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Abstract  
Stroke is one of top leading causes of death in the world and it happens to more than 15 

million people yearly. According to the National Stroke Association of Malaysia (NASAM), 

stroke is the third leading cause of death in Malaysia with around 40,000 cases reported 

annually. Forty percent of stroke survivors suffer from movement impairments after 

stroke. My grandfather was one of the victims and he was unable to attend any 

rehabilitation sessions due to several reasons. Hence, he lost the golden time to regain 

his movement and freedom. There are a lot of similar cases that happen daily in Malaysia. 

Besides, as the number of stroke patients increases yearly, the need for physiotherapists 

or rehabilitation machines equally increases. Hence, a low-cost clinical rehabilitation 

device is essential to provide assistance for an effective rehabilitation program and 

substitute the conventional method, as well as to reduce the burden of physiotherapists. 

In future, the proposed rehabilitation device would benefit not only stroke patients, but 

any patients who lost their normal walking ability including post-accident patients or 

those who suffer from spinal cord injury. The rehabilitation device aims to provide 

training assistance to patients not only in rehabilitation centres but also at home for daily 

training.  

The robotic orthosis is planned to be configured based on moving joint angles of human 

lower extremities. In the first stage of this research, angle-time characteristics for knee 

and hip swinging motion are utilised as a sagittal motion reference for the rehabilitation 

devices. The aim of following a proper gait cycle during rehabilitation training is to train 

patients to perform standing and swinging phases at proper timing and simultaneously 

provide the correct position reference to the patient during rehabilitation training. This 

can prevent patients from walking abnormally with an asymmetric gait cycle along or after 

the rehabilitation program. Besides, various limitations and the bulky structure of other 

rehabilitation devices lead to the design of the two-link lower limb rehabilitation device. 

This project aims to develop an assistive robotic rehabilitation device that generates a 

human gait trajectory for hemiplegic stroke patient gait rehabilitation in future. The 
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shortcomings of other control applications due to environmental conditions and 

disturbances lead to the implementation of the describing function approach in the 

development of the devices. A sinusoidal-input describing function (SIDF) approach was 

implemented to linearize the nonlinear robotic orthosis with linear transfer function. The 

reason for utilising the SIDF approach is due to the nonlinear actual plant model with the 

present of load torque disturbances, discontinuous nonlinearities such as saturation and 

backlash, and also multivariable in the system. The nonlinear properties of the plant were 

proven in the preliminary stage of the research. A conventional controller, PID control 

combined with position and trajectory inputs were also applied to the system in the early 

stage of research. However, the experimental results were not satisfying. Finally, the SIDF 

approach was chosen to linearize the nonlinear system. Hence, generating a controller is 

much easier with a linear model of the nonlinear system.  

A SIDF approach was implemented to generate a controller for the multivariable, 

nonlinear closed loop system. Firstly, the SIDF approach enables the determination of the 

linear function of the nonlinear model known as the SIDF model. By utilising the linear 

model to mimic the behaviour of the nonlinear rehabilitation system, the controller for 

the nonlinear plant was able to be generated. In this research a controller based on linear 

control theory technique was used. The MATLAB library was used to design the lead-lag 

controller for the rehabilitation device.  

Various simulations such as step responses, tracking and decoupling of both links were 

performed on the generated controller with the nonlinear model to study the capability 

of the controller. Besides that, real life experiment testing was carried out to validate the 

feasibility of the controller designed via the SIDF approach. Simulation and experimental 

results were obtained, compared, and discussed. The highly accurate responses gained 

from experimental setup showed the robustness of the controller generated via SIDF 

approach. The implementation of the SIDF approach in a rehabilitation device (vertical 

two-link manipulator) is a first and hence, fulfils a novelty requirement for this research.
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Chapter 1 Introduction 

1.1 Background 

1.1.1 Stroke 
Stroke (cerebrovascular accidents) is a kind of brain injury which is also known as a sudden defeat of 

brain function. It can happen to anyone at any time and can be categorized into ischemic stroke or 

hemiplegic stroke. Ischemic stroke happens due to the lack of blood flow to the brain while hemiplegic 

stroke occurs due to the damage of blood vessels in the brain [1]. Brain cells of the affected area will 

begin to die within minutes due to the lack of oxygen and nutrients supplied. This eventually leads to 

brain damage, losses of ability in performing activities of daily living (ADL) controlled by the particular 

region of brain, or it may also cause sudden death. However, the impact on the stroke patient is 

dependent on how severely the brain was damaged. For instance, a patient following a minor stroke 

might face problems such as short-term weakness of arm or leg. Meanwhile, a patient who had a major 

stroke might result in long-term paralysis on one side of the body or lose their speaking ability [2], [3]. 

1.1.1.1 Statistics of Stroke in Malaysia and Worldwide 

According to the statistics published by the World Health Organization (WHO), there are approximately 

15 million people who suffer from stroke every year. There are one third of stroke patients in the world 

who passed away and another one third who suffer from permanent disability [3]. Globally, stroke is the 

second leading cause of death and the third leading cause of disability [4]. In Malaysia, stroke is the third 

leading cause of death. According to the National Stroke Association of Malaysia (NASAM), there are 

about 40,000 patients suffering from stroke each year. Based on the analysis of collected data, the 

number of stroke patients increases by six every hour [3], [5]. 

1.1.2.1 Stroke Survival Rates in Malaysia 

Table 1 shows the stroke survival rate published by Ramsay Sime Darby Health Care. As shown in the 

table, there are about 40% of survivors who recover with severe impairments that affects their daily life. 

Most of them are likely to suffer from motor impairment such as muscle weakness, gait impairment, 

long-term disability, or total paralysis following a stroke. Limitation of muscle movements of face, arm 

and leg of one side of the body bothered around 80% of stroke victims and lead to limitation in the 

activity of daily living (ADL) and mobility [3], [6]. Besides that, most of the victims are not able to walk 
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with their original speed post stroke [7]. Impairment in mobility of patients would increase the family 

burden. As a result, physical therapy including rehabilitation mostly emphasise on recovery of motor 

impairment and the interrelated functions to help the victims to regain walking ability and muscle 

movements [6]. 

