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ABSTRACT

In this research, a low-cost lower limb exoskeleton has been developed for those who
struggle with their lower legs, the exoskeleton works as a gait trainer. It is crucial for patients'
lower extremity rehabilitation since it provides aid in their physical recovery. Although, there
are robotic assisted gait trainers available in the market, the cost is high. Hence the objective
of the study is to create a low-cost lower-limb exoskeleton for gait training with good
performance. This research proposes a controller for a robot-assisted gait trainer's lower limb
exoskeleton. The study focuses on 1) development of mechanism of two joints (hip and knee)
of a lower-limb exoskeleton for gait training, 2) development of an electric motor driver for
two joints (hip and knee) of a lower-limb exoskeleton for gait training, 3) development of
control algorithm for two joints (hip and knee) of a lower-limb exoskeleton for gait training,
and 4) an evaluation of the control algorithm's performance on the lower-limb exoskeleton

of the robot-assisted gait training.

The human gait movement is not linear. Proportional-Integral Derivative (PID)
appeared as a popular controller does not work on nonlinear system either. As a consequence,
the PID could not be used in this system. Two experiments on controlling the gait trainer by
using two different controllers were carried out: the one using hybrid PID-ILC and the other
using Computed Torque Controller (CTC). The former, PID-ILC was an unmodelled control

algorithm while the latter, CTC was a modelled controlled algorithm. The computed torque

(4)



controller was a vital nonlinear controller when the system's dynamic parameters were
merely partially understood. A mathematical model was the foundation of this kind of
controller. This proposed control was evaluated employing a scaled-down model. The
methodological instruments used to achieve these goals were 1) an investigation and data
collection using updated references, 2) a design and development of hardware and software

of the system, and 3) a testing and a performance evaluation of the system.

An inexpensive robot-assisted gait trainer has been produced successfully. In the first
experiment the robot-assisted gait trainer could follow gait trajectories with the support of
the proposed hybrid PID-ILC controller even when there were unmodelled dynamics,
uncertainty, and distractions. Real studies utilizing a specific controller load and gain showed
that the PID-controlled system had possessed stability, but with an error of up to 10 degrees
at steady state. Stability was demonstrated by the recommended hybrid PID-ILC controller.
Initially the PID-ILC had steady state errors, notwithstanding after more than ten iterations,
less than 1 degree of steady state error was attained. Up to 50% of the steady state error was
greatly reduced. The performance of CTC was also evaluated and it was contrasted with that
of the PID controller. CTC had better responses than PID for both joint 1 and joint 2.
Nonetheless, for the downward direction, the response of joint 2 using CTC was not as good

as PID.

Keywords: computed torque controller, exoskeleton, gait trainer, Iterative learning

control, lower limb, PID, robotics
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CHAPTER 1
INTRODUCTION

1.1 Background

The term "cardiovascular disease" refers to a group of conditions that include heart
disease, vascular disease of the brain, and diseases of other blood artery conditions. Stroke is
classified as a kind of cardiovascular disease (CVD). Around the world, strokes are
responsible for the most prevalent cause of motor impairment. Every year, 15 million people
suffer from stroke. More than 85 percent are healthy, but only 10 percent fully recovered

(Benjamin et al., 2017).

Globally, CVD mortality increased by 46% between 1990 and 2013. The increase in
CVD mortality is mainly due to the increase in CVD mortality and stroke. In 2013, CHD was
responsible for 15% of all deaths worldwide. The second cause of death was stroke (12%)
(evenly distributed between ischemic and hemorrhagic stroke). An estimated 14.5 million
people died of heart disease and stroke, accounting for nearly a quarter of all deaths
worldwide in 2013(Zipes et al., 2019). Stroke is a particularly serious problem in Asia. Asia
has a higher stroke mortality rate than Western Europe, America, or Australia, with the
exception of Japan(Venketasubramanian et al., 2017). Physical conditions that impair a
person's ability to walk are frequently caused by neurological injuries (van Nunen, 2013).
When one loses their ability to walk, they frequently become dependent on wheelchairs or

other mobility devices like orthotics or ankles.

Daily tasks require the ability to walk. One of the key healing objectives for many
people with neurological illnesses is regaining the ability to walk. Therefore, walking is an
important part of these people's rehabilitation program. In addition, the ability to walk greatly
contributes to the whole fitness of the patient and affects the patient’s health status. In many
rehabilitations and research, optimizing therapeutic methods/techniques to walking
improvement has received considerable attention. Various therapies have been utilized to

help people regain their performance and motor skills (Gassert & Dietz, 2018). However, in
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many cases, treatment results remain unsatisfactory, so many scientists are investigating how

best to improve the mobility of neurological patients.

Given the need for proper medical care, delicate and precise procedures, and the lack
of doctors and specialists, various alternatives have been proposed to address the problem of
medical rehabilitation. Many new devices are being developed every year, and robotic

rehabilitation field is growing fast (Xue et al., 2022).

1.2 Problems Statement

Cerebrovascular accident (CVA) is the medical term for a stroke. It results from
hypoxia due to a blockage or rupture of blood vessels that cause bleeding (Hankey et al.,
2019). Without oxygen or glucose, the brain can work for about 10 minutes before this
happens (Mohr et al., 2011). In this case, the person with that condition usually has one or
more extremities on one side of the body paralyzed because the affected area on the other
side of the brain can no longer function. In case of damage to the lower extremities, recovery
is necessary to restore independent gait and gait. Various approaches to rehabilitation have

been proposed to improve walking ability.

In most cases, recovery occurs within the first 6 months after a stroke. Healing may
happen later, but it will be slower (Ponsford et al., 2004). At this stage, an intervention
program is conducted to retrain their abilities in day-to-day activities. Neuroplastic changes
(brain remodeling) are much more likely if the movement trying to repeat is part of the real
problem (Levine, 2018). There are robot-powered walking trainers like Lokomat and Gait
Trainer, but the price is still very high (€ 330,000 for Lokomat and € 30,000 for Gait Trainer
GT1)(Esquenazi, 2018).

The ability to "do more with less" — that is, to provide much more commercial and
societal gain while using fewer finite resources (electricity, money, and time), is referred to
as frugal innovation (Radjou & Prabhu, 2015). Healthcare professionals frequently develop

unique strategies in circumstances with limited resources to provide patients with adequate
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care. These inexpensive yet useful discoveries have the ability to alter people's lives by

making wellness available to everyone, despite its flaws (Tran & Ravaud, 2016).

Mechatronics uses interdisciplinary expertise from mechanical engineering,
electronics, and information science to solve technical problems. Component and device
modeling are important in the mechatronics development process because they allow
flexibility and sophistication to be exchanged between disciplines to iteratively arrive at the

best system architecture (Onwubolu, 2005).

1.3 Purpose of the Study

The goals of this research are:

1.3.1 To optimize control algorithm for Robot Assisted Walking Trainer that can assist the
user in performing movements in real environment and improving walking ability.
1.3.2 To design cost effective mechanical design exoskeleton of Robot Assisted Gait

Trainer

1.4 Scope of the Study

The study will focus on

1.4.1 Development of mechanism of two joints (hip and knee) of lower limb exoskeleton
gait trainer

1.4.2 Development of electric motor driver for two joints (hip and knee) of lower limb
exoskeleton gait trainer

1.4.3. Development of control algorithm for two joints (hip and knee) of lower limb
exoskeleton gait trainer

1.4.4 Evaluation of the control algorithm's performance on the lower limb exoskeleton

of the robot-assisted gait trainer.
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1.5 Methodology

The process, which contains nine steps and three phases, involves developing the
device from the point at which a problem first arises all the way through to the point at which,
after numerous iterations, the technological transition can be made one step after the answer

has been solidified. Table 1.1 shows the methodology used in this research

Table 1. 1 Phases and stages of the methodology

No Stages Phases Activities Output

1 Investigate current In this step, the kind of | Information

patient rehabilitation | human  disorders that | about the

methods relate to the human | kind of
walking are | walking
Investigation ; . . .
investigated. Information | disorders and
and data . . )
about instruments being | its
collection 4 . . S
used in this field is | rehabilitation
collected. From many | devices.
potential methods and
variety of injuries are
grouped and selected to
find the most subject and
appropriate way to solve
in the research
2 Data collection of The chosen topic will be | State of the

methods being used | studied to find its state of | art of the

in recent research the art. Recent methods | topic chosen.
and then compare that have been used are
those research’s studied deeper to get the
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methods against the
patient

improvements

benefits and the

drawbacks respectively.

Design and

development

Design new control
method of the
rehabilitation
hardware and

software

Design of new

rehabilitation ~ hardware
software will be conducted
according to the previous
study about the current

systems and the patient

Hardware
and software
design of
Exoskeleton
of Robot
Assisted Gait

improvement. Trainer
Design optimization | To test the hardware | Simulation
using model model using some | and
optimization optimization algorithms or | optimization
algorithm test or Computer Aided | test result.
Computer Engineering software to

Aided Engineering.

get the full system
characteristic and
performance.

Finalizing the
hardware and

software design.

Re-design and improve the
design of the Exoskeleton
of Robot Assisted Gait
Trainer hardware and
software according to the
data from the previous

test.

Improved

design
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6 Development of the | Start to develop the | Prototype of
overall system hardware and software of | Exoskeleton
Exoskeleton of Robot | of Robot
Assisted Walk Trainer Assisted Gait
Trainer
7 System test and Test the system to | Performance
improvement investigate the reliability, | test result of
repeatability, robustness, | the system.
etc. Compared to the
Testing and previous model
implementation experiment.
8 User implementation | Test the system to the | Performance
and feedback human or real patient and | test result of
get the feedback data | the system.
about the performance of
the system.
9 Finalization and Update the system using | The final
improvement the data feedback from the | Exoskeleton
previous implementation | of Robot
test. Assisted Gait

Trainer

1.6 Dissertation Structure

The following is the structure of the dissertation:

Chapter 1 : background, problems satetement, and scope odf the study are presented here.
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Chapter 2: several literature studies of robot-assisted gait trainer designs and control
algorithms that were carried out by earlier researchers are discussed.

Chapter 3: the kinematics and hardware design of the recently built robot aided gait trainer
are broken down and explained.

Chapter 4: an algorithm that utilizes hybrid PID-ILC is shown. Both the results of the
experiment and a discussion of them are offered here. A control algorithm that makes use of
computed torque control is also presented. . The discussion and the results of the experiment
are presented here.

Chapter 5: all the research is brought to a close, which also provides some suggestions for

further research in the area.
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CHAPTER 2
LITERATURE REVIEW

Today, a variety of illnesses are treated using rehabilitation robotics systems. Strokes
and spinal cord injuries (SCI) are two common illnesses. While SCI and strokes are two
distinct medical disorders, both are extremely stressful to the body and can harm one or all
the limbs' motor functions, based on how severe the injury is and how quickly can receive
medical help. People with both injuries are currently being treated with robotic devices and

similar rehabilitation techniques.

2.1 Spinal Cord Injuries

Injuries to the spinal cord affect between 250,000 and 500,000 persons annually.
Most of these cases are the result of avoidable events like violence and auto accidents
(Bennett et al., 2022). SCI causes the loss of sensor and motor function. The amount of
functionality loss depends on the injury level. Generally, as the injury location goes up a
person’s spinal cord, more functionality is lost, as shown in Figure 2.1. According to
American Spinal Injury Association (ASIA) recommendations, the damage levels classified
by the American Spinal damage Association (ASIA) scale are as follows: A-B; cervical (C7-
C8) or thoracic (T1-T12) (Glasper et al., 2010). Grade A describes a total impairment in
which there is no residual sensory or motor function. Grade B is a partial impairment with
no motor functions below the damage level but some sensory functions. As a result, it is
decided that the target requirement for investigations using lower limb exoskeletons is injury
levels between C7 and T12 (Esquenazi et al., 2012). The injury level results in one of many
classifications that define their functional ability. Paraplegia results in impairment of the
trunk, legs, and pelvis. Tetraplegia affects the arms, trunk, and other parts of the upper and
lower body. An incomplete SCI is when some remaining sensory or motor function is below
the injury level. There is no motor or sensory functionality below the injury level in a
complete SCI injury. The cost of lifetime treatment is between $500k -$2M depending on
the injury level (McDonald & Sadowsky, 2002). This cost includes the initial cost
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immediately after the injury and the treatment of secondary health side effects throughout
life. A secondary health side effect is a physical or psychological health condition caused by
the injury (Jensen et al., 2012). These side effects include the decrease in the bone density of
the femur, decrease in blood pressure, and reduced muscle mass (Haisma et al., 2007)(Hitzig
et al., 2010) and result in a significantly reduced Quality of Life (QoL) of the person (Craven
et al., 2012). Prevention of these side effects through rehabilitation will help increase the

QoL and overall health of the person.

ca .
injury |_Cervical
quadriplegic (neck)
Cé ‘
injury Thoracic
uadriplegic —(upper
‘ = back)
T6
injury
paraplegic _Lumbar
(lower
back)
L1
injury —Sacral
paraplegic 2 Logeal

Figure 2. 1 Levels of SCI and the area of the body effect
(SOURCE: Developing Practical Skills for Nursing Children and Young People, Hoder
Arnold, 2010.)

25



2.1.1 Strokes
Stroke ranks third in global disability and second in global mortality according to

disability-adjusted life-years lost (DALYs). Stroke is predicted to cost the world economy
about $721 billion annually, or 0.66 percent of GDP. The burden (measured regarding the
overall quantity of cases) rose substantially between 1990 and 2019 (stroke mortality
increased by 43.0%, stroke incidence increased by 102.0%, and the number of disability-
adjusted life years (DALYs) increased by 143.0%.), with low- and middle-income nations
bearing the brunt of the cost (LMIC) (89.0% of DALY's and 86.0% of fatalities) (Peng et al.,
2022).

Strokes have been on the decline globally, however younger adults (18—54 years old)
are now experiencing a higher rate of strokes. Increased lipid diseases, obesity, diabetes,
hypertension, and tobacco use are the likely causes. A stroke is a medical disorder in which
the blood arteries leading to the brain get blocked or rupture; as a result, the brain is deprived
of the required blood supply, and the tissue starts to deteriorate. Ischemic strokes and
hemorrhagic strokes, which are depicted in Figure 2.2, are the two main forms of strokes
(Peng et al., 2022). Blood artery obstructions are what lead to an ischemic stroke.
Approximately 85% of strokes are this type. When the brain's blood vessels rupture, a
hemorrhagic stroke results.

Following a stroke, it's imperative to get medical attention right away. About 1.9
million neurons are lost per minute due to increasing tissue and brain damage (Saver, 2006),
which can lead to both upper and lower limb paralysis as well as other cognitive issues
(Pennycott et al., 2012). It has been demonstrated that immediate blood flow restoration
therapy improves outcomes, which are crucial for returning the patient to normal life with

reduced functional loss (Sakuta et al., 2016).
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Figure 2. 2 Ischemic strokes and Hemorrhagic strokes and the effect
(SOURCE: Stroke and molecular imaging: a focus on FDG-PET. American Journal of
Nuclear Medicine and Molecular Imaging, 2023)

2.1.2 Rehabilitation

Rehabilitation is essential for regaining lost functionality and gaining independence
to lead a long, fulfilling life; this does not imply that motor and sensory functionality will be
fully or partially recovered but rather to lessen other medical side effects, be able to navigate
the world and carry out daily activities (ADL), and improve quality of life (QoL). Improved
mental and emotional health is a component of quality of life, along with the physical side
effects of the injury being lessened. The person's quality of life is enhanced by improving
their physical capacity with physical therapy and exercises (Noreau & Shephard, 1995). A
person should learn how to physically traverse the world and be motivated to engage with

their society as part of a successful recovery (Whalley Hammell, 1995).

As soon as a traumatic injury occurs, the rehabilitation process should begin. It has
been demonstrated that early therapy has better long-term outcomes than delayed therapy
(Scivoletto et al., 2005)(Piepmeier & Jenkins, 1988), with most of the healing progress

occurring within the first year following the injury. Numerous long-term health issues result
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from the limitations of the wheelchair. Leg muscles atrophy (Castro et al., 2000), leg bones
weaken (Goemaere et al., 1994)without a gravitational force, and pressure sores (Wall &
Colley, 2003) are all consequences of spending the entire day on a chair. The abnormalities
cause the person to feel a great deal of discomfort and can result in cardiac issues and bone

fractures (Giangregorio & McCartney, 2006).

A mechanical orthosis aids the patient in walking and standing up straight while
minimizing and reversing some of these negative effects (Palermo et al., 2017). Knee-Ankle-
Foot-Orthosis (KAFO) or hip-KAFO (HKAFO) were some of the earliest mechanical
systems that helped in ambulatory treatment. These gadgets were ineffective and used a lot
of metabolic energy (del-Ama et al., 2012). As technology advanced, these gadgets were
made active using robotics, which reduced the demand from the patient. Section 2.2 goes
into more detail about these gadgets. A hybrid exoskeleton is a combination of an active

exoskeleton and FES (Ha et al., 2012)(Alouane et al., 2019).

Therapy with robotic exoskeletons does not always result in more functional
improvements than therapy using standard methods. Robotic therapy has other advantages,
though, one of which is that it lightens the therapist's workload. Both the patient and the
therapist benefit from the gait and balance training that robotic exoskeletons can provide
(Martinez et al., 2018), which is more than a single therapist might be able to do. The
therapist's physical workload is reduced because of the patient receiving gait training that
follows a precise and repeatable motion, allowing them to devote more time to patients and

provide more individualized care.

The advantages of robotic therapy for rehabilitation have been extensively studied
and published. It has been utilized for post-stroke and post-SCI rehabilitation. Lower limb
exoskeletons have received a lot of attention recently for SCI, with various research being
undertaken (Esquenazi et al., 2012)(Zeilig et al., 2012)(S. A. Murray et al., 2015). Similar
research was done for stroke recovery, although it's important to note that upper arm

exoskeletons have also been studied (Chang & Kim, 3013)(Ho et al., 2011).
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The two measurements and tests with robotic lower limb exoskeletons that are most
frequently utilized include the 10-meter walk test (I0OMWT) and the 6-minute walk test
(6MWT)(Amatachaya et al., 2014). All measured parameters have seen improvements,
according to research. generally increased walking speed, endurance, and distance. The
degree of improvement varied from subject to subject and depended on several variables,

including the severity of the injury.

2.1.3 Functional Ambulation Classification (FAC)

As shown in Table 2.2, a traditional system for categorizing mobility is the Functional
Ambulation Classification (FAC). Establishing a mobility outcome measure that is clinically
significant was the main goal of the FAC's development. The creation of a cheap measure
that needed little therapist training and administration time but was accurate and dependable
was one of the secondary goals. The FAC comprises six categories, between 0 (non-

functional ambulation) and 5 (independent)(Jeffrey et al., 2018).

