrostatic forces displace
the liquid dielectric as the voltage is applied to the electrodes, contributing to an overall
shapeshift of the pouch. B. K. Johnson et. al. [51] employed a HASEL actuator in the
system used, in which the actuators have 12 individual actuators in each foldable
HASEL actuator stack. To be more specific, all 12 actuators were sealed in one strip.
Vegetable-based transformer oil (Envirotemp FR3, Cargill) was used as the liquid

dielectric to fill the pouches connected to a heat seal pattern.
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Figure 2.5: HASEL Actuators with Soft or Flexible Pouch [51]

Y. Li et. al. employed a pneumatic soft actuator furnished with a pre-charged
mechanism in its design [52]. The design of the pre-charged actuator closely resembles
that of a conventional bending pneumatic soft actuator. Systematically integrated one-
way check valves were utilized in the system to encapsulate air inside the soft actuator,
similar to the mechanism employed in air-filled balls and tires. Presently, the bending
of the pre-charged pneumatic soft actuator can be regulated via a tendon. The bending
angle and speed of the pre-charged pneumatic soft actuator can be manipulated by
adjusting the tendon pulling speed and pulling distance. The act of pulling or releasing
the tendon can create a bending motion of the pre-charged pneumatic soft actuators.

Figure 2.6 shows the working concept of a pre-charged pneumatic soft gripper.

Tendon guide Hard tip
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Figure 2.6: Pre-Charged Pneumatic Soft Gripper [52]
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Soft electro-thermal actuators fall under the classification of thermally-driven
actuators that are powered by electricity. These actuators typically consist of non-
conductive elastomers or polymers as structural layers that undergo large
deformations, and conductive pathways as resistive heaters. Generally, flexible
electro-thermal actuators are formed in a biomorphic structure comprising of two
layers with significantly different coefficients of thermal expansion. The mismatch in
thermal expansion between the two layers induces bending in the bimorph structure
when exposed to temperature fluctuations resulting from thermal energy [53]. he
deformation of the actuator is self-sensed by monitoring the change in resistance of
the microfilament heater that is embedded in the flexible electro-thermal actuator.

Figure 2.7 shows the soft electro-thermal actuator.

Figure 2.7: Soft Electro-Thermal Actuator [53]

2.1.1 Fiber Braided Bending actuator (FBBA)

FBBA is used in the development of the soft actuator. FBBA is capable of sustaining
a bending motion when pneumatic air is supplied to the actuator. Fiber knitting with
two different fiber angles in the bending actuator will directly reinforce the overall
strength of the soft actuator at the same time reduces hysteresis to occur in the system
[25]. Figure 2.8 shows the proposed bending actuator which consists of 3 cylindrical
layers with an air hollow chamber located at the center of the FBBA [23]. Air will be
flowed to the hollow chambers to create a bending motion. As we can see that the
actuator inner layer and actuator outer layer will be reinforced with fiber knitting in an

attempt of inducing the soft actuator bending motion.
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