Table 1 Table of stroke survival rates [3] 

Recovery State Percentage (%) 

Completely recover 10 

Recover with minor impairments 25 

Recover with moderate to severe impairments with special care required 40 

Require long-term care facility or nursing home 10 

Die shortly after stroke 15 

 

1.1.2 Exoskeleton and Active Orthosis 
!ƴ ŜȄƻǎƪŜƭŜǘƻƴ ƛǎ ŘŜŦƛƴŜŘ ŀǎ άŀƴ ŀŎǘƛǾŜ ƳŜŎƘŀƴƛŎŀƭ ŘŜǾƛŎŜ ǘƘŀǘ ƛǎ ŜǎǎŜƴǘƛŀƭƭȅ ŀƴǘƘǊƻǇƻƳƻǊǇƘƛŎ ƛƴ ƴŀǘǳǊŜέΦ 

It carries the meaning of a mechanical device which can be fitted nicely to the operator and provide 

them with strength or facilitate their movements to complete a task that is difficult to be done by normal 

ƘǳƳŀƴ ǎǳŎƘ ŀǎ ŎŀǊǊȅƛƴƎ ŀ ƘŜŀǾȅ ƭƻŀŘ ǿƘƛƭŜ ǊǳƴƴƛƴƎ ƻǊ ŎƭƛƳōƛƴƎ ǎǘŀƛǊǎΦ DŜƴŜǊŀƭƭȅΣ ǘƘŜ ǘŜǊƳ άŜȄƻǎƪŜƭŜǘƻƴέ 

is defined as a device that enhance the performance of tƘŜ ƻǇŜǊŀǘƻǊΣ ǿƘƛƭŜ ǘƘŜ ǘŜǊƳ άŀŎǘƛǾŜ ƻǊǘƘƻǎƛǎέ ƛǎ 

usually used to describe devices that assist the ambulatory movements of a person who suffers from 

walking disability. Figure 1 shows the example of exoskeletons: general electricΩǎ IŀǊŘƛƳŀƴ ŀƴŘ I![-5 

exoskeleton and the example of active orthosis: Michigan ankle orthoses and MIT active AFO. However, 

ƴƻǿŀŘŀȅǎΣ ǘƘŜ ǘŜǊƳ άŜȄƻǎƪŜƭŜǘƻƴέ ƛǎ ŀƭǎƻ ǳǎŜŘ ǘƻ ŘŜǎŎǊƛōŜ ŎŜǊǘŀƛƴ ŀǎǎƛǎǘƛǾŜ ŘŜǾƛŎŜ ŦƻǊ ƭƻǿŜǊ ƭƛƳōǎ [8]. 

Hence, both terms are applicable to describe assistive devices for lower extremities. 
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(a) (b) (c) (d) 

Figure 1 Exoskeleton: a) DŜƴŜǊŀƭ 9ƭŜŎǘǊƛŎΩǎ IŀǊŘƛƳŀƴ, b) HAL-5 exoskeleton and active orthosis: c) Michigan ankle orthoses, and d) MIT 
active AFO [8]. 

1.1.2.1 History of Exoskeleton and Robotic Orthosis 

Early research on exoskeletons were mostly conceptual studies that never left a detailed record on the 

work done. The first recorded ŜȄƻǎƪŜƭŜǘƻƴ ƛǎ ¸ŀƎƴΩǎ ǊǳƴƴƛƴƎ ŀƛŘ (Figure 2(a)) developed by U.S. Patents 

in 1890. It was initially built to enhance the running and jumping of the Russian Army. However, there is 

no successful record found for this device [8], [9]. In the year of 1963, a detailed ǊŜǇƻǊǘ ƻŦ άǇƻǿŜǊed 

orthopaedic ǎǳǇǇƭŜƳŜƴǘέ ǿŀǎ ǇǳōƭƛǎƘŜŘ ōȅ ½ŀǊƻƻŘƴȅ ƻŦ ǘƘŜ ¦Φ{Φ !ǊƳȅ 9ȄǘŜǊƛƻǊ .ŀƭƭƛǎǘƛŎǎ [ŀōƻǊŀǘƻǊȅ [10]. 

This pneumatic powered prototype device was aimed to perform as a load-carry exoskeleton for 

operators such as a soldier. However, due to some unknown difficulties faced by the researchers and 

funding issues, the research was later terminated [8].  

After a few years, during the late 1960s, Hardiman (Human Augmentation Research and Development 

Investigation) [11], a full-body powered exoskeleton prototype was developed by the General Electric 

Research of Schenectady, New York in cooperation with Cornell University and the project was financially 

supported by the U.S. Office of Naval Research. Hardiman was aimed to ƛƴŎǊŜŀǎŜ ŀƴ ƻǇŜǊŀǘƻǊΩǎ 

performance by about 25 times. According to the record, a satisfactory result was obtained for arm-

amplifying, but some problems were encountered for lower limb components and ware never resolved. 

In the middle of 1980s, a paper released by Jeffrey Moore introduced an exoskeleton, Pitman, with the 

purpose of augmenting the ability of soldiers during operations [12]. However, this paper did not provide 
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details of practical implementation and other issues such as power supply. This project was also ended 

due to a failure to secure funding [8]. 

In the early 21st century, a DARPA exoskeleton program was established. The Exoskeleton for Human 

Performance Augmentation (EHPA) program aimed to increase the abilities of ground soldiers to 

complete tasks beyond human limitations. Three exoskeletons has been introduced over the period of 

the EHPA program which included the Berkeley Exoskeleton (BLEEX) (Figure 2(b)), Sarcos Exoskeleton, 

and MIT Exoskeleton [8], [13]. The end product of Sarcos Exoskeleton, called XOS Exoskeleton, could lift 

a weight of 91 kg without any human effort. This design was finally chosen by DARPA and was awarded 

ǿƛǘƘ ǘƘŜ ƴŀƳŜ ƻŦ άLǊƻƴ Ƴŀƴ-like robotέ as well as one of the 50 Best Inventions of 2010 by Time Magazine 

[14]ς[16]. The famous exoskeleton named HAL, which operates with EMG-based system to enhance a 

ǿŜŀǊŜǊΩǎ ōƻŘƛƭȅ ŦǳƴŎǘƛƻƴΣ ǿŀǎ ŀƭǎƻ ŘŜǾŜƭƻǇŜŘ ƛƴ ǘƘŜ ŜŀǊƭȅ нлллǎ ōȅ tǊƻŦΦ ¸ƻǎƘƛƪǳȅƛ {ŀƴƪŀƛ [17]. 

  

(a) (b) 

Figure 2 Exoskeleton: a) ̧ ŀƎƴΩǎ ǊǳƴƴƛƴƎ ŀƛŘ ŘŜǾŜƭƻǇ ōȅ ¦Φ{Φ tŀǘŜƴǘǎ ƛƴ муфл and b) Berkeley Exoskeleton (BLEEX) [8], [9] 
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Apart from exoskeletons developed to enhance the full body function of humans, there were also 

researches done on developing active orthosis which only included the lower limb performance of a user 

or to provide certain active assistance. The very first lower limb active orthosis was a U.S. patent in 1930. 

This orthosis primarily focuses on the motion at the knee with a torsional spring connected to a crank at 

the hip and a set of cam and follower at the ankle joint. Following that, in 1942, the first controllable 

active orthosis was created with hydraulic actuators at the hip and knee joints. There was also an early 

invention of a lower limb passive device recorded in 1951 that utilized spring-loaded pins to lock and 

unlock the joint of the leg brace of the user in various gait patterns [8]. 