According on how much personal support a participant needs, the FAC classifies
them into one of six functional groups, regardless of whether they utilize a mobility aid while
walking. According to Holden and colleagues, classifying subjects by functional category or
motor ability is more crucial than grouping them according to other gait markers. Their
system defines six functional categories. Ineffective ambulation is indicated by a score of 0.
People who are significantly and continuously dependent on another person for support and
balance are given a score of 1. With a score of 2, it's necessary to use light contact or provide
brief physical support; a score of 3 indicates that verbal cues or brief safety aid are necessary.
A score of 4 indicates that the person is independent in ambulation on flat terrain, while a
score of 5 indicates that the person is independent in ambulation on flat and uneven surfaces,
including stairs and inclines. Despite being a generic ambulation test, the FAC's results
showed a positive linear correlation along the lines of the 6-minute walk test, step size, and
speed of gait. The FAC has been most frequently used to evaluate functional locomotion and

track the success of stroke patients' rehabilitation (Chui et al., 2020).
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Table 2. 1 Functional ambulation scale

Score Category Interpretation
0 Ambulation do not function
‘ need continual manual assistance to
In need of substantial help _ '
1 ‘ _ support body weight and to help with
walking or standing (I level) o
coordination or balance.
5 Needs regular or constant needs regular or infrequent gentle touch
physical help (1) to aid in balance or coordination.
can navigate a level area by themselves,
A but who still requires one person to be
3 Dependent on supervision )
nearby to offer verbal clues or physical
safety.
can move about on a flat area by
A Independent level surface themselves, but still needs a backup
only person to offer instructions or provide
physical protection.
5 Independent can move on any surface, even stairs.

2.1.4 Assistive device
Various products that improve or make it easier to operate or engage in activities are

included in the category of assistive devices. While assistive devices are an extension of the
body and enable control over the environment, orthotic devices are placed to the body to
stabilize and facilitate movement. These technologies could make up for a disability or make

an activity easier. They increase independent control of users to manipulate their
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surroundings at will. Assistive devices are used in rehabilitation to promote the process of

compensation and restoration of function (Hsu et al., 2008).

Many devices are standard and have not changed over several decades because they are ideal
in simplicity and effectiveness. Newer devices, such as robotics and computers, are allowing
more complex controls over the world around us. Keeping up with new technology as it
improves in efficiency and user friendliness is necessary to provide clients with access to
devices that best suit their needs. Assistive technology performs one or more tasks (Webster
& Murphy, 2009):
e Increase propulsion
¢ Enhance balance
e Lessen compressive strain on one or both lower limbs
e Send sensory signals to the hand(s).
e Allow the user to move around in small spaces not suitable for a wheelchair and to
maintain an upright posture
e Let other people know that the user needs special consideration, such as extra time
when crossing the street or a seat on the bus.
Canes, crutches, and walkers are examples of assistive devices, as depicted in Figure 2.3.
Canes, crutches, and walkers help with balance, facilitate walking, lighten the strain on the
lower limbs, relay sensory cues, and allow maneuvering in spaces in which a wheelchair is

impractical.
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Figure 2. 3 (A) Crook-top or C-handle cane (B) aluminum cane that is adjustable (C) Cane
with a good grip (D) Adjustable quad cane with a wide base.(E) Hemiwalker. (F) Wooden
axillary crutch that can be adjusted. (G) Lofstrand crutch made of adjustable aluminum.
(HSupport with the forearms or a platform. (I) either a walker or walkerette.
(SOURCE : Atlas of Orthoses and Assistive Devices (5th ed.), Elsevier, 2009)

2.1.5 Orthosis
" A piece of equipment that is applied externally and is used to alter the anatomical

and functional properties of the musculoskeletal and neuromuscular systems, that is how an
orthosis is described. " The art and science of treating patients with orthoses" is how orthotics
is defined. " A person who is qualified to design, measure, and fit orthoses after completing
a recognized educational or training program and being approved by the relevant national

authorities" is the definition of an orthotist.”(Hsu et al., 2008).

An orthosis is a wearable device that can be passive or active, has built-in sensors,
and can give structure or power to a joint. Robotic orthoses are smart orthoses that have

actuators. Numerous books on various orthotic mechanisms have been written because of
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research. Every joint in a person has various needs, and each one requires a particular kind
of technology to sustain and supply additional power. Knee orthoses and ankle-foot orthoses

are two of the topics undergoing the greatest research.categories of orthoses is shown ib Table

2.2.

Table 2. 2 Categories of orthoses

Foot Orthosis (FO) Finger Orthosis (FO) Sacroiliac Orthosis (SIO)
Ankle Foot Orthosis (AFO) | Hand Orthosis (HdO) Lumbosacral Orthosis (LSO)

Wrist Hand Orthosis Thoracolumbosacral O rthosis
Knee Orthosis (KO)

(WHO) (TLSO)
Knee Ankle Foot Orthosis Wrist Hand Finger ' .

‘ Cervical Orthosis (CO)
(KAFO) Orthosis (WHFO)
Cervicothoracic Orthosis
Hip Orthosis (HpO) Elbow Orthosis (EO)
(CTO)
_ . Elbow Wrist Hand Cervicothoracolumbosacral

Hip Knee Orthosis (HKO) . _

Orthosis (EWHO) orthosis (CTLSO)
Hip Knee Ankle Foot

Shoulder Orthosis (SO)
Orthosis (HKAFO)

Shoulder Elbow Orthosis

(SEO)

Shoulder Elbow Wrist

Hand orthosis (SEWHO)

For exoskeletons, the power to the knee and prevention of buckling are provided by
a variety of knee orthoses designs. Typically, knee orthoses are built as a clutch or brake
system. As shown in Figure 2.4 a running exoskeleton with a clutch spring knee joint was

presented by Elliott et al (Elliott et al., 2014). This system activates, based on the gait phase,
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and disengages the leaf spring. The system has a mass of 0.710kg and can retain about

190Nm.

Figure 2. 4 Clutch Spring Knee Exoskeleton for Running
(SOURCE: Design of a clutch-spring knee exoskeleton for running. Journal of Medical
Devices, Transactions of the ASME, 8(3), 2014)

For rehabilitation, Farris et al. developed a brand-new form of brake called Wafer
Disc Brakes (Farris et al., 2009). The brake operates in a typically closed condition that is
still in place in the event of a power outage, ensuring the user's safety. The stator and rotor
discs are positioned alternately over a narrow space in a succession of high-strength wafer
stacks that make up the brake. The central shaft is connected to a motor. When it is turned
on, a ball screw applied to the discs creates a compressive force. The brake can maintain a
static torque of 73Nm with this configuration. The Wrap Spring Clutch/Brake mechanism-
based version control method used in the Austin exoskeleton project was naturally performed

to manufacture many knee joints.
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Ankle-Foot Orthoses (AFO) are devices that either completely restrict the motion of
the foot itself or fully actuate the ankle. Most of these models fall into one of two categories:
Dynamic, Advanced Ankle Foot Orthoses (DAFO) or Solid Ankle Foot Orthoses
(SAFO)(Bai et al., 2012). SAFOs are completely static devices made to keep the user's foot
firmly in place (Chern et al., 2013). These usually consist of a single plastic piece. To prevent
limiting the foot's full range of motion, DAFO devices, in contrast, are made up of numerous
parts that are joined around a single adjustable hinge joint (Bai et al., 2012). DAFO designs
can be passive, non-powered objects, electrical parts that are powered actively, or passively
powered non-electrical objects (Russell Esposito et al., 2018). The angular position of the
ankle throughout the gait cycle can be controlled using both actively and passively driven
devices (Bai et al., 2012)(Yoshizawa, 2012)(Chin et al., 2009). Examples of several Powered
AFO device types are shown in Figure 2.5. An actively powered device adds heft and cost to
the system while providing torque to help with walking.

Figure 2. 5 PAFO device
(SOURCE: Stroke survivors’ gait adaptations to a powered ankle-foot orthosis. Advanced
Robotics, 25(15), 2011)
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2.2 Gait and Human Anatomy

2.2.1 Anatomical Terminology
Anatomical placement serves as the foundation for all subsequent anatomical

descriptions. Figure 2.6 illustrates the explanation. The eyes are pointed ahead, the arms are
at the side of the body, palms pointing forward, feet and legs are in proximity parallel in the
anatomical posture. Three anatomical planes may be defined in this position: the sagittal the

transverse plane and plane the coronal plane (Whittle, 2007).
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Figure 2. 6 Three reference planes represent the anatomical position
(SOURCE: An Introduction to Gait Analysis (4th ed.). Elsevier, 2007)

The body is split in half by the coronal plane: front(anterior) and back(posterior)
respectively. The superior (upper) and inferior (lower) sections of the body are divided by
the transverse plane. The body's left and right sides are separated by the sagittal plane. The

bulk of motions in gait take place in sagittal plane 3. Only one or two of these planes are
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available to most joints (Figure 2.7). Abduction and adduction are movements in the coronal
plane. Spreading and shutting the legs, for example. Internal and exterior rotations are
internal and external rotations in the transverse plane. For instance, turning human head from
left to right. Flexion and extension are two types of sagittal plane movements. Plantarflexion
refers to the movement of pointing the toes, whereas dorsiflexion refers to the movement of

bringing the toes closer to the torso.
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Figure 2. 7 Knee and hip movements
(SOURCE: An Introduction to Gait Analysis (4th ed.). Elsevier, 2007)

2.2.4 Gait Analysis

The systematic study of human walking, also known as gait analysis, is performed
with the help of experienced observers' eyes and brains, as well as with the assistance of
apparatus for recording muscle activity, joint position, and other bodily motions. Gait
analysis is a tool that can be used to make precise diagnoses and to devise the most effective

treatment strategies for patients who are afflicted with illnesses that impair their ability to
walk (Whittle, 2007).

37



In the past few years, gait analysis has "come of age," and it is now utilized frequently
in various facilities to provide the best possible care for certain groups of patients, most
notably patients who have cerebral palsy. This is because gait analysis has "come of age" and
"matured" during the previous few years. It is intended that this strategy will continue to gain
popularity considering the well-documented advantages it offers, and thus more people will
be able to profit from the improved therapeutic choices that can be reached through the

utilization of gait analysis.

2.2.2 Muscles and Bones
Walking is a full-body exercise that requires the use of all the muscles in the body.

When it comes to gait research, the bones and muscles of the pelvis and legs usually get the
most attention (Pandy & Andriacchi, 2010)(Butler et al., 2007)(Kumar et al., 2013). The
pelvis is a multi-layered bone structure that connects the base of the spine to the femur. On
its proximal end, the femur articulates with the pelvis, and on its distal end, it articulates with
the tibia and fibula. The 26 bones that make up the foot are joined by the complex ankle joint
between the tibia and fibula (Figure 2.8). The movement of the joints is triggered by muscles.
The musculoskeletal system is a redundant mechanical system. The same joint can be
controlled by several muscles. The three degrees of freedom in the hip, for example, are
controlled by 15 muscles (Pandy & Andriacchi, 2010). As a result, multiple combinations of
muscle activations may produce the same movement. The iliopsoas and rectus femoris are
the primary hip flexion movers. Knee extension is also caused by the rectus femoris and the
vastus muscles. The hips are extended by the gluteal muscles and hamstrings. The hamstrings
also extend past the knee. The tibialis anterior provides dorsiflexion at the ankle, whereas the

gastrocnemius and soleus both cause plantarflexion (Figure 2.9).
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Figure 2. 8 An overview of the bones of the lower limb
(SOURCE: GRAY’S Anatomy : The Anatomical Basis of Clinical Practice (41st ed.).
Elsevier, 2016)
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Figure 2. 9 The lower limbs' bones and muscles
(SOURCE: Sobotta:Atlas of Human Anatomy, (22th ed., Vol. 2). Elsevier, 2006).

2.2.3 Walking cycle
To create a controller capable of recovering walking motion, it is crucial to

comprehend how to walk healthfully. Two stages make up a normal walking cycle, swing
phase, also known as the short phase, and stance phase, also known as the long phase. The
first one deals with the actual stepping, while the second one discusses the time when the
foot is on the ground and swinging while supporting the opposing leg. Figure 2.10 illustrates
the division of attitude into four sub-phases: loading reaction, mid-stance, terminal stance,
and pre-swing (Cifu & Johns, 2021). Each sub-phase's starting positions are as follows: left
initial contact, right toe off, right heel off, and left initial contact. Three sections make up the

swing phase: the initial swing, the mid-swing, and the final swing. As these stages start, the

40



right toe is off, both feet are lined up, and the right tibia is upright but not in touch with the
ground (Okamoto & Okamoto, 2007).

\ALAA

| ' |
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contact toe off heel off contact toe off foot aligned vertical contact
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Figure 2. 10 Phases of gait cycle
(SOURCE: Braddom ’ s Physical Medicine and Rehabilitation (6th ed.). Elsevier, 2021)

Six main motions may be seen throughout the walking cycle: dorsiflexion and plantar
flexion of the ankle, flexion and extension of knee joint, and flexion and extension of hip.
Figure 2.11 depicts the toe and heel locations throughout the walking cycle, as well as knee,
hip joints and ankle alignments. When moving at a 5 kph walking pace and 76 cm stride
length. Each step taken by one leg during a walking cycle, or 1.1 seconds in total, is average.

The swing phase lasts for roughly 40% of the cycle (Bartlett, 2007).
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Figure 2. 11 Normal adult walking joint trajectories
(SOURCE: Introduction to sports biomechanics: Analysing human movement patterns (2
nd). Routledge., 2007)

The graphs in Figure 2.12 illustrate the angular kinematics throughout the gait cycle.
The support phase and the swing phase are shown on the graphs (Hamill et al., 2015).
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Figure 2. 12 Graphs of angular kinematics across the gait cycle
(SOURCE: Biomechanical Basis of Human Movement (4th ed.). Lippincott Williams &
Wilkins, 2015)
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2.3 Walking rehabilitation

Stroke illnesses can result in significant knee discomfort, abnormal walking patterns,
immobility, and defective lower limbs. Stroke patients must go through gait rehabilitation in
order to regain their gait mobility. Patients are forced to move their limb regularly to mimic
normal gait patterns as part of the rehabilitation procedure (Singh et al., 2023). A wheeled
device called a gait trainer aids in walking for both children and adults. Patients with
neurological problems have employed a variety of devices to improve their gait. Some of
them are goods that may be purchased, while others have only been developed and used in

laboratories (Smania et al., 2018).

2.3.1 End Effector Type Walk Trainer
The patient is attached to the end effector walk trainer at one point, and only that

point exerts movement/force on the patient. Any of the instruments that are available include:
the LokoHelp (LokoHelp - Electromechanical Gait Trainer | Woodway, n.d.), GT 11 gait
trainer (GT Il - Reha-Stim, n.d.), Haptic Walker(Schmidt et al., 2005), MIT-
Skywalker(Artemiadis & Krebs, 2010) and NEUROBike(Monaco et al., 2012). The
movement of this device is not compatible with human joints, and certain joint treatments
cannot be performed without external restrictions. In addition, the device allows the patient
to compensate for movement, which may force him to adapt to an improper gait. Therefore,

we will not discuss this type of device.

2.3.2 Exoskeleton Type Walk Trainer
Exoskeleton-style walk trainers are put in parallel and in sync with individual joints,

allowing for targeted joint therapy. Individual joints can be given trajectories, pressures, and
regulated moments, making these machines a true upgrade over trained human therapists.
Advanced features such as immersive training and patient success assessment are also
possible. Exoskeleton-like systems have been demonstrated for both treadmill and

overground exercise. In terms of gait recovery, these devices currently have limited
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capabilities. It also provides advanced features such as interactive training and patient
measurement. Introducing exoskeleton equipment for treadmill training and floor training.
Wearable exoskeletons (Esquenazi et al., 2012) are lightweight and can move with people.
These devices have limited functionality in gait restoration, so they will not be discussed
further. Lokomat is the most successful Robot Assisted Gait Trainer (RAGT) equipment
(Munawar, 2017). This is a treadmill-based system that can regulate the sagittal plane
movement of the knees and hips to keep the legs moving at a regular speed. The optional
FreeD module enables active regulation of lateral pelvic movement while leaving other
pelvic movements uncontrolled.

The shadow leg system, used in LOPES II (Meuleman, 2015), a treadmill-based
exoskeleton, allows for eight complicated degrees of freedom, including hip
extension/flexion, hip adduction/abduction, anterior/posterior pelvis, and lateral pelvis. The
pelvis may have other degrees of freedom when it is passive, but it cannot control it. Both
units concentrate on sagittal plane hip and knee rotation. Because of the irregular gait induced
by unnatural pelvic motions, these systems pay careful attention to balance, and
compensatory action is ineffective. The Pelvic Assist Manipulator (PAM) can help move the
pelvis during treadmill training. During BWSTT treatment, this device uses six pneumatic
cylinders to enable 5 degrees of pelvic freedom of movement (sagittal pelvic tilt is
passive)(Ichinose et al., 2003). Since PAM does not include hip rotation, synchronizing the
natural movement of the pelvis and lower extremities is difficult, necessitating additional
control (Aoyagi et al., 2005). To help with pelvic movement, the system of Robotic Gait
Rehabilitation (RGR) employs two unique DoF linear actuators on either side of the hip
(Pietrusinski et al., 2014).

Since the device only activates vertical movement, it can actively maintain vertical
pelvic movement and coronary pelvic tilt, but it can't monitor other pelvic rotations or lateral
movement. The Motorized Reoambulator is a commercial rehabilitation system that helps
patients to do recovery exercises on the treadmill regularly (Diaz et al., 2011). Abduction,
pelvic movement, and pelvic rotation are all restricted by the system. The pelvis cannot shift

forward or backward or rotate differently than standing in ALEX (Banala et al., 2008).
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2.3.3 Walking Rehabilitation and Body Weight Support
Patients often cannot carry their own weight during gait rehabilitation. They often

rely on a weight-bearing system (BWS). Clinical trials have demonstrated that transferring a
portion of one's body weight to the thoracic spine system improves gait recovery (Barbeau
& Visintin, 2003)(Mehrholz et al., 2017)(Mao et al., 2015). BWS will also help people stay
healthy when exercising, keep the balance, and avoid falling. BWS will enhance the patient's
lateral balance to restore gait (Frey et al., 2006).
They can be classified into two categories in terms of weight reduction:

1) static systems,

i1) systems based on passive counterweights,

i) systems based on passive elastic springs, and

1v) system of active.

Figure 2.13 depicts a diagram of these classes. The first three passive devices are not
ideal for gait recovery because they cannot support steady weight while the pelvis moves
vertically. The discharge force can be dynamically produced by the functional source system.
These systems constantly calculate the intensity of the contact between the patient and the
BSW driver, and the control system instructs the control unit to move through the audience
based on these measures, even though the patient feels strong. Vertically, nothing changes.
These systems have enough bandwidth to have a pleasant weight loss effect while

encouraging a natural walk (Hidler et al., 2011).

Figure 2. 13 BWS systems are classified as (a) static and (b) passive counterweight
dependent, (c) passive spring based, and (d) active systems
(SOURCE: IEEE Transactions on Neural Systems and Rehabilitation Engineering,
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14(3), 2006)

A BWS system is used in the robot-assisted gait recovery equipment. HapticWalker
(Hussein et al., 2009) is an end-effector that releases the patient as he walks using a passive
suspension module. The BWS system keeps the CoM in full position in the human body,
minimizing foot effect. Another end-effect device is the MIT Skywalker (Susko, 2015),
which has a free chest brace to prevent patients from dropping, and the BVS passive spring
system, which uses bicycle saddles to relieve patient tension. To obtain the desired weight
support, pre-adjust the seat position and move the movable linear controller up and down
with a remote control. To control the tension of the dangling cable in walking recovery
schemes, the commercial Robomedica Active BWS unit is attached to the patient with a high
safety belt (including POGO and PAM)(Aoyagi et al., 2007)(Burgess et al., 2010). The
WalkTrainer (Stauffer et al., 2009) is a fast-recovery device with an active BWS system. It
comprises a pre-tensioned control spring whose length can be modified based on the current
sensor's calculated value. A tag is used to link the device to the patient. For an active
customized seat belt fixed to the patient's pelvis, the KineAssist (Patton et al., 2007) gait
training and balancing system supports the weight. The NaTUre Gait(Luu et al., 2014) is a
hybrid system that controls the movement of the feet and the sensation of walking on the
ground using end effects technology (stirrups) and a movable foundation. In the pelvic
module, there is an active BWS. ZeroG (Hidler et al., 2011) is an elevated BWS system that
can fly over elevated tracks and employ force control techniques based on SEA (Series
Elastic Actuator). With the aid of SEA, the device effectively monitors and manages the

cable tension that is linked to the patient’s sling.