There is history recorded of lower limb exoskeleton works by the Mihailo Pupin Institute in the late 1960s 

until 1970s. A partial active exoskeleton was introduced and clinical experiments were done in 1970 to 

demonstrate the effectiveness of this device in helping patients with paraplegia to regain their walking 

ability [8]. Besides that, a device named Zero-Moment Point which focuses on the control of bipedal 

locomotion was first demonstrated in Japan in 1984. Continuous work was done on it by Prof. 

Vukobratovis and Devon Juricic and the concept of ZMP was finally publish in the year of 2004 [8], [18]. 

The University of Wisconsin had a similar research to work on lower limb robotic device since 1968. The 

university was actively working on an autonomous exoskeleton for paraplegia patient with a hydraulic 

power and pump that covers the movement of the hip, ankle, and knee. The Wisconsin exoskeleton 

aimed to support the ability of sitting down, standing up and walking in a slow pace for the user [8]. 

Since then, many other lower limb exoskeletons were developed, mostly for patients with various 

degrees of paralysis in lower limb to help them in mobilization or gait training [19]ς[21]. Table 2 is the 

summarization of the discussed historical exoskeletons and active orthoses. Research contributions on 

ŜȄƻǎƪŜƭŜǘƻƴ ŀƴŘ ŀŎǘƛǾŜ ƻǊǘƘƻǎƛǎ ǇǊƻǾƛŘŜ ŀ ŦƻǳƴŘŀǘƛƻƴ ŦƻǊ ǘƻŘŀȅΩǎ ǎǘǳŘƛŜǎ ƛƴ ǊŜƘŀōƛƭƛǘŀǘƛƻƴ ŘŜǾƛŎŜǎΦ 
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Table 2 Main function of historical exoskeleton and active orthosis 

Exoskeleton to enhance body function 

Name Main Function 

¸ŀƎƴΩǎ ǊǳƴƴƛƴƎ ŀƛŘ Enhance running and jumping 

Zaroodny  powered orthopaedic 

supplement 

load-carry exoskeleton 

Hardiman IƴŎǊŜŀǎŜ ŀƴ ƻǇŜǊŀǘƻǊΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ōȅ ŀōƻǳǘ нр ǘƛƳŜǎ 

DARPA exoskeleton Complete task that beyond human limitation 

Berkeley exoskeleton (BLEEX)  Support a load of up to 75 kg while walking fast 

Sarcos exoskeleton Support heavy load, loading with one leg standing, walking 

on mud 

MIT exoskeleton Load carrying while walking 

XOS exoskeleton (EHPA program) Lift a weight of 91 kg without any human effort 

HAL 9ƴƘŀƴŎŜ ǿŜŀǊŜǊΩ ōƻŘƛƭȅ ŦǳƴŎǘƛƻƴ 

Active Orthosis for lower limb rehabilitation 

Name Main Function 

First lower limb orthosis (U.S. patent) Focus on knee motion 

Controllable active orthosis Lower limb passive device 

Partial active exoskeleton Help patients regain walking ability 

Zero-moment point Control bipedal locomotion 

Wisconsin exoskeleton Support sitting down, standing up and walking in slow 

pace 

 

1.1.2.2 Current Research on Exoskeleton 

Based on the discussion about the history of exoskeleton and robotic orthosis as well as literature review 

sections, exoskeletons and active devices are mostly developed for several aims including: to magnify 

the ability of humans to complete certain tasks such as running and carrying loads which mostly serve  

military purpose; and to help immobilized users to carry out daily activities and to provide rehabilitation 

training for paralysed patients to regain walking ability, at the same time to reduce the burden of 



    Chapter 1|  
 

7 
 

physiotherapists. These devices are classified into several types such as full body mobility devices, lower 

limb active devices, foot manipulators, devices with body support, treadmill training devices, and so on, 

as illustrated in Figure 3. However, some devices are even equipped with more than one design and 

characteristics. Detailed characterization can be found in Table 5. 

    

 

(a) (b) (c) (d) (e) 
Figure 3 Device classification: a) full body mobility device, b) lower limb active device, c) foot manipulator, d) device with body support, 

and e) treadmill training device[22]ς[25] 

In the past decade, countless lower limb robotic devices are established for the purpose of helping 

paralysed patients in their daily lives. Some of the devices were developed to ease patients in their daily 

activities such as standing and walking, and to reduce their body weight on the foot. Besides that, devices 

with various rehabilitation training functions were designed for stroke patients to help them regain the 

functions of their lower limb. Different trainings provided by these exoskeletons included training of 

muscle and strength, walking posture and stability, proper walking pattern and trajectory, adapting 

patientsΩ walking speed, climbing stairs or walking on slopes and many more. Various studies have 

proven the values of rehabilitation active devices in activating the muscle pattern of bedridden stroke 

patients, retrain their normal gait cycle and ultimately to achieve free walking with assistance [25], [26]. 

The most significant active devices in rehabilitation training include, Lokomat, Gait Trainer, Gait Master, 

Hybrid Assistive Limb (HAL), KineAsist, and LOPES. The effectiveness of each device was confirmed in 

clinical reviews. Treadmill training devices such as Lokomat, Lokohelp, and ReoAmbulator are overall 

safe to be used because partial body support is provided during rehabilitation training. Besides, this 

mechanism provides stability to patients on the treadmill and at the same time reduces efforts from 
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physiotheǊŀǇƛǎǘǎΦ {ǘǳŘƛŜǎ ǎƘƻǿ ǇƻǎƛǘƛǾŜ ƛƳǇŀŎǘ ƛƴ ŎƻǊǊŜŎǘƛƴƎ ǇŀǘƛŜƴǘǎΩ ƭƻǿŜǊ ƭƛƳō Ƴƻǘƛƻƴǎ ŀƭƻƴƎ ŜŀŎƘ 

treatment session [25], [27], [28]. 

Active devices that make use of foot manipulators are able to a simulate proper walking pattern as a 

reference during rehabilitation sessions of patients. A synchronized swing phase and stand phase of gait 

cycle of both legs can be demonstrated without fault. Patients are also able to carry out training with 

various terrains simulations with the end effector of the foot manipulators such as stairs climbing or 

walking on slopes. Hence, foot manipulators can adjust distorted and desynchronized gait pattern during 

rehabilitation training. Many clinical studies have been conducted and effectiveness of these devices are 

proven [24], [25], [29], [30]. 

Mobile devices such as HAL, KIneAsist, and Rewalk are also popular for stroke rehabilitation and therapy. 

There are small and easy to carry. Subjects or patients can move freely with these mobile devices without 

ŀǎǎƛǎǘŀƴŎŜΦ {ŜƴǎƻǊǎ ǿŜǊŜ ƛƳǇƭŜƳŜƴǘŜŘ ǘƻ ǊŜŀŎǘ ǿƛǘƘ ǎǳōƧŜŎǘǎΩ ƳƻǾŜƳŜƴǘ ǘƻ ƘŜƭǇ ƻǊ ǘƻ ƭŜŀŘ ǘƘŜƳ in 

motion. The drawbacks of mobile devices are the limited power supply with a portable battery and the 

weight of suit acting on the user. However, studies prove that stroke patients experience improvement 

in walking with the assistance of these devices [31]ς[33]. 

For the past decade, countless robotic control systems for rehabilitation devices have been established 

and are categorized as impedance-based control, EMG-based control, and adaptive-based control. The 

impedance-based control aids assistance force when the limb deviates from a normal gait trajectory. 

The EMG-based control provides feedback muscle signal of subjects to activate assistance from the 

device. The major drawbacks of this control are that the calibration has to be repeatedly done to suit 

different patients and the sensitivities of electrode signals are easily affected by neighbouring muscle 

signals. Finally, the adaptive-based control has the ability to adjust itself to handle uncertainties in the 

system [34].  

Apart from control systems, various control strategies such as sliding mode control and neural network 

control are popular in robotic rehabilitation devices. Sliding mode control is proven to be especially 

suitable for the design of robust control for rehabilitation robots with nonlinearities, parameter 

uncertainties and bounded input disturbances while neural network has many advantages such as simple 

construction, parallel processing, and adaptive learning. Parameters of neural network could be 
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estimated via learning algorithm with a data set to let it to deal with numerous uncertainties during 

actual execution.  

1.2 Motivation 
Surviving stroke patients often experience gait impairments after recovery. Almost all stroke survivor 

attend rehabilitation session to restore their motor performance. However, these approaches often lead 

ǘƻ ǘƘŜ ŦŀǘƛƎǳŜ ƻŦ ǇƘȅǎƛƻǘƘŜǊŀǇƛǎǘǎ ŀǎ ǘƘŜȅ ǊŜƭȅ ƘŜŀǾƛƭȅ ƻƴ ǇƘȅǎƛƻǘƘŜǊŀǇƛǎǘΩǎ ǎǳǇǇƻǊǘ ŀƴŘ ƎǳƛŘŀƴŎŜΦ Lƴ ŦŀŎǘΣ 

a stroke patient usually needs the help from more than three therapists to complete a set of gait training 

[25]Φ IŜƴŎŜΣ ǘƘŜ ŘǳǊŀǘƛƻƴ ŀƴŘ ǇǊƻƎǊŜǎǎƛƻƴ ƻŦ ǇŀǘƛŜƴǘǎΩ ǊŜŎƻǾŜǊȅ ǿƛƭƭ ōŜ ŀŦŦŜŎǘŜŘ ŘǳŜ ǘƻ ǘƘŜ ǇƘȅǎƛŎŀƭ ƭƛƳƛǘ 

of the therapists themselves [7]. The rapid increase of stroke patients also leads to the shortage of 

ǘƘŜǊŀǇƛǎǘǎ ƛƴ ǘƘŜ ŎƻǳƴǘǊȅ ŀƴŘ ŎŀǳǎŜǎ ŀ ƎǊŜŀǘ ŜŎƻƴƻƳƛŎ ƛƳǇŀŎǘ ǘƻ ǘƘŜ ŎƻǳƴǘǊȅΩǎ ƘŜŀƭǘƘŎŀǊŜ ǎȅǎǘŜƳ [35]. 

Due to the factors mentioned above, innovative ideas are needed to substitute the conventional 

rehabilitation therapies with robotic rehabilitation devices, to reduce the workload of physiotherapists 

[26]. 

In the past few decades, many rehabilitation devices were developed for stroke patients to regain their 

walking ability. Various control methods were established for robotic control of the devices. Although 

there are advantages to each of the control method stated in previous sections, Jimenez states that 

rehabilitation exercise with a desired trajectory is important in helping stroke patients to achieve full 

recovery of their lower limb motion and gesture. The trajectory approach is shown to be more effective 

in activating muscle recovery compared to the fully assistive device [36]. However, the contributions of 

robotic control methods to stroke rehabilitation are still imprecise [9]. Hence, there is still space for 

progression in improving the standard protocols and approaches toward utilizing human lower limb 

trajectory pattern to achieve a better outcome for lower limb rehabilitation. 

The control system is commonly used for controlling a robot. For the lower limb robotic orthosis, an 

effective control system is important to perform precise function to provide the best rehabilitation for 

patients. However, such device is normally equipped with various manipulators, actuators and sensors 

that contribute to the presence of nonlinearities, parameter uncertainties, and input disturbances. 

Techniques such as neural network and sliding mode control are widely used in the recent decades for 

a nonlinear system. However, both approaches receive backlashes as the neural network require large 



    Chapter 1|  
 

10 
 

memory and hard disk space during the design process while the sliding mode control must be combined 

with various control strategies to overcome the fundamental restriction of a nonlinear system. Thus, a 

new control scheme and robust control system that is able to improve the properties of an unstable 

system of the robotic orthosis is the future direction for current researchers. 

1.3 Research Plan 

1.3.1 Research Aim and Objectives 
The aim of the research is to design a controller for a lower-limb robotic orthosis based on SIDF method. 

The objectives of the proposed research include: 

¶ To develop a rehabilitation system that facilitates an effective rehabilitation program 

¶ To develop a lower limb two-link manipulator that generates human gait trajectory 

¶ To implement sinusoidal-input describing function (SIDF) model to the robotic orthosis and 

generate system controller for the nonlinear two-link manipulator 

¶ To generate a new scheme of controller to incorporate into the SIDF approach function library 

1.3.1.1 Development of Rehabilitation System that Facilitates an Effective Rehabilitation Program 

The main objective of this research is to develop a rehabilitation device for stroke patients. A more 

effective rehabilitation training program for stroke patients is aimed to be implemented with a 

rehabilitation system that provides appropriate lower limb walking training. Hence, the biomechanics of 

human walking is the key to the development of an effective rehabilitation program. The comparison of 

gait pattern data and gait cycle timing of a normal person and a stroke patient is important for the 

development of the ƻǊǘƘƻǎƛǎΩ ŎƻƴǘǊƻƭƭŜǊΦ Progression of stroke patients to regain their walking ability can 

be accelerated with a more suitable rehabilitation program. A better walking pattern and gait cycle 

timing of post stroke patients can be achieved. 

1.3.1.2 Development of a Lower Limb Two-link Manipulator to Generate Human Gait Trajectory 

This research also aims to create a two-link manipulator that generates human gait trajectories. The 

development of the rehabilitation orthosis focuses on the motion of hip and knee as both joint 

movements are in the major plane of human walking kinematic model. The development of ankle motion 

will be done in future. The different gait profiles between a normal human and a stroke patient will be 
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computed. Additionally, the established device aims to generate accurate human gait trajectories of hip 

and knee during rehabilitation training, to guide patients with a proper walking manner. 

1.3.1.3 Implementation of SIDF Model and Generate System Controller  

Next, SIDF method is to be implemented to overcome system instability. The two-link manipulator holds 

the properties of nonlinearities, parameter uncertainties and input disturbance due to various 

manipulators, actuators and sensors executed in the system. These unknown variables turn into 

obstacles in the process of software simulation. Hence, this approach is used to build a SIDF model of 

the plant to ease the process of generating the system controller for the nonlinear device.  