2.4 Medical Robot and Exoskeleton
In the definition of a robot in the Dictionary of Robotics and Artificial Intelligence
(Rosenberg, 1986), it is stated that a robot is:
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(1) a machine that has sensors for detecting input signals or ambient circumstances, but also
has guidance or reaction mechanisms that can do calculations, sensing, and other tasks, as
well as stored programs for subsequent actions; for instance, a machine that runs itself.

(2) are machines that may be directed to carry out specific motions or manipulations.

Although they continue to capture the public's imagination, general-purpose,
anthropomorphic (human-appearing) robots have not yet found many applications in
medicine. The rehabilitation robots that have been created are specialized machines that are
different in size, shape, and complexity from humans and have little to no similarity to them.
They are similar in that their sophistication is rising along with their capabilities and
programmability.

Wearable robotics that provides assistive torques and more robust structural support
is known as a powered exoskeleton. The Human-Machine-Interface (HMI) used in this
instance is an example. With the widespread adoption of robotic technology, there has been
a rise in interest in exoskeleton research (Aliman et al., 2017)(B. Chen et al., 2016)(Mertz,
2012)(Gardner et al., 2017). Smart systems can now monitor movement, give feedback, and
construct smooth trajectories by using more precise models thanks to robotics technology
(Pons, 2010). Exoskeletons can be made lighter and more powerful thanks to the
advancements in accurate sensors and compact actuators. This does, however, also make
developing and constructing an exoskeleton more complex technologically. Exoskeletons
have evolved over time from basic mechanical devices to wearable robots with independent
intention detection and action. Treadmill-based systems and overground-based systems are
two of the most frequently employed exoskeleton kinds nowadays (Diaz et al., 2011).

Unfortunately, accessible public areas are not always created with a wheelchair user
in mind. In daily life, we climb stairs, reach for objects on high shelves, squeeze through
small doors, and converse with individuals at eye level (Welage & Liu, 2011). All these
ADLs provide difficulties for a wheelchair-bound individual. People can walk upright and
lead more "normal" lives with the use of exoskeletons. Exoskeletons can be utilized to assist
people with ADLs in the real world or to assist persons with health conditions in a

rehabilitation setting.
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2.4.1 Medical Robot

The term "medical robot" refers to any robot designed for use in the medical field that
is either implanted in or otherwise physically connected to a human patient (Baratini et al.,

2019). Medical robots are under regulatory control in many nations and regions as medical

devices.

2.4.1.1 History

Robots have several uses in the manufacturing sector. These days, robots are

increasingly used in the medical field. Table 2.3 details the development of medical robots

over time (Kasina et al., 2017).

Table 2. 3 Historical evolution of robots in medical industry

YEAR ROBOT APPLICATION

1983 Laparoscopic surgery
1985 PUMA-560 Brain biopsy

1988 PROBOT Prostate surgery

1989 AESOP endoscopic positioner Endoscopic surgery
1991 MINERVA Brain biopsy

1992 ROBODOC Hip replacement surgery
1993 Prosthetic knee

1997 CASPAR Knee and Hip surgery
1998 ZBUS surg:ial system Endoscopic surgery
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1999 ZBUS Fallopian tubes operation

2000 DaVinci Surgical system Laparoscopic surgery

2001 SOCRATES Telepresence

2009 Freehand robot Endoscopic holding

2011 Telelap ALF-X Laparoscopy

2011 ReWalk Rehabilitation

2013 IGAR Breast cancer detection

2014 INDIGO powered leg Lower Body Exoskeleton

2014 Leg rehabilitation

2014 Luke Skywalker i\)/g:tcﬁztcizcosntraction detection in
2014 Three-armed robot Surgery in womb

2014 LITTLE MOE Disinfection

2014 SCALLOP

2015 Magnetic rod Spine surgery

2015 Nanometer drones Drug delivery

2015 Robotic arm Handling soft orgam

2015 Rani robotic pill Inject medication

2015 Origami robot ;{r(::rlioe\;e cancer cell and unclog
2015 Nanodrone Deliver drugs to heal
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2.4.1.2 Classification of Medical Robots
There are three main classes of medical robots (Boubaker, 2020).

(1) robotic instruments for surgery, diagnosis, and drug delivery (medical devices)

(2) robots for rehabilitation and robots that are wearable (assistive robots), and

(3) prosthetics

Medical robots have a few benefits over traditional medical equipment. They are more
cost-effective, and they are helping physicians to improve their precision and expertise
while reducing human exhaustion. Classification of medical robots is shown in Figure

2.14, furthermore robotic assistive technologies are shown in Figure 2.15.

Medical Robotics

Roboiics to assisi patianis [Robotks to assist

with heailh difficulties | doctors/surgeons
:

i
a0
{| Rehabliitaion Efp‘;;ﬂf:fym
| = | Diagnosis and

o Therapy

Figure 2. 14 Medical robotics systems based on classification
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Figure 2. 15 Robotic assistive technologies

Assistive technologies can be categorized into:

(1) Prostheses and artificial limbs

(2) Orthotic devices and exoskeletons

(3) Functional electro-stimulation robotic aids
(4) Smart houses

(5) Robotic aids

(6) Robot personal assistants

Orthotic devices and exoskeletons can be utilized as a gait trainer. The different types of gait
training robots are discussed in this chapter, as well as the related devices that have been

mentioned in the literature.
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2.4.1.3 Rehabilitation robot
Robotics for assistance and aid (also known as assistive robotics), on the one hand,

and robotics for therapy and recovery (also known as therapeutic robotics), on the other, are
the two primary subfields that make up the area of rehabilitation robotics. Patients who are
unable to move their bodies due to age, accident, or stroke can move their bodies and do their
daily duties more easily and quickly with the assistance of systems and equipment known
collectively as assistive robotics. However, these robots do not necessarily engage the
patient's neural system to regain control of the damaged or paretic limb, nor do they provide
any feedback regarding the patient's progress in healing.

On the other hand, therapeutic systems contribute, even if only in a little way, to the
process of supporting patients' recoveries. These systems are often utilised for a predefined
period during which the patient's performance on a certain function is the primary area of
focus. The patient receives treatment more quickly, and the therapist or carers experience
less fatigue and strain as a result. Therapeutic robots can work in tandem with other medical
professionals or with the patient themselves. An outline of rehabilitation robots is shown in

Figure 2.16.

Robot Category
. Other <
 cwac ims (Assistive (A), Upper Limb Lower Limb
Assistive Assistive in Hospital Therapeutic Therapeutic
(AH), or Socially
* Adaptive Ankle Assistive (SA) - ARMin * Ekso
Exoskeleton + Barret WAM * Lokomat
+ Soft Knee * Baxter (A) + Burt + Rewalk
Wearable * JACO-based
Exoskeleton Feeding Robot (A)
* Lio (A)
* ARNA
* Humanoid TUGs
+ Nao (SA)

Figure 2. 16 An outline of rehabilitation robots in recent literature
(SOURCE: Medical and Healthcare Robotic, Academic Press., 2022)
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2.4.2 Exoskeleton
The term "exoskeleton" comes from the Greek word "exo," which means "outside."

It refers to a skeleton that is found on the exterior of the body. When it comes to biological
systems, the provision of protection or support typically takes the shape of a rigid exterior
structure, such as the case or exoskeleton of an insect. An exoskeleton is a structure that a
human wears and controls; it gives additional strength, or, in teleoperation, it allows for
monitoring the movements and the forces that a human creates to utilize those to operate a
robot. In robotics, an exoskeleton is a structure that a human wears and controls (Matari¢,

2008).

2.4.2.1 History of Exoskeleton
EARLY EXOSKELETONS

Robert Seymour's satirical article "Locomotion—Walking by Steam, Riding by
Steam, Flying by Steam" published in London around the end of the 1820s contains what is
believed to be the earliest illustration of what is essentially an exoskeleton. But it wasn't until
1890, some decades later, that Nicholas Yagn of St. Petersburg, Russia, received a patent for
his invention known as a "Apparatus for Facilitating Walking" (Rosen & Ferguson, 2020).
The apparatus, which was worn on the legs, was made to help with sprinting, jumping, and
walking. Two models were either propelled by a massive bow spring or a compressed gas
bag. The distinction between passive and active (powered) exoskeletons has never been made
before, thanks to this patent. Although these early exoskeleton concepts were never put into
production, their basic structure and design served as a model for powered armour and easily

operated suits that amplified a user's force output that appeared in scixence fiction.

1961-1973 PERIOD

Over the course of the Man-Amplifier Project, powered exoskeletons started to
materialise in the actual world, a 1961-1962 Cornell Aeronautical Labs programme that
investigated technology that boosted human potential. The first medical powered exoskeleton

was developed by researchers working at the Mihailo Pupin Institute on the campus of the
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University of Belgrade in what is now the country of Serbia in the former Yugoslavia. The
Institute conducted in-depth analysis of exoskeletons for the upper and lower bodies for
patients with paralysis, and in 1972, several units were available for usage and testing in

rehabilitation centers.

2001-2008 PERIOD

Several research centers and startup businesses took the lead in rekindling interest in
exoskeleton development at the turn of the century. The Hybrid Assistive Limb
(HAL)(Siciliano et al., 2010) series was introduced in Japan by Cyberdyne under the
direction of Yoshiyuki Sankai. Under the name Hexar Systems, Chang-Soo Han (Bock &
Linner, 2016) developed a portfolio in Korea that included more than twenty exoskeletons.
Ekso Bionics was cofounded by Homayoon Kazerooni (Popovic, 2019). Former University
of Utah professor Stephen Jacobsen converted Sarcos Robotics (Meadows, 2011) into a
company that developed exoskeletons for "disabled people" rather than just "disabled
technology." Hocoma started selling the Lokomat robotic treadmill in Europe in the

meantime. Considering all these businesses, 1000 devices have been sold overall in each one.

2015-2018 AND BEYOND

Exoskeleton manufacturing companies have grown significantly in recent years. In
East Asia, an aging population and labor force are the main drivers of the increase in interest.
Exoskeletons created to avoid workplace accidents or in rehabilitation sessions. Fewer
physical therapists are required are seen in North America as viable solutions to the country's
fast rising healthcare expenses. However, the European Union is home to more kinematics
and biomechatronics facilities that have only recently begun producing commercial devices.
The Harvard soft exoskeleton (Tong, 2018) and the Keeogo (from B-Temia Inc., Quebec,
Canada)(Scataglini et al., 2022), which have both military and medicinal purposes, are two

examples of devices that might sometimes fit into more than one category.
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2.4.2.2 Classifications of exoskeleton
Exoskeletons are mechanical structures that resemble the skeletal structure of a limb

or body part (Tiboni et al., 2022)(Rupal et al., 2017). Figure 2.17 depicts the results of a
comprehensive assessment of exoskeletons conducted to date(Rupal et al., 2017) which

divided them into twocategories based on uses and needs: medical and non-medical systems.

— For paraplegia

— For rehabilitation

— Medical —
— For ampuiees/disabled
— For compensation
Exoskeleton —
— For soldiers
- For workers
7T Non-medical ——
et For healthy elderly

—  General purpose

Figure 2. 17 Classification of exoskeletons according to their usage

Non-Medical Exoskeletons
The development of exoskeletons designed to increase strength and reduce metabolic
costs should be acknowledged, even if rehabilitation exoskeletons are the focus of this

research. The use of these exoskeletons extends from military to industrial and construction
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tasks that can improve the user's upper and lower bodies. Exoskeletons have also been
investigated for various uses, both soft and rigid.

According to Walsh et al. in (Walsh et al., 2006), a lower-limb exoskeleton that was
only half engaged could transfer 90% of the weights to the ground. Additionally, (Wehner et
al., 2013) and (Alan T. Asbeck, 2013) investigated and developed a soft lower limb
exoskeleton that was effective in reducing the metabolic cost of a gait cycle. Figure 2.18a
depicts a soft exoskeleton of the lower limb. Actuated Bowden wires that are attached to the
joints in these suits pull the joints through the gait cycle. Soft suits are advantageous since

they are lightweight, but they do not provide structural support.

As was already mentioned, the BLEEX was developed for military use to enhance
the amount of weight a person could carry and lower metabolic expenses. DARPA11
provided most of the funding for the study. Unlike the suite that Walsh provided, this suit
has strong powered actuators and is a stiff system. The BLEEX military lower limb

exoskeleton is depicted in Figure 2.18b.

Both upper and lower body systems are present in the HAL-5 exoskeleton. The HAL-
5 exoskeleton is depicted in Figure 2.18c. Originally intended to be used with the upper body
as a lower-body assistive device, this system enables users to boost their capacity for carrying
loads. To determine the user's intent and offer support, this system employs electromyogram

(EMGQG) signals(Casolo et al., 2008).
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Figure 2. 18 Enactment Exoskeletons : (a) Walsh soft exosuit (Awad et al., 2020)
(b) BLEEX (Flores, 2020), (c) HAL-5

(SOURCE: (a) Walking faster and farther with a soft robotic exosuit: Implications for
post-stroke gait assistance and rehabilitation. IEEE Open Journal of Engineering in
Medicine and Biology, December 2019, (b and c) Bathing care assistance with robot suit
HAL. 2009 IEEE International Conference on Robotics and Biomimetics, ROBIO 2009)
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2.4.2.3 Overground Exoskeletons
Over the past few years, several overground walking exoskeletons have been

researched and built and have become very popular. Since the person is not attached to a
constricting gantry and all the power and control is on-board, they allow the therapist more
freedom to design protocols and represent a more accurate representation of real-world
ambulation (Martinez et al., 2018). As a result, the person is free to move around the
environment. The system must be capable of supporting both the person and itself.

This independence enables travel on stairs and difficult terrain. These systems have the
drawbacks of being constrained by on-board power and having to consider the mass of the
system. Maxon motors2 and Harmonic gearboxes3 are common design elements in most
overground exoskeletons (Bortole et al., 2015)(Aliman et al., 2017). To support their upper
bodies when walking, patients frequently use crutches. These systems typically cost around

$100,000 (Rupal et al., 2017).

2.4.2.3.1 BLEEX
One of the earliest exoskeletons available is the BLEEX. The BLEEX exoskeleton's

most recent iteration is depicted in Figure 2.19. This exoskeleton differs significantly from
the previous exoskeletons addressed in this study in that it is made of BLEEX. In order to
enable soldiers to carry a significant amount of mass, design was required for military
applications since it enhances the load that people can carry. Although it almost resembles
human joints, it is not completely anthropomorphic. It has ball joints for the hip and ankle
and pure rotation joints for the knee (Garcia et al., 2011)). The joint design of the BLEEX
exoskeleton was based on clinical gait studies. They were able to determine the joint ranges
and torques for the exoskeleton by researching the motion of the human gait (A. Zoss et al.,
2005)(A. B. Zoss et al., 2006). was developed to help soldiers to carry heavy loads (A. Zoss
et al., 2005). About $100,000 was spent on this system (B. Chen et al., 2016).
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Figure 2. 19 BLEEX Exoskeleton
(SOURCE: https://bleex.me.berkeley.edu/wp-content/uploads/2021/04/Berkeley-Exo-HR-
scaled.jpg)

2.4.2.3.2 ReWalk

The Rewalk is a well-known rehabilitation exoskeleton available today. Figure 2.20
shows an image of the Rewalk. A closed-loop control system that uses the sensor suite to
drive the motors, powered hip and knee joints, passive ankle joints covered by shoe ankle
supports, and back support for the body's trunk are all features of the exoskeleton. The
exoskeleton has various modes that include sitting, standing, walking, going up or down
stairs, and standing and sitting simultaneously. Using tilt sensors in the trunk, the user is free
to operate the exoskeleton. The controller is instructed to begin walking by stooping forward
(Zeilig et al., 2012) Both inpatient therapy and at-home use are currently made of it. The
benefits of the ReWalk for rehabilitation are supported by several well-researched studies
(Esquenazi et al., 2012). The exoskeleton costs roughly $70,000 (Bhatnagar et al., 2017).
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Figure 2. 20 ReWalk Exoskeleton
(SOURCE: Mobility Skills With Exoskeletal-Assisted Walking in Persons With SCI:
Results From a Three Center Randomized Clinical Trial. Frontiers in Robotics and Al,
7(August), 2020)

2.4.2.3.3 Indego

Another well-liked exoskeleton for rehabilitation is the Vanderbilt model (Gasser et
al., 2017). The Indego exoskeleton 7 is the system's commercial variant; it is depicted in
Figure 2.21 This exoskeleton was initially created for stroke recovery, where one side of the
patient has greater strength and function than the other. The added torque from the
exoskeleton helps the wearer walk and restore strength.

The Indego exoskeleton has recently been utilized to treat SCI patients. A hybrid
concept by Goldfarb et al combines FES and the motorized exoskeleton; this incorporates

the user's muscles into the system and increases the torque with the motors (Ha et al., 2012).
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Figure 2. 21 Indego Exoskeleton

(SOURCE: An assistive robotic device that can synchronize to the pelvic motion during
human gait training. Proceedings of the 2005 IEEE 9th International Conference on
Rehabilitation Robotics, 2005)

2.4.2.3.4 Hybrid Assistive Leg (HAL-3)

As shown in Figure 2.22, the HAL-3 exoskeleton was developed at the University of
Tsukuba in Japan, which also manufactured it (Sankai, 2010). This exoskeleton's primary
purpose is to provide assistance in the process of rehabilitating people who have disabilities.
HAL has a 160-minute continuous operating time (Venketasubramanian et al., 2017). The
HAL-3 fits into the category of high-power exoskeletons because of the HAL-3's extensive
usage of sensors, which has a high-power need. With a 100 V AC supply, HAL increases
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joint torques at the ankle, hip, and knee. Power assist apparel A nurse may care for a crippled

person using this exoskeleton.

Figure 2. 22 HAL-3 exoskeleton

(SOURCE: https://zhuanlan.zhihu.com/p/115288318)

The exoskeletons mentioned above all have similar design elements. They have
motorized knees and hips that can produce additional and helper torque, and the stiff frames
offer support. Exoskeletons can be disassembled into several sections that can be altered to
fit the wearer. These exoskeletons are tough to obtain and difficult to afford because to their

exorbitant cost. Additionally, they are not transparent enough for controller research. Like
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how it is challenging to test a controller without an exoskeleton, it is challenging to justify
the purchase of an exoskeleton without a tested controller. An exoskeleton can be expensive

and time-consuming to design and construct.

Maxon motors can cost more than $350 each, while harmonic gearboxes can cost
more than $1000 each. These components also have lengthy lead times for internal
evaluations. Including manufacturing time, the material cost for a building might range from
hundreds to thousands of dollars. Additionally, the electrical components that drive the
motors and enable real-time control must be specially built; this, too, necessitates expertise
in every branch of engineering, from mechanical to computer science. It would also require
a lot of effort to develop, produce, construct, and test the exoskeleton, which would divert
attention from designing new controls. Figure 2.23 shows characteristics of Robots for Lower
Limb Rehabilitation. Meanwhile Singla et. al. classifies exoskeletons as shown in Figure

2.24.