1.3.1.4 Establish of New Scheme of Controller to Incorporate to SIDF Approach Function Library 

Lastly, a new scheme of controller is established to be incorporated with the MATLAB function library. A 

linear model of the unstable system is produced and utilized in the simulation with the support of the 

function library. Then, a new scheme of controller can be formed via repeated MATLAB simulations. By 

utilizing the human walking kinematic model, verification of the controller and plant is done in advance 

of testing the system on a stroke patient.  

1.4 Research Scope 
In this research, attention is paid to establish a lower limb robotic device that rotates in sagittal plane 

with human joint trajectories pattern. A new manipulator consists of hip joint and knee joint is developed. 

The manipulator provides single degree-of-freedom (DOF) in sagittal plane at the hip and knee joint in 

real time. The low-level motion is implemented by the servomotor and encoder, while the high-level 

trajectory planning function by controlling with a new controller scheme to perform gait movements. 

This new controller is generated based on SIDF approach with the MATLAB function library. 

1.4.1 Research Project Scope  
The first year of the research plan focuses on a basic understanding of lower limb muscle activities and 

gait trajectory. This is essential for the development of a compatible assistive robotic rehabilitation 

device. A robotic orthosis prototype is aimed to be fabricated and tested. Actuators and sensors are then 

setup with a data acquisition controller device for setting up a control interface. Finally, a Simulink model 

simulating the movement of the robotic orthosis is developed. 
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The second year of the research focuses on the development of the SIDF model to characterize the 

nonlinear system of the two-link manipulator. Then, the SIDF model is utilized to undergo controller 

design with the SIDF function library to suit the performance of two-link robotic orthosis. This controller 

would incorporate low level motion control via DC motors and encoders and high-level gait trajectory 

control system via the gait pattern in real time. Simulation responses of the controller with SIDF model 

are compared with responses of a conventional PID on the manipulator to prove stability to the 

controller. 

Finally, testing is done with the experimental setup to verify the compatibility of the SIDF model and 

controller for a multivariable nonlinear two-link manipulator. New scheme of controller is developed to 

be incorporated into the SIDF approach. The controller is tested in simulation and experiment. Successful 

implementation of the new controller is then amended to the MATLAB function library for future 

application 

Table 3 summarises the 3-year project plan: 

Table 3 Research planning 

Duration Activities 

First Year 

¶ Develop a robotic orthosis prototype for the project 

¶ Setup control interface for actuators and sensors with controller 
device 

¶ Develop a Simulink model which can simulate the movement of the 
robotic orthosis 

Second 
Year 

¶ Develop a mathematical model to describe the gait symmetry index 
of human lower limb 

¶ Develop a SIDF model to characterize the movement of robotic 
orthosis 

¶ Generate a control system based on SIDF approach MATLAB library 

Third Year 
¶ Experimental verification of SIDF model and control system 

¶ Develop new controller scheme based in SIDF approach 

 

1.4.2 Research Project Executions 
First, an ideal structure design of the rehabilitation orthosis is built. This research focuses on hip and 

knee movement. The two-link manipulator design was chosen to provide training for hip and knee in 

sagittal plane as this is the major plane of motion in human walking kinematic model. Manipulator or 
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hardware for ankle movement in coronal plane is not considered in the current stage of research. Besides 

that, gait pattern and gait timing play an important role in symmetric walking. The temporal relationship 

between the left and right legs is vital to achieve a symmetric walking manner. Hence, the two-link 

manipulator design was chosen to provide guidance for patients during lower limb rehabilitation.  

A structural design of the device is done by designing the mechanism of the manipulator. A flexible length 

adjustment design of each link is introduced to match the length of the lower limb of each patient during 

each rehabilitation session. The prototype of the support frame is designed to hold the manipulator in 

position. The design allows it to be incorporated into a treadmill for patient training purposes in future. 

Electronic components are chosen for the rehabilitation orthosis. Arduino Due and USB-6341 

multifunction input-output device are used to control the system. The DC servomotor attached with 

encoder is installed to provide movement control and position feedback of the manipulator. 

Next, a simulation model of the two-link robotic orthosis is needed for simulation work and controller 

deign. Hence, the mathematical model of two-link manipulator is computed, and the gait profile of a 

healthy human is applied. MATLAB is utilized to build the simulation model of the plant that consists of 

components such as actuators, sensors, and manipulators. Various simulation models and control 

system are built to mimic the actual behaviour of the system. Simulations and experiments of position 

control, speed control and current control are carried out. The PID controller is implemented but 

complications have occurred due to the unstable and nonlinear characteristic of the system. However, 

defective outcomes are seen in both simulation and experimental results.  

Hence, the SIDF approach is implemented to solve the simulation problem. The SIDF model of the device 

is built and the simulation model is stabilized. The nominal SIDF model is selected, and linear fitting is 

done to obtain system transfer functions. Then, linear control theory technique is applied for the 

controller design. A lead-lag compensator for the device is generated and optimum constant gain of the 

controller is determined. Finally, the optimum controller is generated and the SIDF model is verified via 

nonlinear simulation.  

After the verification in a nonlinear simulation, the lead-lag compensator is executed as a controller for 

the rehabilitation device. Experimental setup is also completed for validation of SIDF model with 

controller. Then, normalized step response in simulation and experimental setup are drawn. IN addition, 



    Chapter 1|  
 

14 
 

tracking and decoupling of axes in simulation and experimental setups are done and outcomes are 

plotted. Comparison of normalized step response of both experimental setup and simulation are carried 

out and satisfying results are obtained. In conclusion, the application of SIDF approach with MATLAB 

function library is successful in a two-link manipulator. Trajectory implementations and clinical tests are 

aimed to be done in future. 

1.5 Research Contributions 
This research will lead to the following contributions: 

1. Provide a new design of lower limb rehabilitation device which is low cost to be accessed. 

Based on Table 3 in the literature review, the price of a commercialized rehabilitation device 

ranges from RM100,000 to RM1,480,000. There are more than 10 states in our country, and it is 

a huge sum to be allocated to each state with even one rehabilitation device, considering that 

the number of stroke survivals with impairment is around 16,000 people. Hence, the research 

aims to produce a high cost-performance ratio lower limb rehabilitation device with a minimum 

budget. With the low cost of production, the selling price of the device will eventually be lowered. 

Hence, consumers can purchase or access this device at a more affordable price as compared to 

other rehabilitation devices in the Malaysian market. 

2. Development of a new design of lower limb exoskeleton that focuses on joint trajectories training 

for rehabilitation training purposes. 

Over the past few decades, most commercialized rehabilitation devices that are developed(refer 

to Table 3) focus on assisting the patients to regain walking ability by providing body weight 

support, treadmill training and end effector only without guiding the walking angle and timing of 

the patient. These devices are mostly unable to adapt their movements fully to the patient during 

the rehabilitation session [37]. Hence, a design of lower limb orthosis device which is able to 

assist the leg and joint movements is developed to guide patients towards correct gait 

trajectories to help them regain gait movement with correct hip and knee flex-extension angle 

with respect to their walking cycle. 
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3. Introduction of SIDF model with sliding mode control in modelling the robotics orthosis. 