Product : Lokomat

Product : ReWalk

Product : HAL

Product : Ekso GT

Product : Rex

Product : Indego

Company : Hocoma

Company : ReWalk

Company : Cyberdine

Company : Ekso bionics

Company : Rex bionic

Company : Indego
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*  Multiple Sclerosis

* Parkinson’s
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.
* Paralysis
* Spinal cord injuries

Figure 2. 23 Characteristics of Robots for Lower Limb Rehabilitation
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(SOURCE: Robotics for Rehabilitation: A State of the Art, In Exoskeleton Robots

for Rehabilitation and Healthcare Devices. Springer, 2020)
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Figure 2. 24 Classification of exoskeletons

2.4.2.4 Upper Limb Exoskeletons
It is crucial to emphasize that several robotic systems have been created for upper

limb rehabilitation, even though it isn't the paper's primary focus. Since lower limb
exoskeletons also require the provision of assistive force to maintain a gait motion, these
systems are primarily designed for repeated motion with assistive forces (Rehmat et al.,
2018).

Products with a TRL 9 rating that are currently on the market include ArmeoPower,
the InMotion ARM, the KINARM Lab, and the ReoGo. Although the ALEx and ORTE
exoskeletons have not yet received authorization to be put on the market, their level of
development, or TRL (7/8), already makes it possible to distinguish them from prototypes
that are still being investigated.

Three devices are utilized in the "Armeo Therapy Concept" by the Swiss business
Hocoma at various stages of the patient's rehabilitation. As the only device with actuators,

the ArmeoPower can be used to treat a range of disorders where the functionality of the arm
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is impaired, such as stroke, orthopedic or neurological illnesses, accidents, etc. (Nef &
Riener, 2005).

ArmeoPower is depicted in Fig. 2.25 (a), and it has six active degrees of freedom
(DoF) that cover 85% of a healthy arm's 3D workspace. It allows for the shoulder's adduction
and abduction, flexion and extension, external and internal rotation, as well as extension and
flexion of the elbow, wrist, and forearm. In individuals with multiple sclerosis, as well as
stroke studies on the usage of this device have been conducted (Calabro et al.,

2017)(Klamroth-Marganska et al., 2014), reporting their success.

(a) ArmeoPower (b) InMotion ARM

(d) ReoGo (f) ORTE

Figure 2. 25 Main Upper Limb Exoskeleton Robots Companies. a Hocoma, b Bionik, ¢
BKINTechnologies, d Motorika, Medical, e Wereable Robotics, f AURA Robotics

(SOURCE: Robotics for Rehabilitation: A State of the Art, In Exoskeleton Robots for
Rehabilitation and Healthcare Devices. Springer, 2020)
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The MIT-Manus, sometimes known as the InMotion ARM, was created at the
Massachusetts Institute of Technology (MIT), and today sold by Bionik (Lo & Xie, 2012),
was one of the very first exoskeletons designed specifically for the purpose of aiding in the
rehabilitation of the upper limbs. The flexion/extension of the elbow and the internal/external
rotation of the shoulder are the active movements covered by the 2D rehabilitation that may
be carried out with this device, as shown in Fig. 2.25 (b ). It has a passive movement for
rehabilitation called shoulder protraction/retraction. The InMotion ARM can be used to treat
a several illnesses, such as multiple sclerosis, cerebral palsy, Parkinson's disease, and stroke.
Children and adults alike can use the 2D rehabilitation tool known as the Kinarm Lab (Fig.
2.25 (c)). For the purposes of study, the developer gives the option of either renting it or
purchasing it. One of its key characteristics is the ability to gather precise information
regarding the effects of a brain disorder or damage on the patient's motor, sensory, and
cognitive capabilities(Scott, 1999)(Ball et al., 2007).

The ReoGo gadget, shown in Fig. 2.25 (d), was created to treat a variety of
neurological disorders as well as dysfunctions following surgery or caused by orthopedic
difficulties. It has two active degrees of freedom and one passive degree that enable 3D
rehabilitative and horizontal shoulder abduction/adduction movements as well as elbow and
shoulder flexion/extension. Studies on stroke victims have been conducted, and the device's
functionality has also been examined (Takahashi et al., 2016)(Bovolenta et al.,
2009)(Bovolenta et al., 2011).

The Wearable Robotics firm (Italian company) created the Arm Lightweight
Exoskeleton (ALEX). They develop robotic aids for physical therapy to help patients regain
their strength and mobility. The company's themedical business, Kinetek, oversees
developing ALEX.

A total of 4 active and 2 passive degrees of freedom (DoF) are present in ALEX. Flexo-
extension, adduction/abduction, external/internal rotation, and extension-flexion of the
elbow are among the motions that are engaged and detected. The wrist's flexo-extension and
the forearm's prono-supination make up the passive DoF (Pirondini et al., 2016)(Auvray &

Duriez, 2014).
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One of ALEX's unique features is the shoulder's rotation mechanism, which the
business patents and enables the alignment of the human arm with the joint axis. It has
absolute angular position sensors, on the motor shafts are four incremental optical encoders,
and on the device’s, back are four regulated brushless motors. The motors and joints are
connected by a system of cables for the transmission of torque. The device comes in two

forms, one for unilateral therapy and the other for bilateral therapy. Figure 2.26 shows

characteristics of Robots for Upper Limb Rehabilitation.
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Figure 2. 26 Characteristics of Robots for Upper Limb Rehabilitation

(SOURCE: Robotics for Rehabilitation: A State of the Art, In Exoskeleton Robots for
Rehabilitation and Healthcare Devices, Springer, 2020)

As shown in Figure 2.27, the MIT-Manus (Krebs et al., 2004) was one of the first
robots to be created. Due to its two degrees of freedom, this robot can move in a horizontal
plane without being affected by gravity. A visual feedback system encourages patient
participation in the therapeutic process. To assist the user with movement, the robot also

offers assistive torque.

67



Figure 2. 27 MIT-MANUS

(SOURCE: ZeroG: Overground gait and balance training system. Journal of
Rehabilitation Research and Development, 48(4), 2005)

A seven DoF robotic arm called the UL-EXO7 is also available, and Figure 2.28
depicts it. It offers assistive forces and a full range of motion. A similar interactive game is
played by this robot, the MIT-Manus. Patient outcomes from the initial trial have been
demonstrated to be functional.

The T-WREX is a different rehab arm exoskeleton. The T-WREX has the advantage
of large non-linear forces with low onboard bulk because it is pneumatically powered
(Sanchez et al., 2005) in contrast to some of the other systems. A favorable rehabilitation
outcome for this approach has also been demonstrated(Housman et al., 2007). Table 2.4

shows the classifications of upper-limb exoskeletons according to actuation and kinematic.
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Figure 2. 28 UL-EXO7

(SOURCE: A systematic review of bilateral upper limb training devices for poststroke
rehabilitation. Stroke Research and Treatment, June 2014)

Table 2. 4 Classifications of upper-limb exoskeletons according to actuation and kinematic

k . Anatomical | Number
Exoskeleton Actuation solution Control districts DOFs
L-Exos Tendon drive Impedance Shoulder 4
control and elbow
. Shoulder,
Exo-UL7 Cable-driven, tendon, Impedance elbow, and 7
and pulley control 3
wrist
Masia et al Soft exoskeleton with Friction Elbow and 1
asta et al. sheathed tendons compensation shoulder
MGAXOS Gear drive Force closed- Shoulder- 4
loop control elbow
ABLE Ball screws and cable Impedance Shoulder-h 7
control elbow-wrist
Closed-loop
Rehab-Exos Gear drive interaction Shoulder- 4
elbow

joint control
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Armin III Gear drive Impedance Shoulder-
control elbow-wrist
T-WREX Passive exoskeleton Spring Shoulder-
passive elbow-wrist
Nonlinear
Pneu-WREX Pneumatic force Shoulder-
elbow
control
Nonlinear
BONES Pneumatic force Shoulder-
elbow
control
Salford Artificial pneumatic Force closed- Shoulder-
exoskeletons muscle loop control elbow
Sarcos Hydraulic Admittance Shoulder-
control elbow
NEUROExo0s Vanal?le-lmpedance Torque Elbow
actuation control

(SOURCE: Robotics for Rehabilitation: A State of the Art, In Exoskeleton

2.4.2.5 Actuator for Exoskeleton
The action that is created by the controller is transferred to functional movement by

Robotsfor Rehabilitation and Healthcare Devices. Springer, 2020)

the actuator, which is typically coupled to the exoskeleton frame. The actuator's primary role

is to perform this function.There are some technological decisions to be made when building

robotic exoskeletons, one of which is the actuation principle (Colombo & Sanguineti, 2018).

An overview map of the various technical options available to the design is shown in Figure

2.29. First and foremost, selecting an actuation concept is a crucial decision. Figure 2.30 and

Figure 2.31 respectively show the principles of exoskeleton actuation and list of existing

rehabilitation robots along with their actuator type (Hasan & Dhingra, 2020). While Table

2.5 compares actuator types implemented on the robot assisted gait trainer (X. Zhang et al.,

2017).
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Figure 2. 30 Exoskeleton actuation principles. (A) Transmission of gears. (B) A joint with
a force sensor. Tendon transmission (C). Variable impedance (D). Elastic in the (E)
sequence. Hydraulic-pneumatic (F).

(SOURCE: Rehabilitation Robotics : Technology and Application. Elsevier, 2018)
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Figure 2. 31 List of existing rehabilitation robot with their actuator type



Table 2. 5 Comparison of actuator types implemented on robot assisted gait trainer

Actuator Advantages Disadvantages
types
* Simple structure * Easily to leak
* Reliable * Noisy
* Stable * Slow
Hydraulic | * Low inertia » Low efficiency
* Protection of overload * Sensitive to temperature change
temperature change
* Oil can be compressed
* Low cost * Non suitable for high temperature system
* Simple structure * Difficult to precise control
* Nonpolluting * Speed can change because of load
Pneumatic | ® Work in high » Can be compressed and leak
temperature
* High flow rate
* Simple structure * Large volume
* Has advantages of * Heavy
) convenient energy transfer | * Influenced by external load
Electric * Nonpolluting
motor * Easily to be controlled
* High security » Complicated structure
Serial « High control precision * High power
Elastic « Reduce of friction losses | * L-arge volume
Actuator * Heavy
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2.4.2.6 Powering for exoskeletons

Based on mobility, exoskeletons can be classified as either portable or nonportable.
Due to its ability to allow its wearer to move freely wherever they like, the portable category
is also known as mobile exoskeletons. In contrast, the mobility of non-portable exoskeletons
is constrained by their high-power needs, which necessitate the usage of direct power sources.
As a result, these exoskeletons are connected to the power source by wires, which restricts

their workspace. Table 2.6 lists the most popular exoskeletons, their power source, and how

they are powered. Below are some instances from both categories:

Table 2. 6 Powering source and methods of various exoskeletons

Exoskeleton model Developer Power source

BLEEX DARPA. Rechargeable Li-ion battery
Power effector MMSE project team Direct power supply
Walking assist device Honda Rechargeable lithium-ion

battery

Hybrid assistive limb University of Tsukuba, AC100V Charged
Japan battery
Power assist suit for Kanagawa Institute of NiMH batteries

nursing car Technology

HRP-2promet Kawada Industries Ni- [H Battery DC 48V,18Ah
HRP-IS Honda Ni-Zn battery
KHR-3(HUBO) KAIST 300W NiMh battery

(SOURCE: Lower-limb exoskeletons: Research trends and regulatory guidelines in

medical and non-medical applications. International Journal of Advanced Robotic Systems,

14(6), 2017)

2.3.2.7 Portable Exoskeletons

Lower Extremity Exoskeleton of Berkeley (BLEEX) Exoskeletons for Human
Performance Augmentation (EHPA), a DARPA program, produced this exoskeleton as one
of its results. It carries a battery that serves as a power source for the actuators at various

joints. Seven degrees of freedom (DOFs) are present in BLEEX, with three DOFs at the hip
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joint, one at the knee, and three at the ankle. High DOFs result in BLEEX's high power
consumption. Hydraulic actuators, different electronics, and control systems use about 1.3
kW of power (A. Zoss et al., 2005). It belongs to the class of powerful portable exoskeletons
that use rechargeable batteries and may be charged by an AC power source. A full-body
exoskeleton known as Sarcos has also been created by the DARPA program, as depicted in
Fig. 2b. Sarcos has rotating hydraulic actuators as opposed to BLEEX's linear hydraulic
actuators. Compared to BLEEX, this exoskeleton performs noticeably better (Huo et al.,
2016). With a weight of about 70 kg, the wearer of this exoskeleton can walk at a pace of 1.6

m/s.

2.4.3 Robot assisted walk trainers

As with active and passive solutions, robots used for gait recovery can be split into
two groups (Ceccarelli et al., 2014). The motion that robotic devices for gait recovery add to
the patient's body may also be graded. According to the definition "Exoskeletons are active
anthropomorphic mechanical device that is ‘used' by an operator and suits tightly to his or
her body and operates in compliance with movements of the operator's movements”(Federici
& Scherer, 2018). Table 2.7 shows comparison of these devices (Morone et al., 2017). These

are some of the commercial robots assisted walk trainers:

Table 2. 7 Commercial robot assisted walk trainers

Developer Product
Argo Medical Technology (Israel) ReWalk
Hocoma (Switzerland) Lokomat
Reha Technology AG (Switzerland) G-EO
RehaStim (Germany) Gait Trainer
Rex Bionics (New Zealand) REX
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Tibion Bionic Technology (USA) Bionic Leg

University of California Berkeley (USA) eLEGS

The end-effector robot G-EO System is made by Rehab Technology AG in
Switzerland. It simulates symmetrical foot trajectory in gait by just moving the stationary
feet on a moving support. The treadmill-based exoskeleton robot Lokomat (produced by
Hocoma AG, Switzerland) employs predetermined trajectories to check hip and knee

joints(Yeung & Tong, 2018). Figure 2.32 shows different approaches to robotic gait trainers.

Robotic devices “Static” (training in place) “Dynamic”
(examples)

Exoskeletons Lokomat . Rewalk
End effectors Gait Trainer i-Walker

Figure 2. 32 Different approaches to robotic gait trainers
: Robot-assisted gait training for stroke patients: Current state of the art an
SOURCE: Rob isted gait training fi k i C fth d
perspectives of robotics. In Neuropsychiatric Disease and Treatment, Vol. 13, 2017)
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2.4.3.1 Characteristics of robot-assisted therapy
A robot-assisted therapy system's mechanical architecture should follow a common

principle:
(1) simple
(i1) easy to control

(i)  lightweight

A variety of robots for lower limb rehabilitation have been created recently. There
are two types of these robots, as previously stated: exoskeleton and end-effector robots (J.
fan Zhang et al., 2010). Exoskeleton robots include Lokomat (Duschau-Wicke et al., 2010),
BLEEX(Kazerooni et al., 2006), and LOPES(Veneman et al., 2007)(Asseldonk et al., 2007),
while end-effector robots include Rutgers Ankle(Girone et al.,, 2001) and Haptic
Walker(Hesse et al., 2003). Exoskeleton robots are classified as treadmill-based machines
(Lokomat, Lokohelp(Freivogel & Schmalohr, 2008), LOPES, ALEX(Banala et al.,
2005)(Banala et al., 2008) or orthosis-based robots based (AAFO(Blaya & Herr, 2004),
KAFO(Sawicki & Ferris, 2009), HAL(Paper & Sankai, 2014), BLEEX (A. B. Zoss et al.,
2006)(Schmidt et al., 2007) on their mechanisms and recovery concepts, whereas end-
effector robots are classified as footplate-based (Gait Trainer GT1)(GT II - Reha-Stim, n.d.),
Haptic Walker(Hesse et al., 2003), G-EO-Systems(Hesse et al., 2016) or platform-based
(Rutgers Ankle(Girone et al., 2001), ARBOT(Saglia et al., 2009b)(Saglia et al., 2013),
Parallel Ankle robots(Tsoi et al., 2009)(Xie & Jamwal, 2011). The features of recent therapy

robots are summarized in Figure 2.33 and Table 2.4.
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Figure 2. 33 Most recent lower-limb therapy robots and their category
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Table 2. 8 Actuated DOF and characteristics of the most recent lower limb therapy robots

Device

Company/
Institution

Country

Degree of
Freedom

Characteristic

Lokomat

Hocoma

Switzerland

2 DoF (leg)

Treadmill walking
Body weight
support

Powered knee and
hip support

Lokohelp

Woodway &
Lokohelp
Group

Germany

2 DoF

Walking with levers
on treadmill
Possible to use a
treadmill with a
weight support
device.

Allows patients to
track treadmill
movement using
levers

LOPES

University of

Twente

Netherlands

3 rotational

DoF (each
leg|)

For walking on a
treadmill

Each leg containing
actuated rotational
joints

Two joints at the
one joint at the knee
When walking on a
treadmill, can move
parallel to the legs.

ALEX

University of

Delaware

USA

7 DoF

For leg rotations
and translations

An electric leg
orthosis

Actuators in the
knee and hip joints
Help the patient use
a treadmill by
assisting them.
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AAFO

Massachuset
ts Institute of

[Technology

2 DoF (ankle
USA o
joints)

An active ankle-
foot orthosis that
activates using
SEA

An ankle joint was
made to fit.
Enables
unrestricted
sagittal plane
movements

KAFO

University of
Michigan

Free motion
DOFs in
USA sagittal plane
for ankle and
knee

A foot, ankle, and
knee orthosis

To power ankle
and knee motions,
six artificial
pneumatic muscles
are linked to the
orthosis.

HAL

Tsukuba
University &
Cyberdyne

Japan

Full-body
exoskeleton for the
torso, limbs, and
legs

A full-body
exoskeleton for
assistance during
rehabilitation and
heavy lifting

To map the
intention of
patients, EMG
signals are used.

BLEEX

University of
California

7 DoFs of
each leg in
USA hip, knee,
and ankle
joints

A set of wearing
robotic legs
Created to improve
the wearer's
capabilities

Supply power to
support heavy
loads
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Footplates are in
place for the
patient's feet.