This is the first design method for a lower limb rehabilitation system that is based on a SIDF model. 

As stated by Dr Amir Nassirharand in [38], the SIDF model is applied to tracking and decoupling 

of a multivariable nonlinear system, showing that a describing model is a good method to 

represent the input-output behaviour of a nonlinear plant; in this case, it is the robotic orthosis. 

Besides that, the sliding mode technique is also a well-known approach to control a nonlinear 

system. Hence, this research is aimed to apply both methods to generate a new controller for the 

robotic orthosis. 

4. Propose a new controller to be incorporated to the MATLAB SIDF function library. 

The Sinusoidal-input describing-function MATLAB library is  developed by Dr Amir Nassirharand 

[39]. It consists of a series of MATLAB codes that can synthesis the SIDF model for a nonlinear 

system by providing the information of the particular plant. To design the controller for the 

linearized model, different approaches such as factorization approach and classical linear 

compensators are applied. Hence in this research, the sliding mode control is aimed to be added 

to the MATLAB library to generate a new controller for the lower limb rehabilitation device. 

1.6 Thesis Outline 
The concepts of developing a control system robotic rehabilitation device with SIDF model are 

introduced in Chapter 1. A lead-lag control system is developed by incorporate SIDF approach function 

library to generate a robust control system for the nonlinear multivariable system. History and current 

research on Exoskeleton and Robotic Orthosis are reviewed. Motivations behind the research are 

explained with proposed aims and objectives. Executions and contributions of the research project are 

described. The overview of thesis chapters is included at the end. 

Chapter 2 outlines the four major research areas of the project: the biomedical aspect, robotic aspect, 

control systems and the control strategies of robotic rehabilitation devices. The importance and 

summaries of biomedical aspect for a lower limb device are discussed. Current literature review shows 

the basic understanding and benefits of lower limb rehabilitation device. Various model of these devices 

and mechanism of the system are reviewed. Potential control strategies to generate a robust controller 

are also highlighted. Critical reflections on design approach and control architecture are presented. 
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Control systems with describing function approach used for exoskeletons and lower limb manipulators 

are discussed. Lastly, research motivations for the research are reviewed. 

Chapter 3 recorded the setup of the rehabilitation device including the mechanical, electrical and 

electronics designs. Safety factors and various functions are considered for protection purpose and user-

friendliness. Justifications of the mechanical design and safety measurement are presented. The 

dynamic model is derived for simulation and to be utilized to generate the control system. 

Preliminary work on the development of simulation model of the system is discussed in Chapter 4. 

Simulation model is built to verify the parameters of motor. Trajectory control with conventional 

controller in simulation and experiment are tested and the result is presented and discussed. 

The theories of describing function and lead-lag compensator will be discussed in Chapter 5. The used of 

method of sinusoidal input describing function to stimulate the nonlinear model is discussed. Controller 

design with lead-lag compensator is also depicted and the outcomes from simulation and experimental 

setup are recorded and studied.  

Novelty of the research is reviewed in Chapter 6. The implementation and validation of SIDF model with 

controller are done via several steps to assure its reliability. Nominal model selection via linear fitting 

was done for the SIDF model. Performance of the nonlinear feedback control system was verified with 

various methods including step responses and tracking and decoupling test. Comparison of the SIDF 

model with experiment setup are also presented. Justification and conclusion of the SIDF approached is 

presented, hence, marked the academic contributions in control system study. 

In Chapter 7, the main findings of the research are summarized. The advantages of SIDF approach are 

concluded. Limitation of current works and suggestion for future works in the related field are proposed 

and recommended.
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Chapter 2 Literature Review 

2.1 Introduction 
This chapter outlines the research area of the project. It is divided into 4 main parts: the biomedical 

aspect, robotic aspect, control systems and the control strategies of robotic rehabilitation devices. The 

biomedical aspect summarizes the gait analysis that includes the biomechanics of human walking, 

human normal gait cycle and related topics. Terminologies of human gait analysis such as step and stride 

length, phase of gait and timing of gait cycle are reviewed. Studies on various types of robotic 

rehabilitation devices are reviewed in the robotic section to provide basic understanding on the current 

development trend. The lower limb rehabilitation devices are classified into passive and active types. 

Active devices are categorized into treadmill training devices, feet manipulators and mobile device, and 

they are common choices for the conventional rehabilitation method. A chart of commercialized and 

non-commercialized devices often used for stroke rehabilitation is presented. The control systems and 

control strategies for rehabilitation devices are also described in this chapter. Additionally, there is a 

section describing various control systems that are applied in the commercialized and non-

commercialized rehabilitation devices, which comprises the impedance-based control, EMG-based 

control, adaptive-based control. Besides that, two common control techniques including the sliding 

mode control and neural network control for lower limb orthosis are reviewed in this chapter. Finally, 

the study of describing function approach which is applied in this research is presented. 

2.2 Biomedical Aspect 
A basic understanding of human walking is necessary to design a robotic orthosis. This section describes 

the biomechanics of human walking and the terminologies used in gait analysis. Also, joint torque and 

electromyography (EMG) signal used to measure muscle activity will be presented. 

2.2.1 Biomechanics of Human Walking 
Figure 4 shows the description of human anatomical planes and the direction of leg motion in sagittal 

plane. The sagittal plane is the major plane of motion in human walking kinematic model. Motion in 

sagittal plane is referred as flexion (positive direction) and extension (negative direction). Abduction 

(moving away from the body) and adduction (moving toward the body) are used to describe motion of 
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hip in coronal plane. Finally, eversion (moving away from the body) and inversion (moving toward the 

body) are used to describe the motion of ankle in coronal plane [8]. 

 

 

Figure 4 Description of human anatomical planes (A) and diagram of the leg shown in the rest position (0 degree at all joints) with the 
positive direction indicated (B) [8] 

2.2.2 Human Normal Gait Cycle 
Normal gait pattern can be utilized as a guidance on gait rehabilitation of stroke patients. However, there 

is not a particular standard for human walking pattern because people with different ages, sexes and 

different body geometries will result in different sets of gait pattern [40]. Hence in this section, a general 

gait pattern that represents a normal human walking trend will be discussed. 

2.2.2.1 Terminology Used in Gait Analysis 

Figure 5, Figure 6 and Figure 7 describe the gait parameters used to define the process of gait cycle. 