Gait EWO Controlled
} . ootplates
Trainer Reha-Stim Germany movements are
for foot/leg .
GTI used to replicate
movement .
the action of the
feet during stance
and swing.
Different gait
. patterns and
. Charite Arbitrary walking speeds can
Haptic . . movement .
University Germany be simulated.
Walker . DoFs for two
Hospital feet Each footplate has
a force/torque
Sensor.
A footplate that
A
G-EO- Reha - footplatqs end-effector gait
Technology | Switzerland | for walking
Systems . robot.
AG and climbing
Controllable to
DOFs . .
simulate walking
and stair climbing
Delivers 6 DoFs of
6 DoFs for resistive pressures
ankle for to the ankle of
Rutgers | Rutgers USA ankle and patients using VR
Ankle | University foot based Upgraded to a dual
on a Stewart platform for the
platform purpose of gait
rehabilitation
An ankle
rehabilitation
i2nank1e DoFs parallel robot with
Instituto Jantar/dorsi the patient's foot
ARBOT | Italiano di Italy plan fastened to the
. flexion, i
Tecnologia . . moving platform
inversion/ev .
. Specifically
ersion . .
designed linear
actuator
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e 4 links
e Driven by dc

motors
Parallel | The e A parallel robot
. New with four axes
Ankle | University of Zealand 3 ankle DoFs powered by

robot Auckland )
pneumatic muscles

e Made for the
rehabilitation of
the ankle

(SOURCE: Recent developments and challenges of lower extremity exoskeletons. Journal
of Orthopaedic Translation, 5, 26-37)

2.4.3.2 Control modes
Passive mode and active training/control modes are described in Figures 2.34, 2.35,

and Table 2.9. The ability to keep the patient moving in varying modes, based on their
respective states of healing, is crucial to the success of robot-assisted rehabilitation and
therapy (Akdogan & Adli, 2011). The prescribed training regimen should be assessed by the
physiotherapist's experience as well as the severity of the topic's disability. According to the
study(Saglia et al., 2009a) the recovery phase can be split into preliminary, intermediate, and
advanced stages. At these steps, the patient eventually regains freedom of motion and power
in the wounded leg or joint. As a result, at various stages of rehabilitation, the patient should
engage in both passive and active activities. Passive care, for example, should be provided
in the recovery's early phases to assist patients in following predetermined routes to increase
strength and minimize muscle atrophy(Jamwal et al., 2014). Active mode should be used
after a training period, once the patient has developed a certain level of strength, to encourage

patients to activate the robot help through their own active efforts.
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Figure 2. 34 Passive mode and active mode

(SOURCE: An EMG-controlled SMA device for the rehabilitation of the ankle joint in
post-acute stroke. Journal of Materials Engineering and Performance, 20(4-5), 2011)

Figure 2. 35 Classification of control modes

Table 2. 9 Some of the most common training modes for robots that help with lower limb
rehabilitation.

Control modes Outcomes
Passive mode e Repetitive, intense exercise can minimize muscle
atrophy and aid in the rehabilitation of limb motor
function.
e Lacks patient’s motivation
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Active mode e Change the trajectory based on the patient's intent.
e [t is possible to significantly increase the initiative

motivation.
Active assist mode e - Let the patient move without the robot at first.
e The capacity for independent mobility can be
enhanced.
Active resist mode e Suitable for patients who are recovering quickly.

e Resistance increases difficulty and can help muscles
get stronger during the movement.

Other modes e Developed based on a therapist's perspective.
e Try to offer the user a specific level of support or
resistance.

2.4.3.3 Control strategies
Robotic lower limb recovery aims to improve a patient's muscle activity in the lower

limbs by using a variety of control techniques to restore nerve flexibility. As a result, robotic
control systems that make direct contact with a patient's lower limbs are a significant source
of concern. Researchers have been searching for further information about a patient's
biological signals in recent years, especially those that can accurately represent the purpose
of the patient's action and muscle activation. As a result, one of the most common fields is
combining hybrid data blending (location, weight, and bio signals) and adaptive tuning to
make it fit for individual patients. Depending on the intent of controller training and
development, the control techniques outlined in this section may be categorized into these
groups: force and impedance, position, tracking, bio-signals based, and adaptive. Figure 2.36
and Table 2.10 show the of overview recent control strategies and types of control algorithm

for robot-assisted rehabilitation.
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Figure 2. 36 Summary of robot-assisted rehabilitation control strategies and their
outcomes

Table 2. 10 A summary of robot-assisted gait trainer control algorithm

No. | Device name Control algorithm

1 AAFO -

2 ABLE PD Control

3 ALEX Force, impedance control

4 Assist ON- Gait Manual start/stop and speed varying

operation

5 ATLAS Finite state machine/PD control

6 Berkeley Exoskeleton Force position hybrid controller
System (BLEEX)

7 Body Extender -

8 CUHK-Exo PD Controller

9 ELEGS Finite state machine

10 | EXPOS and SUBAR Fuzzy logic control, Impedance control

11 | HAL Proportional, myoelectric control
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12 | IHMC mobility assist Position, force/torque control
exoskeleton
13 | Lokomat Hybrid force-position control
14 | Lopes Impedance control
15 | Lower-limb power assist PI velocity control loop nested in a torque
exoskeleton control loop
16 | MINA PD control
17 | Mind walker Model predictive control-based gait pattern
generation
18 | Nurse robot suit PID control
19 | Ortholeg and Ortholeg 2.0 | Brain wave control
20 | REWALK Proportional, myoelectric control
21 | Soft Exosuit Trajectory based position control
22 | Vanderbilt Proportional control, myoelectric
23 | Walking Assistance lower | Center of Pressure Control
limb exoskeleton
24 | Wearable Power-Assist PD control
Locomotor (WPAL)
25 | XoR -

pattern of people movement is not linear. There are some hybrid control algorithm methods
that can be used to solve those cases. But there are only a few studies of hybrid control

algorithms already implemented in lower limb gait trainer. Table 2.11 shows the comparison

2.4.3.4 Improvement of the controller and hardware

Some control algorithms such as PID are linear control algorithms, however the

of the studies.
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Table 2. 11 Comparison of Hybrid Controller for robot assisted gait trainer

Researcher Type of Hybrid Control Advantages Disadvantages
(D. Zhang & | PID with MRAC (Model | Speed and | Overshoot and then
Wei, 2017) Reference Adaptive | performance are | gradually returns to

Control) better than PID the desired position

(Majid et al, | PD with PSO (Particle | Better joint tracking -
2021) Swarm Optimization) performance

Technological advances have made it possible to create exoskeletons feasible
technology in the market. The advancement of electronics, actuators, batteries, and sensors
propelled the use and acceptance of the exoskeleton. The device's drawbacks are calibration
and setup time(Kittisares et al., 2020). However, many computer manufacturers now claim
that their new devices need just a few minutes to put on. There are also issues with the user's
ease and user experience. However, as more exoskeletons are evaluated on a larger user base,
they improve. The question of how to efficiently monitor exoskeletons and optimize the

benefits of these robotic devices remains unanswered.

The controllers differ significantly from one exoskeleton to the next. Several studies
compare different controllers on the same computer. Furthermore, most exoskeletons depend
solely on built-in mechanical sensors. Additional information about the user's status, while
helpful, can be very useful for enforcing control choices that the user has over the system.
We'll look at some promising research concepts that could be useful for exoskeleton

technology.

Aside from controllers, exoskeleton hardware also has space for development. The
frame (comfort and energy transmission) and the actuators are the most labor-intensive
elements. Another common complaint among robotic exoskeleton users is that the device's

soft tissue interface with the user's body is uncomfortable. Muscles attached directly to the
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bones normally control the human skeleton. The situation is ideal for efficiently and

painlessly moving torque and energy to the skeletal system.

Because humans who have skin, fat, and muscle between the exoskeleton and their
skeletal system, when using a powered exoskeleton, compressed soft tissue can cause pain.
When a robotic exoskeleton doesn't have enough space to travel about, the pain worsens.
There are many things we can do to change the structure. We may upgrade the hardware
and/or optimize the control algorithm (mechanism). As shown in Figure 2.37, a higher
precision mechanism entails a higher cost. However, if we use low-cost mechanisms or
electronic components, the device can become unstable. As a result, we must optimize using

a different process, namely, optimization using a control algorithm.

Optimization
using control

Using low cost The system - MNeed to

mechanical & become not optimize by
electrical part ideal other method

algorithm
{mechatronics)

Figure 2. 37 Mechanical compensation using control algorithm

88



CHAPTER 3
RESEARCH METHODOLOGY

3.1 System Design
Figure 3.1's representation of the three-level architecture of the basic control methods
for the Robot Assisted Gait Trainer relates to how the human nervous system is set up and

functions. These levels can function alone or in tandem with one another (Tucker et al.,

| -~ ~

Three Level Control Framework
~
Postural control Nich Lavel
strategy, EEG, etc. - o
| User's intention
S
" A
Mid Level
Multi-joint controller -
Users’ performance analysis to determine
\ state of Low Level Controller )
'd R’
Low Level
Gait motion strategies -
- Device driver
= Closed| |
k¢ sed loop control p,

\ 4

Figure 3.1 Framework for hierarchical control in the robotic gait trainer

Figure 3.2 depicts a common configuration of a gait rehabilitation control system, as
presented by McDaid (McDaid et al., 2015). The hardware and multi-level control
architecture of the rehabilitation system can be divided into two main groups: high-level
physiotherapy algorithms and low-level feedback control algorithms. The low-level
hardware and controller components that have a major influence on the overall performance

of lower limb exoskeletons will be the focus of this study.
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Figure 3. 2 The gait rehabilitation control system's architecture
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Figure 3.3 depicts the simplified closed-loop control that was specified for the Robot-
Assisted Gait Trainer.

POSITION
SENSOR

Figure 3. 3 General closed-loop control of Robotic Gait Trainer

3.2 The lower limb exoskeleton's kinematics

q=[91 ez]T

90

Y

A two-link planar RR arm is exactly like the lower link exoskeleton. Examine Figure
3.4, where the link masses are thought to be concentrated at the links' ends to determine its

dynamics (Lewis, Frank L.; Dawson, Darren M.; Abdallah, 2004). The joint variable is

3.1)
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where the vector of generalized force is
T= [2'1 TZ]T
with 11 and 12 torques supplied by the actuators.
The kinetic and potential energies for link 1 are
1 202
K, = 7 May 01

P; = myga,sin,

Figure 3. 4 Kinematics of lower limb exoskeleton
For link 2 we have
X, = a, cos cos 01 + a,cos (61,65)
Y, = aq sinsin 0; + a,sin (61,6,)

X, = —a,0 sinsin 8; — a, cos cos (91 + 92) sin sin (0,465)

91

(3.2)

(3.3)

(3.4)

3.5)

(3.6)

(3.7)



Y, = —a,0 sin sin 0, — a; cos cos (01 + 0;) cos cos (01,6,)

So that the velocity squared is

v =X2+ Y} =a?6?+a3(6, + 0,)®> + 2a,a,(6, + 6,6,)*cosb,
Consequently, link 2's kinetic energy is

K, = %mzvzz = %mzagéf%mzaﬁ(él + 92)2 + 2a,a,(6, + 6,6,)cos8,
Link 2's potential energy is

P, = mygy,=m,gla, sin sin 8, + a,sin (6,,6,)]

For the entire arm, the Lagrangian is

L:K_P:K1+K2_P1_P2
= %(m1 +m,)aibf + %mza%(éﬁ + 92)2 +m2a1a2(912 ¥ 6’.16’.2)0056’2

— (my + my)ga, sin sin 8; — myga, sin sin (6,,.6,)

The terms needed for equation (3.14) are

9 . . ) . .
a_éLl = (m1 + mz) a%@lz + mza%(el + 92) + m2a1a2(291 + 92)605‘92

d aL *, . . . .

wap, ~ (M1 +my) ai0? + mya3(0; + 0) + mya,a,(26, + 6,)cos0, —

maa,a,(26,0, + 6%)sind,

92

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)



Lo _ (my + my)ga,cosf, — ngazcos(91+92)ﬁ = mzag(el + 02) +
2

6. =
m,a,a,0,cos06,
d JL ol .. .. Co.
—_— T = m2a2(91 + 92) + m2a1a291C0502 - m2a1a29192$ln92
dt 00,
JL o A AN
30, = —-mya,a, (91 + 9192)511192 —my,ga,cos(6,,6,)
2

Finally, according to Lagrange's equation, linked nonlinear differential equations provide

the arm dynamics.

7, = [(my + my)a? + mya3 + 2m,a,a,c0s6,10;
+ [m,a3 + myaya,c0s0,10, — mya,a,(26,0, + 03)sinb,
+(my + my)ga,cosb; + myga,cos(6; + 6,)

7, = [mya? + mya,a,c0s0,10; + mya26, +m,a,a,0%sinb,

+myga,cos(6, + 6,)

3.3 Lower limb exoskeleton dynamics

When the dynamics are expressed as vectors, the following results are

obtained.[(m; + my)a} + myaj + 2myaa, cos cos 6; m,a3 + mya,a,

cos cos 0, mya3 + mya,a, cos cos 6, myas |[61 6, |
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(3.15)



+[-mqa,a; (2 6, 8,) sinsin b, mya,a,03 sinsin 6, | + [(mym;)ga, cos cos 8, +

m, ga, cos cos (68, + 6,) m, ga, cos cos (6, + 6,) ]
= [t172]
Standard form of these manipulator dynamics:
M(q)i +V(q-q) +G(q) =73 (3.16)

3.4 Mechanical Design

The human knee has similarities with manufactured robotic joint, as depicted in
Figure 3.5. Figure 3.5 (a) (Hamill et al., 2015) illustrates the flexion, extension, internal
rotation, and exterior rotation movements at the knee joint. Only sagittal plane mobility

(flexion and extension) is used by the exoskeleton being built.

Internal
ratation

a) b)

Figure 3. 5 Knee joints from human(a) and exoskeleton(b) are compared.

It is made to be as light as possible. Four actuators on a four-DoF system are
positioned at the knee and hip joints. To accommodate for reduced weight and mechanical
resistance, the mechanical framework uses aluminum(Moreno et al., 2008). Figure 3.6 and

3.7 depict the exoskeleton's mechanical drawing. For user protection, the allowed joint-angle
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range is limited mechanically. The data for the knee and hip kinematics are displayed in

Table 3.1 (Low, 2011).

Table 3. 1 Kinematics of the Hip and Knee

Joints Motion Range of Motion (degree) | Average Torque
Hip Flexion 100-140 140

Extension 15-30 120
Knee Flexion 120-150 140

Extension 0-10 15

The performance requirements for a tiny solution for a portable device are met by DC
motors. One practical way to increase torque and decrease speed is by connecting the gearbox
(Figure 3.8 b) to the shaft of PG56 brushless DC motor (Figure 3.8 a). Because skeletal joints
require more torque and slower speeds than what direct current (DC) motors can deliver

(Hollerbach et al., 1992).
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Figure 3. 6 Exoskeleton of the lower limb in mechanical illustration
(a) 2D drawing (b) 3D drawing
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Figure 3. 7 Exoskeleton support (top and side mechanical illustration)
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(a)
Figure 3. 8 a) PG56 brushless DC motor with encoder b) Gearbox Shaft Ratio 1:50

Figure 3.9 shows that this lower limb exoskeleton has four dc motors that move four
joints, two on the right and two on the left side. Pulse width modulation signals from the

microcontroller outputs are used by the motor drivers to drive the direct current motor.

Figure 3. 9 The physical appearance of the gait trainer
This lower limb exoskeleton has 4 dc motors that operate 4 joints, 2 motors for each

side. A PWM (Pulse Width Modulation) dc servo motor drives the joint motors (PG56).
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3.5 Actuator Selection

An electronic control system may include an actuator, which is a functional device
that connects the information processing portion of the system with a process that may be
technical or nontechnical, such as biological. Controlling the flow of energy, mass, or volume
can be accomplished through the utilization of actuators (Janocha, 2004). Within the larger
system that makes up the exoskeleton, actuators and sensors are essential components that
make up the exoskeleton. Actuators are essential components of active devices, and the
technological decisions that are made have a substantial impact on the overall performance
of the device (Tiboni et al., 2022). Energy is transferred to a load by a direct current (DC)
motor, a type of power actuator (Dorf & Bishop, 2022). A DC motor's schematic is shown in
Figure 3.10(b). The motor's rotor (armature) can provide enough torque to drive an external
load in a sizable proportion. due to traits including strong torque, wide speed controllability,

portability, good speed-torque characteristics, and versatility.

Armature

Stator
winding

L,

R, i
V(1) L 23
N >

T\

Commutator

Inenia=J Bearings

micmm =h

Load

a) (h)

Figure 3. 10 A dc motor (a) electrical schematic (b) sketch of the parts
(SOURCE: Modern Control Systems (14th ed.). Pearson, 2002)

If the field is not saturated, the motor's air-gap flux ¢ (t) is proportional to the field current,
indicating that
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P(t) =K ,i (1) (3.17)

According to this theory, the torque of the motor is linearly related to the armature current

and flux ¢ (t):

T,(s)=K @), () =KK i ()i, t) (3.18)
The Laplace transform notation for this equation is then displayed:

T,(s)=(KK 1), (s)=K,1I(s) (3.19)

where Km is the motor constant and ia = Ia is the armature current constant. As shown below,

the field voltage is:
Vo(s)=(R,+L.s)(s) (3.20)

The torque Tm(s) of the motor is the same as the torque applied to the load. The

following diagram illustrates this relationship:
T,(5)=T,(s)+T,(s) (3.21)

Ta(s) is torque of the disturbance, whereas Ti(s) is the torque of load. Figure 3.11

depicts the torque under load for rotating inertia as
T, (s) = Js’0(s) + bsO(s) (3.22)

We can get Equations (3.19) — (3.21) by rearranging them.

T,(s)=T,(s)=T,(s) (3.23)

T,(s)=K,I,(s) (3.24)
_ )

1,(s)= Fy: (3.25)
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T Output

A

Figure 3. 11 DC motor field-controlled type
(SOURCE: Modern Control Systems (14th ed.). Pearson, 2002)

Therefore, the motor-load pair transfer function is when Tq4(s) = 0:

O(s) K K, /(JL,)

m

V() s(Is+b)Ls+R,) s(s+b/J)s+R,/L,)

(3.26)

Figure 3.11 illustrates a model of a field-controlled direct current motor. The transfer function

can also be stated in another way, which is as follows:

06) _ K, /(bR,)

7

(5) B s(z, s+1)(z,s+1) (3.27)

L > : .
Where 77 = R—f and 1 =£ , Ty, > Ty, in many cases, the field time constant is often
f

overlooked.

In an armature-controlled DC motor, the control parameter is the armature current, i.. A field

coil, a permanent magnet, and electricity work together to produce the stator field.
T,(s)= (KK, 1), ()= K,I,(s) (3.28)
With a permanent magnet, we obtain:

T,(s)=K,1,(5)

100



Km correlates with the magnetic substance's permeability, while the input voltage of the

armature determines how much current flows through it.
Va($)= (R, + L), (s)+V,(s) (3.29)

The motor speed is correlated with the back electromotive force voltage, Vu(s).

Consequently, we have

V() = K,(s) (3.30)

where the angular speed transform is w(s) = s6(s) and the armature current is

Vi(s)— K,o(s)

I (s)= 3.31
(5) R,+L,s (3-31)

The load torque is represented by equations (3.22) and (3.23).

T, (s)=Js’0(s) +bsO(s) =T, (s) = T,(s) (3.32)

Figure 3.12 depicts the armature-controlled DC motor's relationships schematically. Solving

for the transfer function using Equations (3.28), (2.31), and (2.32) with t4(s) = 0.

| BIES

I'/(s)
Armature Speed
+ o~ . X, T..(s) -ﬁ'l"].. 1 w(s) I _ Position
/

' R, +L,s N Js+b

+v

A

Back electromotive force

Figure 3. 12 DC motor (armature-controlled type)
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(SOURCE: Modern Control Systems (14th ed.). Pearson, 2002)

_0(s) _ K,
S V(s)  S[(R,+Ls)Js+b)+ KK, ]
Km

- s(s* +2lw,s + @)

G(s)

(3.33)

) La - . . .
The armature time constant for many DC motors, 7, = R—“, is insignificant, as a result,
a

0 K K /(Rb+K,K
G(S) — (S) — m = m ( a b m) (3.34)
V.(s) s [(Ra +Ls)Js+b)+K,K ] s(z,s+1)
where 7; = % is the equivalent time constant. It's important to note that Kn, is the
a bfm

same as Ky. K w(t)i, (t) is the rotor's power input, and T (t) w(t) represents the force applied
to the shaftThe input power and output power transmitted to the shaft are equal in a steady
state, therefore K,w(t)i (t) = T(t)w(t) ; since Ty = K,i, (t). (Equation 3.28), we
conclude that Ky = K.