Figure 5 shows the comparison between a step and a stride. A step is the movement of either one foot 

to the front of the other, while a stride is referred to a step forward by the same foot. Therefore, a step 

length will be the distance travelled by one foot to the front of the other. However, stride length is 

measured by the displacement between the same foot from the instant that the foot contact with the 

ground and continue until the same action occurs. In order to walk in a straight line, the stride lengths 

of both sides of the feet should be equal even though the gait patterns might not be symmetrical to each 

other. Figure 6 and 7 describe the step length and stride length for a typical symmetrical and 
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asymmetrical walking. As shown in Figure 6, step lengths of both sides of the symmetrical walking are 

equal. However, this might not apply to the asymmetrical walking as shown in Figure 7 [41]. 

Gait is a series of repeated patterns of lower limb movement that helps the body to move forward. Gait 

is normally referred to as walking. It can be divided into phases or periods [42]. Gait cycle is defined as 

the period of time between two successive occurrences of one of the repetitive events of walking [40], 

[43]. In this report, Rancho Los Amigos Observational Gait Analysis (OGA) system [44] is used to define 

the gait cycle. 

 

Figure 5 Gait cycle/step and stride [45] 

 

Figure 6 Step length (---) and stride length (-) for symmetrical walking [41] 

 

Figure 7 Step length (---) and stride length (-) for asymmetrical walking [41] 

 

In the OGA method, gait pathology is defined as the deviation from normal function. Gait cycle is divided 

into 8 major events to accomplish 3 tasks as referred to Table 4. Figure 8 shows the details of a complete 

gait cycle. The gait cycle starts with initial contact of one foot and ends at the next initial contact of the 

same foot. The other foot will go through the exact same cycle but is displaced in time by half a cycle. 
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Both legs will undergo swing phase and stance phase. Swing phase refers to the instant when the foot is 

moving forward and hanging on the air while stance phase happens when the foot contacts the ground 

and acts as a support for the body to move over it [40], [46]. 

Table 4 Phase of gait [29] 

Period Task Phase/ Major Event 

Stance Phase 

Weight Acceptance 
Initial Contact 

Loading Response 

Single Limb Support 
Mid-Stance 

Terminal Stance 

Swing Limb Advancement 

Pre-Swing 

Swing Phase 

Initial Swing 

Mid-Swing 

Terminal Swing 

 

Task 1: Weight Acceptance 

The initial contact is not exactly a phase. It is the instant when the foot touches the ground. Usually the 

heel contacts the ground and continue by loading response until the other foot is lifted for swing. This 

two events are defined as weight acceptance because shock is absorbed by the outstretched limb when 

the body weight is rapidly transferred from one side of the body to the other [42]. 

Task 2: Single Limb Support 

The gait cycle is continued with the mid-stance as the starting of single support period when the other 

foot is lifted up until the body weight is positioned over the forefoot. Terminal stance phase will then 

begin with the heel rise and continue until the other foot hits the ground. This task is named as single 

limb support as the total body weight is acting on one limb [42]. 
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Task 3: Swing Limb Advancement 

Pre-swing phase is the final stage of stance phase. It starts with the initial contact of the contralateral 

foot with the ground and end with ipsilateral toe-off. The body weight will then be transferred to the 

opposite limb. Therefore, this phase is ƻŦǘŜƴ ƪƴƻǿƴ ŀǎ άǿŜƛƎƘǘ ǊŜƭŜŀǎŜέ ƻǊ άǿŜƛƎƘǘ ǘǊŀƴǎŦŜǊέΦ ¢ƘŜƴΣ ǘƘŜ 

swing phase begins with initial swing when the foot is lifted up from the ground and swung while the 

opposite foot undergoes loading response. The main purpose of this phase is to allow the limb to move 

from its standing position to form a clearance between the foot and the ground. During the mid-swing 

phase, the swinging limb will move forward. Lastly, terminal swing occurs until the foot is in contact with 

the ground [42]. 

2.2.2.2 Gait Cycle Timing 

In gait analysis, human gait pattern is often assumed to be symmetrical for both sides to ease data 

collection and analysis [47]. Figure 9 shows the timing of the heel contact and toe-off in a single gait 

cycle. When the initial heel contact of the right leg occurs, the left leg still rests on the ground. This 

phenƻƳŜƴƻƴ ƛǎ ŎŀƭƭŜŘ ǘƘŜ άŘƻǳōƭŜ ǎǳǇǇƻǊǘέ ǿƘŜǊŜ ōƻǘƘ ƭŜƎǎ ŀǊŜ ǎǘƛƭƭ ƛƴ ŎƻƴǘŀŎǘ ǿƛǘƘ ǘƘŜ ƎǊƻǳƴŘΦ bŜȄǘΣ 

during the swing phase of the left leg, the right leg remains in stance phase and forms ǘƘŜ άǊƛƎƘǘ ǎƛƴƎƭŜ 

ǎǳǇǇƻǊǘέ ǇƘŀǎŜΦ !ŦǘŜǊ ǘƘŀǘΣ ǘƘŜ ǎŀƳŜ ƳƻǾŜƳŜƴǘǎ ƻŦ ōƻǘƘ ƭŜƎǎ ŀǊŜ ǊŜǇŜŀǘŜŘ ŦƻǊ ǘƘŜ ƻǇǇƻǎƛǘŜ ƭƛƳōǎ ŀƴŘ 

ƘŜƴŎŜ ǊŜǎǳƭǘ ƛƴ άŘƻǳōƭŜ ǎǳǇǇƻǊǘέ ŀƎŀƛƴ ŀƴŘ ŦƻƭƭƻǿŜŘ ōȅ άƭŜŦǘ ǎƛƴƎƭŜ ǎǳǇǇƻǊǘέ [40]. 

Thus, two periods of single support and two periods of double support occur in one gait cycle. As shown 

in Figure 10, the stance phase usually occupies 60 percent of the cycle while the remaining 40 percent is 

the swing phase. Each period of double support occupies 10 percent of a single cycle. However, the 

timing of gait cycle is different with respect to the speed of walking. As the walking speed increases, the 

swing phase will be longer and the stance phase will eventually become shorter [40]. 
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Figure 8 Phases of gait [43] 

 

Figure 9 Timing of single and double support during a single gait cycle from right heel contact to right heel contact [40] 

 

Figure 10 The timing and phase of the gait cycle based on equal subdivision of single support and swing into three phases [41] 

2.2.2.3 Gait Graph 

Joint angles are quantities that vary throughout the gait cycle, which is also one of the important aspects 

in gait rehabilitation of the lower limb. As the main objectives of rehabilitation training is to be able to 
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restore a proper walking ability, accurate joint angles are able to provide a reference position for the 

patient ŀǘ ŜŀŎƘ ǘƛƳŜ ƛƴǘŜǊǾŀƭ ŘǳǊƛƴƎ ǊŜƘŀōƛƭƛǘŀǘƛƻƴΦ !ǎ ƛǘ ƛǎ ƛƳǇƻǎǎƛōƭŜ ǘƻ ŦŜŜŘōŀŎƪ ŀ ǇŀǘƛŜƴǘΩǎ Ƨƻƛƴǘ ŀƴƎƭŜ 

or to provide reference during a rehabilitation training, the best way to utilize joint angle is to implement 

it onto a rehabilitation device.  