The concept and technique of transfer function are critical because they provide a
usable mathematical representation of the system parts to the analyst and designer. The

transfer function will prove to be an invaluable tool in our efforts to model dynamic systems.

3.6 Control Theory

In the history of control theory, there have been three different kinds of control
algorithms: intelligent, modern, and classical. Though essential, traditional methods like PID
linear control and basic PD control are useless for nonlinear systems. Due to its excellent
control performance and straightforward design, motion control is becoming a more and

more popular modern control method. Intelligent control can provide optimal performance,
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but it is difficult to design and needs extensive expertise. For nonlinear mechanical systems,
numerous creative and complex control schemes have recently been created.(Martynyuk,
2000). Among the most advanced control methods created for nonlinear mechanical systems
are adaptive control, computed torque control, fuzzy control, neural network control, and

sliding mode control. (Yang et al., 2008).

3.6.1 PID Control
The acronym PID stands for proportional, integral, and derivative, which are the

three components that make up a PID controller. Because of the ease with which it may be
implemented, as well as its durability and versatility in terms of tuning (Niu et al., 2013). The
PID is attempting to adjust the system by first correcting the error that was computed based
on the difference between the angle that was measured and the angle that was desired, and
then computing the proper action. The PID controller combines the proportional, integral,
and derivative parameters into a single set of control inputs. It can be shown that the transfer

function of PID is as follows:

K

C
7y

u(t) = K. e(r) + geL

jo e(rydr+K 1, (3.35)
Between the reference signal r(t) and the output y(t), there is a signal called the feedback
error signal, e(t). This signal is calculated as the difference between r(t) and y(t), and D refers

to the derivative control gain.

&=K6(1+L+1Ds) (3.36)

E(s) 7,8

The output of most applications merely uses a derivative filter to implement the derivative

control. Because of this, the control signal U(s) is expressed in the following way:
K, 7,s

U(s) =K. +L)(R(S) —Y(s5)) —————Y(s) (3.37)
7,8 Prys+1
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Figure 3.13 provides a visual representation of the block diagram for the PID controller.

Calculating the control signal makes use of

u(t) ==K v+ 2 [ 0 - yiere - K o, 220 (3.38)
7, 70 dt

Accordingly, the control signal can be expressed in Laplace transform as

U(s) =K ¥ () + 2= [ (R(5) - ¥ () -2 (s)
7,5°0 Prys+1 (3.39)
=K Ry vy - BB DS D
7,8 Pr,s+1

Figure 3.14 presents the block diagram of the alternative PID controller, which is referred to
as the IPD controller.

Ri(s) ) y - Uls) Y(s)
— K.(1 + ;}-—-—-O—* Plant

-

Figure 3. 13 PID controller structure.

R(s)

¥ s)
Plant

Figure 3. 14 IPD controller structure.

(SOURCE: Fuzzy PID control for passive lower extremity exoskeleton in swing phase.
ICEIEC 2013 - Proceedings of 2013 IEEE 4th International Conference on Electronics
Information and Emergency Communication)
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3.6.2 Hybrid Feedback Control
A hybrid system is one that is made up of two dissimilar components that contains

both analog and digital components. A system of this sort generates a blend of continuous
and discrete signals, as well as numerous forms of control mechanisms. As shown in Figure
3.15, hybrid systems are quite widespread in the fields of research and engineering because
they make it possible to capture the complex, interconnected continuous and discrete
behavior of a wide variety of systems. Figure 3.16 displays the hybrid control system's

general block diagram.

— T e
vn\'irumn/illlj__)
ZOH A plant Y »
digital to disturbances
¥ analog
A 2
T— . interface | interface
l'l]lﬂ_tl:’l}_:' to |
digital - -
O $
3ks L ¢ v
controller |«
network

~
events o logic

Figure 3. 15 Hybrid control system illustration

Hp

Figure 3. 16 A generalized hybrid closed loop system block diagram
(SOURCE: Hyvrid Fedback Control, Princeton, 2021)
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3.6.3 Feedback Linearization and Computed torque control
After a sufficient modification to the state space coordinates, a transformation called

"inner-loop control" in feedback linearization accurately linearizes the nonlinear system. The
basic requirements for control design, such as disturbance rejection, tracking, and so on, can
be achieved by a second stage of control or an outer-loop control in the new coordinates.
Computed torque control is a technique for applying feedback linearization to nonlinear

systems (Khatib, 2016). Figure 3.17 shows the block diagram of computed torque control

Look at the input.
t=H(q)v+C(q,4)q+719(q)

When this control law is inserted into the robot manipulator's dynamical model, the outcome

is k,=ak,.

v

—— Hiyg)

Manipulators

v

Clq.¢)q + 1:lq)

Figure 3. 17 Computed torque control
(SOURCE: Springer Handbook of Robotics (2nd ed.). Springer, 2016)

Proportional-derivative (PD) feedback is one method for outer-loop control.
v =(q + KyeqtK,eq

As a result, the entire control input becomes
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v =H(@)(da + Kvéq + Kpeq) + C(q-9)q + 74(q)
The dynamics of linear error that arise are as follows:
€q + Kyeq + Kyeg =0

The tracking error is guaranteed to go away altogether over time according to the linear

systems theory.

3.7 Microcontroller and motor driving system

3.7.1 Arduino
According to the official Arduino website, Arduino is an open-source electronic

device that is frequently used to build and manufacture user-friendly software and
electronic products. Arduino is made to make it easier to use electronic equipment in a
variety of settings. Pins, microcontrollers, and connectors are only a few of the key parts
of Arduino that will be covered in more detail in the future. In addition, Arduino also makes
use of the programming language known as Arduino Language, which is somewhat like
C++. Processing and the Wiring-based Arduino Programming Language are the
foundations upon which the Arduino Software (IDE) is constructed.

Throughout its existence, Arduino has been the brains of thousands of different
machines. These projects span the spectrum of difficulty, from simple home appliances to
complicated scientific instruments. Students, amateurs, artists, and programmers from all
around the world take advantage of this open-source platform. Because of their efforts,
a large body of knowledge has accumulated. This body of knowledge is simple to access,
and it has the potential to be of great help to users with varying degrees of experience.

The Arduino was created at the Ivrea Interaction Design Institute to give students
who lacked experience with electronics or programming a simple tool for quick
prototyping. With a larger audience and a movement in product options from
straightforward 8-bit boards to parts for Internet of Things (IoT) applications, wearable
technology, 3D printing, and embedded settings, the Arduino board started to develop.
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3.7.1.1 Advantages of using Arduino

Affordable — In comparison to other microcontroller platforms, Arduino boards
are reasonably priced.

Cross-platform

Linux, Windows, and Macintosh OSX are all supported by the Arduino Software
(IDE). Windows is the only operating system that can run microcontrollers.
Simple and understandable programming environment

Beginners will find the Arduino Software (IDE) to be simple to use, but advanced
users will also find it to be flexible.

Extensible software that is open source

Open-source technologies that can be extended by knowledgeable programmers are
made accessible with the Arduino software. People who are interested in the
technical specifics can switch from Arduino to the AVR C programming language,
which is the language on which it is based, and the language can be expanded
through C++ libraries.

Hardware that is extendable and open source

Circuit designers with experience can build, expand, and develop their own versions
of the module because Arduino board designs are available under a Creative
Commons license. To test a form's functionality and save money, even beginners

can make a dummy version of it.

3.7.1.2 Types of Arduino Devices
Over time, the board designs produced by the designers at arduino.cc have varied. In

2007 saw the release of the Diecimila, the first Arduino board that was widely utilized. The
Arduino family has expanded during the intervening years to gain from the numerous Atmel
AVR MCU products. In 2012, the Due joined the lineup, setting itself apart from the rest of
the series with its superior processing capability and unique board pinout configuration. This

type of Arduino is the first device to utilize the 32-bit ARM Cortex-M3 central processing
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unit. The pinouts of some boards, like as the Nano and LilyPad, are different from those of
the other members of the family. They were created with a variety of applications in mind,
such as wearable technology in the case of the Nano and the LilyPad, portable technology in
the case of the Esplora, and compact form factors in the case of the Mini, Micro, and the

Nano.

New varieties of Arduino boards are introduced every year. Current add-on boards
known as shields and a range of add-on components like sensors, relays, and actuators are
compatible with the most recent models because they use the same pinout configurations.
The more recent models also include more modern CPUs with more memory and greater
input/output (I/O) functions. The Arduino variants that have arisen since 2005 are listed in
Table 3.2. Most designs created for earlier iterations of the Arduino will still function on
more recent models of the hardware, albeit with a few minor modifications and newer

libraries.

Table 3.2 also provides background information about the Arduino. In the years 2007
and 2008, numerous technological advancements were made, including the introduction of
the LilyPad, compact form-factor boards like as the Nano, Mini, and Mini Pro, and the
Duemilanove, which was a logical progression based on the Diecimila. Both the Diecimila
and the Duemilanove have the same physical design, but the Duemilanove has several
improvements to the power supply. One of these improvements is a feature that automatically
switches between an external DC (direct current) power source and power supplied by a USB
port on the board. The Duemilanove uses the ATmega328 MCU, which has additional

programme memory, in later iterations.

Table 3. 2 Timeline of Arduino products

Year Microcontroler Board name.
ATmega 168 Diecimila

2001 )
ATmegal68/ATmega328V LilyPad

109



ATmega328/ATmegal68 Nano

2008 ATmegal68 Mini
ATmega.328 Mini Pro
ATmega.328 Duemilanove

2009 AT mega2560 Mega ADK
ATmega328P Fio

2010 ATmega2560 ATmega2560
ATmega328P Uno

20 ATmega328 Ethemet
ATmega2560 Mega ADK
ATmega32U4 Leonardo

2012 ATmega.32U4 Esplora
ATmega32U4 Micro

2013 ATmega32U4 + Linino Yun

2015 Intel Curie 101

The Arduino UNO board is shown in Figure 3.18. The low-level controller used to
manage the leg's joint angles is Arduino UNO. There are 4 degrees of freedom for the gait
trainer. Its four joints can be manipulated; therefore, this means. Two joint angles are
managed by one Arduino UNO. As a result, the system includes 4 Arduino UNOs. From the

Arduino Mega2560, which serves as the gait generator, they receive positional commands.
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Figure 3. 18 Arduino UNO

An ATmega328 chip serves as the controller in the Arduino UNO. It contains a 16
MHz quartz crystal, 6 analog inputs, and 6 PWM outputs among its 14 digital input/output
ports.

Table 3. 3 Hardware specification of Arduino UNO (Arduino)

Microcontroller ATmega328P
Operating Voltage Sv
Input Voltage (recommended) 7-12V
Input Voltage (limit) 6-20V
Digital I/OPins 14 (of which 6 provide PWM output)
PWM Digital I/O Pins 6
Analog Input Pins 6
DC Current per I/O Pin 20 mA
DC Current for 3.3V Pin 50 mA
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Flash Memory 32 KB (ATmega328P)
of which 0.5 KB used bv bootloader
SRAM 2 KB (ATmega328P)
EEPROM 1KB (ATmega328P)
Clock Speed 16 MHz
Length 68.6 mm
Width 53.4 mm

The gait generator is an Arduino Mega 2650. To determine the angle location of each joint,
inverse kinematic was used to generate all the gait data. After that, Arduino UNO receives

this information.

. jeromNAa@0® ROUMEMNAS THWONRO

e

Figure 3. 19 Arduino Mega 2560
Based on the ATmega2560, the Arduino Mega 2560 is a microcontroller board. It
contains a 16 MHz crystal oscillator, 4 UARTSs (hardware serial ports), 16 analog inputs, and
54 digital input/output pins, 15 of which can be utilized as PWM outputs.

Table 3. 4 Hardware specification of Arduino MEGA2560 (Arduino)

Microcontroller ATmega2560
Weight 37¢
Operational voltage 5 volts
Voltage at Input (recommended) 7.12 volts
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Max.Input Voltage 6-20 volts
Pins for digital 1/0 54
Analog Input Pins 16
110 Pin DC Current 20 rnA
3.3V Pin DC Current 50 mA
Flash Memory 256 kB

3.7.1.3 Communication between Arduino Mega 2560 and Arduino Uno
The Arduino Mega 2560 and Arduino Uno can connect in a variety of ways. The

UART protocol, a serial communication technique that uses the RX (receive) and TX
(transmit) pins, is one option. Both boards have hardware serial ports or use the
SoftwareSerial library to build virtual serial ports on additional pinsl.

Another option is to use the 12C protocol, a synchronous communication technique that
makes use of two pins: SDA for serial data and SCL for serial clock. Data transfer between
the boards using I2C can be done with the Wire library. Each board must be given a distinct

address, using one as the controller (master), and the other as the peripheral (slave).

Figure 3.20 shows the wiring diagram for one side of the exoskeleton's
microcontroller and motor driving system. The exoskeleton's DC motor and electrical
circuits are powered by a 24 V battery. The battery's 24 DC volts are then reduced to 5 volts
by the switching regulators so that the electronic control circuits can be powered. The
memory of the microcontroller, an Atmel ATmega2560 running on the Arduino Mega,
contains the gait trajectories. The transmission of data on the position of the motor drivers
will be made periodically by the microcontroller. To provide enough current to drive the DC
motors (PG56 DC motors), the BTS7960 High Current Motor Driver H-Bridge module will
amplify the currents. Each motor can operate one joint. The encoder will give the
microcontroller inputs based on the actual positions of the joints. The microcontroller then

determines the voltage value that must be given to the driving circuits.
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Figure 3. 20 Diagram of the system for driving a motor and a microcontroller

3.7.2 Motor Driver
To drive the motors, BTS7960 H-Bridge DC Motor Drive High Current Motor Driver Board

are used. For motor driving applications, the BTS7960 is a fully integrated high current H bridge
module. The integrated driver IC makes it easy to connect it to a microcontroller since it provides

logic level inputs, current sense diagnosis, slew rate adjustment, dead time generation, and
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protection against overheating, overvoltage, undervoltage, overcurrent, and short circuit. With
little board area consumption, the BTS7960 driver offers a cost-optimized solution for
protected high current PWM motor drives. The BTS7960 driver is made up of 5
semiconductor parts: a microcontroller, 2 BTS7960 mosfets, a TLE4278G voltage regulator,
and an SPD50P03L mosfet for reverse polarity protection.Figure 3.21 and 3.22 respectively
show the BTS7960 H-Bridge DC Motor Driver and its schematic. While Table 3.5 and 3.6

respectively show its brief data and pin function.

C

®ﬁ

ARDUINO

Figure 3. 21 BTS7960 H-Bridge DC Motor Driver

Microcontroller Voltage Regulator Reverse Polarity
Protection

High Current H-Bridge

Figure 3. 22 Schematic of BTS7960 H-Bridge DC Motor Drive
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Table 3. 5 Brief data of BTS7960

Voltage at Input 6-27Vdc
Driver Dual BTS7960 H Bridge
Configuration.
Peak current: 43-Amp
P\VM capability up to 25 kHz
Control Input Level 3.3-5V
Control Mode P\VM or level
Working Duty Cycle 0....100%.
Over-voltage Lock Out Under-voltage Shut Down
Board Size (L x W x H) 50mm x 50mm x 43mm
Weight 66g

Table 3. 6 Pin function and description

Pin No | Function Description
1 RPWM Forward Level or PWM signal (Active High)
2 LPWM Reverse Level or PWM signal (Active High)
3 R EN Forward Drive Enable Input (Active High/ Low Disable)
4 L-EN Reverse Drive Enable Input (Active High/Low Disable)
5 RIS Forward Drive, Side current alarm output
6 L-IS Reverse Drive, Side current alarm output
7 Vee Microcontroller +5V Power Supply
8 Gnd Microcontroller Ground Power Supply

The MOSFET BTS 7960 shown in Figure 3.23 is a fully integrated high current half
bridge used in motor driving applications. It offers a solution that is optimized for
affordability and provides protection for high current PWM motor drives while consuming a

relatively modest amount of board area.The key elements of this MOSFET is shown in Table
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3.7.While Figure 3.24 and 3.25 respectively the inside block diagram and inside of this
MOSFET.

BTS 7960B
P-TO-263-7

Figure 3. 23 BTS 7960B MOSFET

Table 3. 7 Key elements of BTS 7960B

Key Elements

16 m path resistance typical at 25 °C

A typical quiescent current at 25 °C

Active freewheeling in conjunction with PWM if capability up to 25
kHz
Power dissipation in overcurrent is minimized via Switched mode
current
limitation.

43 A typical of current limitations.

Cwrent sensory capacity and status flag diagnosis

Overtemperature shut off with latching behavior

Voltage overload lockout

Shutdown due to low voltage
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Driver circuit with inputs for logic levels

Flexible slew rates for EMI optimization

BTS 7960 HS base-chip

{Jvs

Top-chip

Gate Dnver {Jjout
IN [ [T] Dead Time Gen
Slew Rate Adi.
INH — @ UV Shut Down LS base-chip
OV Lock Out
2=) OT Shut Down
= Current Lim. i<
Diagnosis 4G
IS e Current Sense

{1GND

Figure 3. 24 Inside BTS 7960 IC

BTS 7960P
P-TO-220-7

Figure 3. 25 Pinout BTS 7960P MOSFET
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An adjustable 5 V low drop voltage regulator shown in Figure 3.26 is the TLE4278.
It is a 200mA load-supplying monolithic integrated low-drop voltage regulator. VQnom = 5
V is regulated with an accuracy of 2% from an input voltage VI in the range of 5.5 V VI 45
V. The gadget can function across a wide range of temperatures, Tj = -40°C to 150°C. The
TLE4278 includes two additional features: a load-dependent watchdog feature and a
sophisticated reset feature that includes power-on reset, under-voltage reset, adjustable reset

delay time, and adjustable reset switching threshold. Both of these features are load-

dependent.
13 9
Vi J_' i 1 L 'Ll Vo
\Ef/ E]
Temperature | Protection 14 ]
Sensor T Circuit ® 11RO
Reset
»l Genzrator
Control 71
A Amplifier 1 RADJ
J _____ o
Bandgap || 6l
Reference Watchdog D
Tas 012 L L
GND WADJ W
Figure 3. 26 Block Diagram of TLE4278G
3.7.3 DC Motor

This gait trainer uses 4 PG 56 DC motors, one motor for each joint. A PG 56 motor
is a type of electric motor that has a power rating of 56 watts and uses a gearbox with a
planetary gear system. The motors are commonly used in a variety of applications due to
their compact size and high efficiency.The sideview of this motor is shown in Figure

3.27.While Table 3.8 and 3.9 respectively show the gearbox data of the motor
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Figure 3. 27 Sideview of PG 56 motor

Table 3. 8 Gearbox data

1 stages 2 stages 3 stages 4stages Sstages

Number of stages reduction reduction reduction reduction reduction
130 46.7, 69, 198, 276. 326. 843, 995, 1567,

Reduction ratio 3.:6. 4.3 19.2, 22.7 102, 121, 409, 513, | 1966. 2321, 3439,
Gearbox length “L" mm 38.3 52.2 66.1 80.0 96.4
Max. Running torgue 100Kgf - cm 200Kgf-cm | (400Kgf-cm 400Kgf * cm ‘400Kgf = cm
|Max.Gear breaking torque '300Kgf+cm | ‘600Kgf+cm {600Kgf - cm 600Kgf » cm -1200Kgf * cm
|Gearing efficiency 90% 81% 73% 65% 59%

Table 3. 9 Motor data

No load ‘ Load torgue Stall torgue

Rated Output
Motor name Volt. Current | Speed | Current | Speed | Torque powgf Torque | Current
v mA r/min mA r/min gf-cm w gf * cm A
ZY58123000 12 =480 3000 <4600 2418 1508 38.1 7594 21.1
Z2Y58243000 24 =260 3000 =2620 2412 1562 39.5 8392 12.4

1. After connecting motorand gearbox whichisnamed gearmotor the oulput lorgue:motor torque X reduction ratio X gearing
efficiency;output speed:motorspeed /reduction ratio.
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3.7.4 Gearbox
The additional gearbox connected to the motor is NMRV 030 HOLLOW SHAFT

RATIO 1:75 -1:100 GEARBOX YUEMA. Shown in Figure 3.28 is the mechanical

drawing of this gearbox.

16.3

Figure 3. 28 Yuema Gearbox
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Hybrid Proportional Integral Derivative Iterative Learning Control for Robot-

Assisted Gait Trainer

4.1.1 Advantage of Iterative Learning Control (ILC)
Indefinitely repeatable process control is possible via iterative learning control, or

ILC for short (Owens, 2016). The exoskeleton robot has dynamic properties such as high
nonlinearity, strong coupling, and time-varying features. Instability in system performance
may result from the planned controller if the mathematical model used to create it is unclear.
Iterative learning-based control stands out due to its fundamental learning mechanism, which
is independent of the system's detailed model. It is suitable for a movable object under control
that travels in a predetermined amount of time. A lower limb exoskeleton robot's dynamics
model is used to modify the tracking error to the learning signal in order to refine control
over a desired trajectory (Ke et al., 2017). 4.1 depicts the block diagram of the combined PID
and ILC control system, where:

u;: value of ILC control signal

kp: value of proportional gain

kq: value of derivative gain

ki. value of integral gain

ej: value of error between desired and actual outputs (yq — yj)

J: number of iterations
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Figure 4. 1 Schematic representation of a hybrid PID-ILC system
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4.1.2 Dataset of normal gait
A typical walking pattern that was used as the reference trajectory in this study was

obtained from a dataset of healthy people that was taken from earlier investigations (Bovi et
al., 2011). The data was used to create graphs depicting hip and knee flexion and extension
(figures 4.2 and 4.3, respectively). Hip flexion and extension can occur between -18 and 25

degrees, as shown in Figure 4.2. Figure 4.3 illustrates that the knee can flex and extend

anywhere between 0 and 60 degrees.

Hip Flexion/Entension

angle (degree)

time (ms)

Figure 4. 2 Hip flexion and extension based on the dataset
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Knee Flexion/Extension

angle (degree)
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Figure 4. 3 Knee flexion and extension depending on the dataset

4.1.3 Result and discussion
The DC motor is guided along the programmed path by the microcontroller's control

algorithm after receiving the gait data from the drivers. The hybrid PID-ILC method is
implemented in two stages. In the first place, the ILC can be skipped and achieve stability by
setting the PID control's Kp, Ki, and Kd parameters. The PID adjustment can be done using
Table 4.1 as a guide. The ILC learning method can be activated once the PID response has
stabilized.

Table 4. 1 PID controller tuning parameters

RESPONSE RISE TIME OVERSHOOT | SETTLING S-S ERROR
TIME
Kp Decrease Increase Small Change Decrease
Ki Decrease Increase Increase Decrease
Kd Small Decrease Decrease No Change
Change

(SOURCE:https://ctms.engin.umich.edu/CTMS/index.php?example=Introduction&section
=ControlPID)

The exoskeleton's hip and knee joints are depicted in Figures 4.4—4.7. Figures 4.4 and
4.6 show that, despite the large steady-state error introduced by PID, the system maintains
stability. As can be seen in Figure 4.4, hip motion is being regulated by a PID-only controller.

The exoskeleton shifted as the weight was transferred from the leg. Hip flexion/extension
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can occur between -15 and 20 degrees. Although the system is reliable, there are 0-10 degree

steady-state errors.

Hip joint control using PID only

angle [degraa)

Figure 4. 4 PID-only hip flexion and extension in an exoskeleton

The hip's motion is controlled using a hybrid PID-ILC controller, as shown in Figure
4.5. Even with no changes to the controller's gain or load, the initial 0—5-degree rotation
performs noticeably better. The hip range is approximately the same as the set point, yet

steady-state errors after more than ten iterations can be less than 1 degree.

In Figure 4.6, we see that knee motion is being controlled by a PID-only controller.
With the same controller gain, the exoskeleton followed the lower limb while carrying the
same load. Eighty-five degrees of knee flexion and extension is possible. There are errors in

the steady state of 0 to 10 degrees, but the system is stable elsewhere.

Figure 4. 5 PID-ILC control of exoskeleton hip flexion and extension
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Figure 4. 6 PID-only control of knee flexion and extension in an exoskeleton

The hybrid PID-ILC controller is shown in action in Figure 4.7, regulating knee
motion. Even with no changes to the controller's gain or load, the initial 0—10-degree rotation
performs noticeably better. However, after more than 10 repetitions, the steady-state errors
can be minimized to a range of 1 degree. Figures 4.5 and 4.7 show that before the required
trajectory set point is attained, PID-ILC needs to do more than ten iterations. The output is

precise, with a negligible steady-state error.

A system's performance index can be measured or calculated. Here, it is helpful to
use measures like mean square error (MSE) and mean square error (MSE). The accuracy with
which a model predicts future events is quantified by its root-mean-squared error (RMSE)
(Salkind et al., 2010). Table 4.2 displays the results of a numerical analysis that compares
the RMSE and MSE of PID and PID-ILC responses. Errors in the steady state are cut by half.

Figure 4. 7 PID-ILC control of knee flexion and extension in an exoskeleton

Mean square error is characterized as follows:
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14 2
Lj=1Ej
v

MSE =

V: number of data

Root mean square error is characterized as follows:

RMSE = | Lz
14

Table 4. 2 A numerical comparison of the PID-ILC and PID responses

Control type RMSE MSE
Hip PID 0.141532 0.020031
PID-ILC 0.080999698 0.01
Knee PID 0.162832 0.026514
PID-ILC 0.09 0.01

In spite of unmodeled dynamics, uncertainty, and disruption, the recommended PID-
ILC hybrid controller enables an exoskeleton to track the gait trajectory. Using a certain load
and controller gain, the experiment demonstrated that although being reliable, the PID-
controlled system shows steady-state errors of up to 10 degrees. Despite an early steady-state
error, the suggested hybrid PID-ILC controller proved to be stable.. An error of less than 1
degree at steady state can be achieved with more than ten iterations. At steady sate, errors are

reduced by half.

4.2 Enhancing the lower limb exoskeleton using computed torque.

4.2.1 Computed torque control
As time goes on, more and more control systems for robots are being proposed as

alternatives. Research in the 1970s led to the development of the first computed torque
controller (Paul, 1972). However, as a result of further investigation, there are issues with its
real-world implementation (e.g. computational complexity and faulty models).(Lynch &
Park, 2017). Computed torque control (CTC) is a non-linear feedback linearization approach.

Also known as inverse dynamics control (IDC), the computed torque control is dependent on
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the inversion of the robot dynamics (Sharkawy et al., 2019). Introducing the concept of a
servo, modeled as a PD controller, computed torque controls provide a linearization to
address the non-linearities present in the dynamics of the manipulator. Figure 4.8 displays
the block diagram for the computed torque control method. Implementing feedback
linearization can be demanding in terms of time and resources, making it challenging to
universally transform a nonlinear system into a linear one. The experiment shows that
calculated torque controllers demonstrate strong and resilient performance characteristics (R.
Murray et al., 1994)(Oriolo et al., 2002)(Meddahi et al., 2020)(Belda-Lois et al.,
2011)(Sutyasadi, 2022). Several successful studies utilizing the computed torque control
algorithm have been conducted (Meddahi & Meguenni, 2019)(Atit Shah & Rattan,
2016)(Abdel-Salam & Jleta, 2020). However, a drawback of computed torque controls is the
necessity for real-time computation of system dynamics related to tracking (Jarzebowska,

2012). Take into account the control input provided below:

T = H(Qv+C(q,9)d +174(q) (4.1
Known as computed torque control, this system is made up of:

1. A feedback loop to address nonlinearity

2. A secondary loop that takes an input from an outside source

If these control concepts are incorporated into the dynamic model of the robotic arm,
G=v

The utilisation of this control input simplifies the intricate task of developing a nonlinear
controller by reducing it to the straightforward task of creating a linear system with n

subsystems.

The utilisation of Propositional Derivative feedback represents a technique for regulating the

outer loop v.
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v= ({q+Kye, + Kyeq . 4.2)
This results in the overall dominant input into
= H(q) + (4u + Kve, + Kpey) + C(q, )G +14(q) (4.3)
resulting in linear error dynamics that are

éq +KVéq +erq =0 (4.4)

According to the theory of linear systems, it is predicted that the error in tracking would

ultimately converge to zero.

v v

——  H(qg) Manipulators

Cla.a)q + Z,(a)

Figure 4. 8 Control technique utilizing computed-torque

(SOURCE: Springer Handbook of Robotics (2nd ed.). Springer, 2016)

Computed Torque Control (CTC) is a highly reliable motion control technique used
in robot control systems. It ensures global asymptotic stability. However, a traditional closed-
loop trajectory control (CTC) system can only be effectively utilised if an accurate and
comprehensive dynamic model of a manipulator is available (C. Chen et al., 2018). Figure
4.9 presents a comparison between the Lokomat, a low-cost gait trainer, and the 2 links
model. The parameters of a two-link model are displayed in Table 4.3.
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Figure 4.9 Robot assisted gait trainers (a) Lokomat® from Hocoma,;
(b) the low-cost version of gait trainer;(c)2 links kinematics model

Table 4. 3 Parameters with two links

Parameters Units Values
Link 1 (L1) m 0.2
Link 2 (L2) m 0.215

L1 mass (m1) kg 0.2

L2 mass (m2) kg 0.2
Gravity (g) m/s2 9.8

4.2.2 Microcontroller and motor driving circuit

A miniature prototype was utilised in this experiment. Figure 4.10 illustrates the

utilisation of two DC motors to drive the two links in the mechanism, with encoders

employed as position sensors. The motor control is achieved by utilizing the Monster Moto

Shield VNH30SP DC motor driver circuit and Arduino Uno microcontroller. Arduino is the

main controller, which is built around the ATmega 328 microcontroller. The VNH30SP

motor controller part amplifies the electric current being supplied to the motor. The encoder

will deliver information about the current position of the link with a sample interval of 10
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ms. The microcontroller will employ the computed torque control method to determine the

suitable PWM value for transmission to the drive circuit.
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Figure 4. 10 Diagram illustrating the experimental setup

4.2.2.1 Monster Moto Shield VNH30SP driver
Figure 4.11 illustrates the utilisation of a Monster Motor shield (VNH2SP30) dual

shield for motor propulsion. This motor shield contains a pair of VNH2SP30 full-bridge
motor drivers. The VNH2SP30 twin monster motor shield can reliably support the operation
of two motors with a maximum current of 12A, provided that adequate heat dissipation
measures are in place. The Monster Motor shield (VNH2SP30) is capable of operating two
DC motors within a voltage range of 5.5 to 16 volts. Additionally, it has the capability to
deliver a maximum current of 30A and 6A without the need for a heat sink per channel. The
system is capable of diagnosing the output and identifying thermal shutdown and other

similar types of malfunctions. This board has the capability to function independently or as
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an extension to any Arduino board. The operational ratings of this board are displayed in

Table 4.4, and the schematic of the board may be found in Figure 4.12.
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Figure 4. 11 Monster Motor shield (VNH2SP30)

Table 4. 4 Operating ratings of Monster Moto Shield

Operating Ratings

Voltage Range 5.5-16V DC

Max current (peak) 30A

Max current (sustained) 12-14A (with heat sink)
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Figure 4. 12 DC motor driver schematic (Sparkfun monster motoshield)

The crucial component of the Monster Motor shield is the VNH2SP30-E, a full bridge
motor driver specifically engineered for a wide range of automotive uses. The component
consists of two low side switches and a dual monolithic high side driver. The attribute of this

component is displayed in Table 4.5.
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Table 4. 5 Characteristics of VNH2SP30-E

Compatible inputs at the 5V logic level

Shutdowns caused by low voltage and high voltage

Exceeding voltage limit

Power off due to temperature

safeguarding against cross-conduction

Current limiter with linearity

Superb standby power efficiency

Operate at a pulse width modulation (PWM)
of up to 20 kHz

Defense against falling below ground and losing VCC

Measurement of current as a function of motor current

4.2.2.2 DC Geared Motor w/Encoder JG25-310
The geared motor utilises a gear set to transform the motor's initial high speed and

low torque into a low speed and high torque configuration. Geared motors are commonly
employed when a substantial amount of torque is required. Figure 4.13 and 4.14 depict the
JG25-370 geared dc motor, illustrating its front view and side view, respectively. Figure 4.15

displays the wiring diagram, and Table 4.6 presents the datasheet of the encoder.

Figure 4. 13 JG25-370 Geared DC motor
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Figure 4. 14 JG25-370 Geared DC motor (a) front view) (b) side view

Parameter.

Operating voltage: between 6 and 24 V DC
Nominal voltage: 12 V DC

Connection of the encoder:

Red: Motor power supply +
Black: Coding power supply -
Yellow: Signal feedback
Green: Signal feedback

Blue: Coding power supply +
White: Motor power supply -

@2
185

-

14i__

15,5

Figure 4. 15 Wiring diagram of the encoder

Table 4. 6 Datasheet of the encoder

Model JGA 25-371 Datasheet
Voltage No Load Load Stall Reducer Weight
Workable | Rated Speed | Current | Speed | Current | Torque | Output | Torque | Current | Ratio | Size Unit
Range Voltage | ym mA rpm mA kg.cm W kg.cm A 1:00 | mm g
6-24V 12 977 46 781 300 0.11 75 0.55 1 44 15 99
6-24V 12 463 46 370 300 0.23 Oh 1.1 1 9.28 17 99
6-24 12 201 46 168 300 0.53 1.25 2.65 1 21.3 19 99
6-24V 12 126 46 100 300 0.85 1.25 42 1 34 21 99
6-24 12 95 46 76 300 1.1 1.25 5.5 1 45 21 99
6-24V 12 55 46 44 300 1.95 1.25 9.7 1 78 23 99
6-24V 12 44 46 32 300 25 1.25 12.5 1 103 23 99
6-24 12 25 46 20 300 42 1.25 21 1 171 25 99
6-24 12 19 46 15 300 5.6 1.25 28 1 226 25 99
6-24V 12 11 46 8.8 300 9.45 ACO 47 1 378 27 99
6-24V 12 8.6 46 6.8 300 12 1.25 60 1 500 27 99
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4.2.3 Results and discussion
Figures 4.16 and 4.17 depict the encoders position when a PID controller is employed,

whereas Figures 4.18 and 4.19 illustrate the encoders position when the computed torque
controller is utilised. The findings produced from both controllers are being compared. The
graphs clearly demonstrate that both PID and CTC are effective in reducing overshoot. Both
controllers exhibit satisfactory performance in downward movements but require
improvement in upward movements due to the added gravitational force acting as a
disturbance. Figure 4.16 depicts the graph illustrating the vertical movement of motor 1 and
motor 2 when controlled by the PID controller. For motor 1, the parameters have the
following values: Kp = 0.5, Ki = 0.01, and Kd = 1.1. Similarly, for motor 2, the values are
Kp=0.5,Ki=0.01, and Kd = 1.1. Under those conditions, the PID controller worked well.
Motor 1's steady-state error is 0.0167% and its rise time is 25 ms. The steady-state error is
0.75% and the rise time is 19 ms at motor 2.

\

Figure 4. 16 The graph displays the relationship between the setpoint
and the PID output in the downward direction.
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The diagram depicted in Figure 4.17 showcases the vertical displacement of motor 1
and motor 2 under the influence of the PID controller. The values of the parameters for motor
1 are as follows: the proportional gain (Kp) is 0.5, the integral gain (Ki) is 0.01, and the
derivative gain (Kd) is 1.1. Similarly, for motor 2, the values of Kp, Ki, and Kd are also 0.5,
0.01, and 1.1 respectively. Motor 2 exhibited poor performance with the PID controller,
resulting in a steady-state error above 5%. The PID controller is unable to manage a
gravitational disturbance. Motor 1 has a rise time of 21 ms and a steady-state error of 0.1%.

Motor 2 exhibits a rise time of 17 milliseconds, with a steady-state error of 5.6%.

Figure 4. 17 The graph displays the correlation between the setpoint and the PID
output in the upward direction.

The plot in Figure 4.18 illustrates the downward movement of motor 1 and motor 2,
controlled by the CTC controller. Motor 1 is characterized by a proportional gain (Kp) set at
4, an integral gain (Ki) at 0.001, and a derivative gain (Kd) at 0.0005. On the other hand, for
motor 2, the proportional gain (Kp) is 0.35, the integral gain (Ki) is 0.001, and the derivative
gain (Kd) is 0.0005. The CTC controller performed effectively in this scenario, although

there was a minor residual error at motor 2 in the steady-state. Motor 1 has a rise time of 21
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ms and a steady state error of 1.04%. Motor 2 has a rise time of 30 ms and a steady-state

error of 2.175%.

CTC downward direction

Encoder position

889
926
963

o
N P 00 v N Oh D WD O T
HH R B T A i . S

time (ms)
Motor 1 setpoint = = = Motor 1 output

Matar 2 s81p 0int = Motor 2 output

Figure 4. 18 The graph displays the relationship between the setpoint and the
output of the CTC in the downward direction.

Figure 4.19 displays the trajectory of motor 1 and motor 2 positions during upward
motion using CTC. The values assigned to the parameters of motor 1 are as follows: Kp =
4, Ki = 0.001, and Kd = 0.0005. On the other hand, the parameters of motor 2 have the
following values: Kp = 0.35, Ki = 0.001, and Kd = 0.0005. The CTC demonstrated
exceptional performance in these circumstances. As previously stated, the computed torque
controller approach compensates for the influence of gravity. Motor 1 exhibits a steady state
error of 1.74% and a rise time of 44 ms. Simultaneously, motor 2 exhibited a rise time of 25

milliseconds and a steady-state error of 2.125%.
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Figure 4. 19 The graph displays the correlation between the setpoint and the
output of the CTC in upward direction

The performance parameters, such as overshoot, rise time, and steady state error, for
both PID and CTC controllers in both upward and downward motion are displayed in Tables
4.7 and 4.8, correspondingly. While the CTC controller outperforms the PID controller in

handling disturbances, such as gravity, the PID controller exhibits a quicker rise time.

Table 4. 7 Evaluation of the performance of PID controller in both the downward and
upward directions

steady state overshoot
rise time error
M1 25 ms 0.0167% -
PID in
downward motion M2 19 ms 0.75 % -
M1 21 ms 0.1% -
PID in upward

motion M2 17 ms 5.6 % -
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Table 4. 8 Evaluation of the performance of CTC controller in both the downward and
upward directions

steady state overshoot
rise time error
M1 64 ms 1.04 % -
downward motion of CTC M2 30 ms 2.175 % -
Ml 44 ms 1.74 % -
upward motion of CTC M2 25 ms 2.125 % -

In order to evaluate the performance, one can compute or assess the system
performance index. Both the mean square error (MSE) and the root mean square error
(RMSE) are applicable in this case. The abbreviation MSE stands for the mean squared error,
which is calculated as the square of the root mean squared error (RMSE). The Root Mean
Square Error (RMSE) is a statistical measure that compares the real values with the

predictions produced by a theoretical framework (Salkind et al., 2010).

The representation of mean square error is as follows:

V

> E,

MSE = % V: quantity of data

The formula for root mean square error is as follows:

Tables 4.9 and 4.10 present a quantitative comparison of the responses of the PID and CTC
systems, as indicated by the RMSE and MSE.
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Table 4. 9 Numerical analysis is used to compare the responses of CTC and PID (upward

direction).
Joints Type of RMSE MSE
control
PID 35.83 861605.63
M1
CTC 31.22 895538.63
PID 604.61 406298.42
M2
CTC 16.31 244404.95

Table 4. 10 Numerical analysis is used to compare the reactions of CTC and PID

(downward direction).

Joints Type of RMSE MSE
control
Mi PID 92.40 3944754.63
CTC 54.44 2913817.40
PID 61.11 1721801.91
M2
CTC 217.34 213643.10

The measurement of Root Mean Squared Error (RMSE) Mean Squared Error (MSE)
clearly demonstrates that CTC consistently outperforms PID in terms of response quality
during upward fluctuations. Nevertheless, when it comes to the downward direction, the
performance of motor 2 (M2) utilising CTC is inferior to that of PID. The results show that
the computed torque controller that is suggested for this two-link model has advantages in
efficiently handling disturbances. However, in terms of rise time, the PID controller performs
faster than the CTC method. The trials demonstrate that both the CTC and PID controller
have the ability to effectively mitigate overshoot. The PID controller is unable to counteract
the effects of gravity as a disturbance, however the CTC (Computed Torque Control) method
is capable of doing so. As a result, the PID controller may display a downward steady-state

error of up to 5.6%.. However, in the case of CTC, this error can be decreased to 2.125%.
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The Mean Squared Error (MSE) and Root Mean Squared Error (RMSE) analyses consistently
demonstrate that the CTC (Controlled Temperature Control) method consistently
outperforms the PID (Proportional-Integral-Derivative) method in terms of response.
Nevertheless, when it comes to descending motion, the performance of motor 2 (M2)

employing CTC surpasses that of PID.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORKS

5.1 Conclusions

Robots for gait therapy have the potential to improve patient safety, lessen the workload on
therapists, and open up new training opportunities. It is crucial to patients' lower limb rehabilitation
and assistance, and it can help them get in a better state of health. Although there are robot-powered
walking trainers on the market, they are still somewhat expensive. The ability to "do more with
less"—that is, to produce a significant increase in commercial and social benefit while utilizing
less limited resources like electricity, money, and time—is referred to as frugal innovation. When
faced with limited resources, medical professionals frequently come up with creative ways to treat
patients effectively. Despite their shortcomings, these inexpensive, useful, and thrifty products

have the potential to provide accessibility to wellness for all.

Proportional integral and derivative (PID) controllers are the most often used due to their
excellent reliability and ease of installation, making them highly dependable. A PID-only
controller, however, is not well suited to an exoskeleton robot due to variables such as load
variations, friction, and external interference.lt is hoped that greater performance will result from
integrating PID control with other controls. A gait trainer with a lower limb exoskeleton has been
created in this research. On these two links in the exoskeleton, two different controller types—the
Hybrid PID-ILC and the Computed Torque Control algorithm—have previously been
implemented and tested. The dynamics and kinematics of the two-link mechanism have been

analyzed using the Lagrangian method.

5.1.1 Hybrid PID ILC
A control method called Iterative Learning Control (ILC) is used to enhance the efficiency

of systems that repeat an operation across a number of iterations. It is frequently used in motion
control, manufacturing, and robotics applications. Even in situations where there are uncertainties

or unmodeled dynamics in the system, the objective is to decrease mistakes and enhance control.

If there are unmodeled dynamics in a system, then there isn't a precise mathematical model
of all the parts and interactions in the system that the control system is using. Because a typical

control system depends on an accurate model for control, this might cause problems during the
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design process. In order to solve this problem, ILC learns from prior iterations and gradually
modifies the control input in light of the mistakes made in earlier cycles. By utilizing past data, it
enhances control performance and efficiently makes up for uncertainties and unmodeled dynamics
in the system. Iterative learning control, which makes use of the system's performance history to
modify control inputs repeatedly and enhance overall control performance, is a helpful technique

for systems with unmodeled dynamics.

The proposed hybrid PID-ILC controller allows a robot-assisted gait trainer to follow the
gait trajectory in the presence of unmodeled dynamics, uncertainty, and disruption. The real
experiment utilizing a specific load and controller gain revealed that the PID-controlled system is
only stable with steady-state faults of up to 10 degrees. With its initial steady-state error, the
suggested hybrid PID-ILC controller displayed stability. The steady-state error can be decreased
to under 1 degree, though, after more than ten iterations. 50% is a significant reduction from the

steady-state errors.

5.1.2 Computed Torque Control
In robotics, computed torque control, sometimes referred to as computed torque modeling,

is a control technique that is frequently used to raise the precision and efficiency of robot
manipulators. Another name for it is the "inverse dynamics control" technique. Computed torque
control's main concept is to calculate the torques, or forces, necessary to produce desired joint

motions and then utilize that knowledge to control the robot.

The primary benefit of computed torque control is that it enables robotic manipulators to
be precisely and flexibly controlled, enabling them to perform intricate tasks with exceptional
accuracy. In addition, it has the ability to adjust to changes in load circumstances and the
environment. When implementing computed torque control on robotic systems, researchers and
engineers frequently utilize control methods and simulation tools. It is essential to increasing the
adaptability and capability of robots in a variety of settings, such as automation, research, and
production.This two-link model in this study benefits from a computed torque controller, which
helps it deal with disturbances. When it comes to rising time, nevertheless, the PID controller
remains ahead of CTC. Both the PID controller and the CTC are able to suppress overshoot,
according to the experiments. While CTC is able to compensate for gravity as a disturbance, PID

controllers are unable to do so. Consequently, the PID controller's steady-state error can reach
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5.6% in the down direction, but it can be lowered to 2.125 % in the up direction using the CTC. A
comparison of CTC vs PID using MSE and RMSE reveals that CTC consistently outperforms PID.
On the other hand, motor 2 (M2) responds better to downward movement when CTC is used

instead of PID.

5.2 Future Works

The exoskeleton needs to be entirely completed before it can be tested on real patients. This
will ensure that the exoskeleton joints, as well as the structural parts and connections, are evaluated
for comfort. After that, work on a thesis will continue to be done on the high/low level control of
the exoskeleton regarding the scalability of the system. Because of this, it is necessary to adjust the

trajectories of all the patients' joints considering their diseases, ages, sizes, and weights.

The following list provides recommendations for conducting supplementary studies and

implementing necessary enhancements to ensure the device's readiness for clinical application:

e Conducting experiments involving diverse patient populations would be
advantageous in order to gain insights into which populations are most suitable for
utilizing the device.

e Further investigation can be conducted to establish a stronger connection between
the design of the specific needs of therapy. This research has the potential to lead to
the creation of software modules designed for addressing specific impairments.

e Different conceptualizations of support can be formulated and assessed
within clinical trials involving patients. This assignment may include the integration
of data from many methods, such as electromyography (EMG) and
electroencephalography (EEG), or the implementation of algorithms that adapt

assistance in response to a user's level of effort.
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Int hipl[] =
{6525,6523,6518,6508,6498,6486,6474,6462,6450,6434,6418,6402, 6386
,06365,6344,6322,6301,6274,6247,6220,6193,6160,6128,6095,6062,6024
,5986,5948,5910,5867,5825,5782,5739,5691,5642,5594,5545,5491,5438
,5384,5330,5271,5212,5152,5093,5028,4962,4897,4831,4761,4691,4621
,4551,4477,4402,4328,4253,4175,4097,4019,3941,3861,3781,3700,3620
,3538,3457,3375,3293,3211,3129,3047,2965,2883,2801,2718,2636,2554
,2472,2389,2307,2225,2143,2061,1979,1897,1816,1734,1652,1570,1489
,1407,1325,1244,1162,1081,999,917,835,753,671,590,508,427,345,263
,181,99,17,-64,-146,-227,-308,-389,-471,-552,-633,-713,-794, -
874,-954,-1033,-1113,-1192,-1271,-1349,-1427,-1504,-1582,-1658, -
1734,-1809,-1885,-1958,-2032,-2105,-2178,-2249,-2320,-2390, -
2461,-2529,-2597,-2664,-2732,-2798,-2863,-2929,-2994,-3057, -
3120,-3182,-3245,-3306,-3367,-3427,-3488,-3546,-3605,-3663, -
3721,-3777,-3834,-3890,-3946,-3999,-4053,-4106,-4159,-4210, -
4261,-4311,-4362,-4409,-4456,-4502,-4549,-4592,-4635,-4678, -
4721,-4759,-4796,-4834,-4871,-4903,-4935,-4966,-4998,-5023, -
5047,-5072,-5096,-5113,-5130,-5146,-5163,-5171,-5179,-5187, -
5195,-51%92,-5189,-5185,-5182,-5168,-5154,-5139,-5125,-5100, -
5074,-5049,-5023,-4985,-4946,-4908,-4869,-4819,-4768,-4718, -
4667,-4603,-4540,-4476,-4412,-4337,-4262,-4186,-4111,-4023, -
3935,-3847,-3759,-3661,-3562,-3464,-3365,-3256,-3146,-3037, -
2927,-2809,-2691,-2573,-2455,-2329,-2203,-2076,-1950,-1818, -
1686,-1553,-1421,-1284,-1147,-1009,-872,-732,-592,-452,-312, -
171, -
30,112,253,393,534,674,814,952,1091,1229,1367,1502,1637,1772,1907
,2038,2169,2299,2430,2556,2683,2809,2935,3056,3177,3298,3419,3534
,3649,3763,3878,3986,4094,4202,4310,4411,4513,4614,4715,4808,4901
,4993,5086,5171,5256,5340,5425,5501,5577,5653,5729,5795,5862,5928
,5994,6051,6109,6166,6223,6270,6317,6363,6410,6448,6485,6523,6560
,6587,6614,6640,6667,6686,6705,6724,6743,6759,6775,6791,6807,6810
,6812,6815,6817,6813,6808,6804,6799,6790,6780,6771,6761,6748,6736
,6723,6710,6694,6679,6663,6647,6631,6615,6599,6583,6567,6551,6534
,6518,6504,6490,6475,6461,6448,6434,6421,6407,6397,6387,6376,6366
,6359,6352,6345,6338,6332,6327,6321,6326,6334,6340,6345,6350,6370
,6385,6400,6420,06441,6470,6501,6510,6520,6525};

//int knee[] =
{1205,1303,1401,1499,1597,16%92,1786,1881,1975,2076,2176,2277,2377
,2480,2582,2685,2787,2891,2995,3098,3202,3299,3396,3493,3590,3674
,3758,3841,3925,3992,4060,4127,4194,4244,4294,4344,4394,4429,4465
,4500,4535,4555,4576,4596,4616,4623,4630,4636,4643,4638,4633,4628
,4623,4607,4592,4576,4560,4535,4509,4484,4458,4426,4395,4363,4331
,4294,4257,4219,4182,4142,4103,4063,4023,3981,3940,3898,3856,3814
,3772,3730,3688,3647,3606,3564,3523,3482,3442,3401,3360,3320,3281
,3241,3201,3162,3123,3084,3045,3007,2970,2932,2894,2858,2821,2785
,2748,2712,2676,2640,2604,2569,2533,2498,2462,2427,2392,2357,2322
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,2288,2254,2220,2186,2154,2121,2089,2056,2026,1995,1965,1934,1907
,1880,1852,1825,1802,1780,1757,1734,1717,1700,1682,1665,1655,1645
,1634,1624,1621,1617,1614,1610,1614,1619,1623,1627,1639,1650,1662
,1673,1693,1712,1732,1751,1777,1803,1829,1855,1889,1922,1956,1989
,2030,2071,2111,2152,2200,2248,2296,2344,2399,2454,2509,2564,2625
,2686,2746,2807,2875,2943,3010,3078,3152,3226,3300,3374,3457,3540
,3623,3706,3797,3888,3978,4069,4174,4279,4383,4488,4604,4721,4837
,4953,5085,5217,5349,5481,5629,5777,5925,6073,6238,6403,6568, 6733
,6915,7098,7280,7462,7659,7856,8053,8250,8461,8671,8882,9092, 9313
,9535,9756,9977,10205,10433,10661,10889,11119,11349,11578,11808,1
2034,12260,12485,12711,12925,13139,13353,13567,13765,13963,14161,
14359,14535,14710,14886,15061,15211,15361,15511,15661,15785,15908
,16032,16155,16248,16341,16433,16526,16590,16653,16717,16780,1681
3,16847,16880,16913,16917,16921,16924,16928,16905,16881,16858,168
34,16784,16733,16683,16632,16557,16483,16408,16333,16236,16139,16
042,15945,15824,15704,15583,15462,15323,15183,15044,14904,14744,1
4583,14423,14262,14083,13904,13725,13546,13350,13153,12957,12760,
12547,12334,12120,11907,11680,11453,11225,10998,10757,10517,10276
,10035,9786,9537,9287,9038,8794,8551,8307,8063,7805,7547,7289,703
1,6775,6520,6264,6008,5760,5511,5263,5014,4776,4539,4301,4063,383
8,3614,3389,3164,2962,2761,2559,2357,2182,2006,1831,1655,1513,137
1,1228,1086,979,872,765,658,589,521,452,383,343,303,263,223,216,2
10,203,196,220,244,267,291,357,423,489,555,637,720,802,900,1000,1
100} ;

#include <Encoder.h>
Encoder myEnc (2, 7);

//pin A and pin B (DT/CLK) of encoder connected to pin 2 and 3 of
arduino

const int setpoin = 0;

//analog pin input for potentiometer setpoint
int 1 hip;

float p, 1, d, sp, out, sp vel;

float error old = 0;

float error dydx = 0;
float error integral = 0;

float pid = 0;
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float error = 0;

int pwm;
long oldPosition = -999;

S A T R O Ve e T A N VN VR VR V)

Encoder myEncl (3, 4); //pin A and pin B (DT/CLK) of encoder
connected to pin 2 and 3 of arduino

const int setpoinl = 0;

//pin analog input for potentiometer setpoint
int i _knee;

float pl, i1, dl1, spl, outl;

float error oldl = 0;

float error dydxl = 0;

float error integrall = 0;

float pidl = 0;

float errorl = 0;
int pwml;
long oldPositionl = -999;

A A A N A A A A A N N A A A A N N A A A A N N I A A A N N N A N N N N N A A N N A A A A A A

float e[403];
float e last[403];
float old e last;

float
PIDILC,Kp ILC,Kd ILC,PD ILC[403],U ILC,old PD ILC[403],U TOT;

int k,m,flagl, flag?2;
int gaitFlag = 0;
void setup ()
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// 1nitialize the serial communications:
Serial.begin(9600) ;

}

void loop ()

{
long newPosition = myEnc.read();
out = newPosition;
//hip
// p = 0.05;//0.45
// 1 =0.001;//0.05
// d = 0.02;//0.4
// Kp ILC = 0.015;
// K4 ILC = 0.02;
//knee
// p = 0.07;//0.45
// 1 =0.001;//0.05
// d=0.04;//0.4

// Kp ILC = 0.022;
// Kd_ILC = 0.03;
// sp = analogRead (setpoin) ;

// sp

map (sp, 0, 1023, 0, 240);
// sp = 12500; //45 degree exo data 12500 encoder pulse
sp = hiplgaitFlag];

// 1 hip ++;

// if (i hip == 404) {

// i hip = 0;
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/7o)
error = sp - out;
e[k]=error;
//PID

error integral += error;

if (error integral > 150)
{

error integral = 150;
}

else if (error integral < -150)

{

error integral = -150;
}
pid = (error * p) + (error integral * i) + (error dydx * d);
pid = pid / 2;
error dydx = error - error old;
error old = error;
//ILC
PD ILC[k] = Kp ILC*e last[k] + Kd ILC* (e lastl[k]-old e last);

old e last = e last[k];
U ILC = PD ILC[k] + old PD ILC[k];

// old PD ILC = PD ILC;

//end of ILC

//Total signal is PID signal plus ILC signal
U TOT = pid + U ILC;

//Count each point along the trajectory

175



gaitFlag = gaitFlag + 1;
k++;
//reseting the count when the final destination is reach
if (gaitFlag == 402) {
gaitFlag = 0;
k=0;

//Save previous error along trajectory for the next iteration of
ILC routine

for (m=0; m <= 402; m++) {
e last[m] = e[m];

old PD ILC[m] = PD ILC[m];

}

if (error < 1 and error > -1)

{
pid = 0;

PIDILC = U TOT;
pwm = abs (PIDILC) ;
if (pwm > 255) {

pwm = 255;

}
if (pwm < 0) |

pwm = 0;

if (PIDILC > 0)
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~ A~

//
//
//
//
//
//
//
//
//
//
//
//
//
//

analogWrite (9, 0);

analogWrite (10, pwm);

if (PIDILC < 0)

analogWrite (9, pwm);

analogWrite (10, 0);

R R Ve VI RV VI N R R VR VI VI VP VR

S A N R A R e I IV VR VR R

long newPositionl = myEncl.read() ;

O
e
jart
'_\
[

newPositionl;
pl = 0.45;
il = 0.05;

dl = 0.4;

// sp = analogRead (setpoin) ;

// sp = map(sp, 0, 1023, 0, 240);
// spl = -12500;
spl = knee[i knee];
i _knee ++;
if (i _knee == 404) {
i knee = 0;
}

errorl = spl - outl;
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//
// //PID

// error integrall += errorl;

//

// 1f (error integrall > 150)

/1A
// error integrall = 150;
/7o)

// else if (error integrall < -150)

/A

// error integrall = -150;

/)

//

// pidl = (errorl * pl) + (error integrall * il) + (error dydxl
* dl);

// pidl = pidl / 2;

// error dydxl = errorl - error oldl;
// error oldl = errorl;
//

// 1f (errorl < 1 and errorl > -1)

/A

// pidl = 0;
/7 )

//

// pwml = abs(pidl);
// if (pwml > 255) {
// pwml = 255;
/]
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// if (pwml < 0) {

// pwml = 0;

/7o)

//

//  1f (pidl > 0)

/A

// analogWrite (5, 0);

// analogWrite (6, pwml) ;
/7o)

// 1f (pidl < 0)

/] A

// analogWrite (5, pwml);
// analogWrite (6, 0);
/7o)

Y hhhbahhhtiriaiehiairiaiaieoieiet’ =~/ gt "t A L2 7datsdstniatataiataiataiatatedatetotedatatetatedes

A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A

// 1 knee+t+;
Serial.print (sp);
Serial.print(",");
Serial.println (out);

// Serial.print(",");

// Serial.println(i knee);

// Serial.print(",");

// Serial.println(outl);

delay (50);
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