Database of joint angles need to be identified before the development of lower limb exoskeleton in order 

to compare the ǇŀǘƛŜƴǘΩǎ real-time joint angles and provide support or lead the patient to walk in a 

proper manner. In this research, database of joint angles plotted in gait graphs is obtained from a study 

of human gait pattern by University School of Physical Education, ²ǊƻŎƱŀǿΣ tƻƭŀƴŘ [48]. Kinematic 

pattern of adult gait for motion analysis system BTS Smart-E was established and used. Joint angles of a 

group of healthy adults were presented in three speed level. Two typical gait graphs of hip and knee 

from these studies are plotted in Figures 11 and 12 respectively with the percentage of gait cycle against 

the joint angle. Each graph shows three sets of average joint angles which represents the slow (1.16 m/s), 

preferred (1.36 m/s) and fast (1.86 m/s) speed. This data is obtained from 17 healthy male subjects 

between ages of 21 to 23 years old with average body mass of 76.3 kg and around 1.79 m tall [48]. 

Figure 11 shows that the hip flexes and extends once in a single gait cycle. The hip reaches its flexion 

limit at the middle of the swing phase and remain flexed until the start of the stance phase. Maximum 

extension occurs before the end of stance phase and the hip begins to flex again afterward. 

Knee flex-extension graph plotted in Figure 12 shows that two flexions and two extensions happen in a 

single gait cycle. The knee is fully extended before initial contact with the floor, following by the flexion 

of muscle in the early stance phase. The knee muscle extends again during mid-stance and begins to flex 

again after it reaches a peak at the beginning of the swing phase. 

Figure 13 illustrates the temporal relationship between the angles obtained from right (blue) and left 

(red) knees. The data is plotted for both sides with the same time scale. The peak knee flexion of left 

knee occurs during the swing phase of left limb and stance phase of right limb. The data from both sides 

are plotted in the same graph at the bottom of Figure 13. The blue and red dots are distanced from each 

other for about half a gait cycle. Hence, this indicates that the normal gait pattern of both limbs e 

basically correspond to each other by the interval of half a gait cycle [41]. 
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Figure 11 Angle-time characteristics for hip motion with different speed preference [48] 

 

 

Figure 12 Angle-time characteristics for knee motion with different speed preference [48] 
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Figure 13 Temporal relationship between data for left and right knees [25] 

2.2.3 Important of Biomedical Aspect 
With the findings of gait analysis of human walking, a better control strategy can be designed to provide 

the best rehabilitation orthosis for the subject during rehabilitation process. The step and stride pattern 

of gait cycle provides timing information of the foot during asymmetric walking. Besides, gait phases 

such as swing phase and stand phase, as well as the 3 tasks of weight acceptance, single limb support 

and swing limb advancement, are concerns in designing the orthosis to allow the subject to carry out 

walking training in a proper rhythm and tempo with the correct amount of support in each side of the 

limb. Lastly, gait cycle timing and gait graph provides the average walking data of healthy human. These 

resources are important in programming the knee and hip movement of the rehabilitation device as the 

aim of the orthosis is to provide the best environment that mimics a normal walking pattern for subjects 

to exercise and regain their walking ability that is closest to their walking pattern before a stroke. Hence, 

the study of biomedical aspects is compulsory to design the structure and control strategies for the lower 

rehabilitation system. 

2.2.3.1 Relationship of Gait Graph with Control System and Design of Robotic Orthosis 

As shown in Figure 14, the gait pattern of a left-sided hemiplegic stroke patient is plotted and compared 

with normal gait cycle. Gait data of the right side of lower limb as shown in grey lines are slightly offset 
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from the normal gait. However, the plots of the left leg (black lines) show a distorted pattern. The gaits 

of the left leg are abnormal and deviated from the normal gait. These can be seen where the peak of 

both graphs appears slightly earlier than the other leg. Also, a distorted gait pattern can be seen in the 

early stage (stand phase) of each gait graphs. These explain that a left-sided hemiplegic stroke patient 

could not control his left leg due to brain and nerve cell damage. Hence, the motion of the right leg 

(healthy side) will be slightly affected during walking. 

 

Figure 14 Kinematic graphs of the hip and knee of a left-sided hemiplegic stroke patient. (Dotted line: Normal data; Grey Line: Right side of 
body; Black line: Left side of body, distorted gait graph)[49]. 

To regain a balanced walking posture, both sides of the leg must walk with a normal gait cycle. Temporal 

relationships between both legs are aimed as the final outcomes of stroke rehabilitation. Therefore, the 

normal and asymmetric gait patterns must be utilized as a reference in the development of the 

rehabilitation device. The gap between these two values should be reduced with the rehabilitation 

program provided by the rehabilitation devices. The normal gait pattern acts as a tool in guiding stroke 

patients to walk with normal joint angles during rehabilitation training, while the distorted gait profile is 

the element to be fixed. 

A normalized gait graph and the ǇŀǘƛŜƴǘΩǎ Ǝŀƛǘ profile are key points in the control systemΩǎ development. 

The normalized gait graph represents the reference or desired input of a plant while the ǇŀǘƛŜƴǘΩǎ Ǝŀƛǘ 

pattern is the feedback signal in the system. Errors can be computed with the existence of these two 

values. Therefore, the control system will be able to compute the amount of strength or torque needed 
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by patients during a rehabilitation training. The conceptual control system is illustrated in the block 

diagram (Figure 15).  

To ŎƻǊǊŜŎǘ ǇŀǘƛŜƴǘǎΩ Ǝŀƛǘ ǇŀǘǘŜǊƴs, the distorted gait profile of hip and knee must be obtained and 

compared with the normalized gait data. Moreover, the design of the rehabilitation devices should 

match with the objectives of the research to help patients regain a balance walking manner. Hence, the 

concept of two-link manipulator is proposed. The two links can be used to attach and guide the 

movement of hip and knee at real-time. DC servomotor and sensors can be implemented to control and 

feedback joint movements during rehabilitation training.  

 

Figure 15 Conceptual block diagram of robotic orthosis 

Referring to the angle-time characteristics of hip motion, as shown in Figure 11, the hip reaches a 

minimum value at the end of stance phase and starts to rise as a preparation to go into swing phase. 

Besides, Figure 12 shows two turning points at midstance and midswing positions. The changing 

directions of hip and knee during flexion and extension are observed. These show the dynamic 

characteristics of a human walking gait pattern. Hence, a controller needs to be instigated to the system 

to deal with the dynamics of the gait profile and multivariable of the two-link device. A stable model is 

required to deliver gait correction task, and at the same time manipulate the movement of two links. 

Hence, a robust control system is compulsory to be created for the rehabilitation devices. 

2.3 Robotic Aspect 
The number of stroke victims is increasing from year to year. A lack of physiotherapists lead to the 

development of assistive robotic devices for rehabilitation. With the existence of robotic rehabilitation, 

workload of physiotherapists can be replaced or reduced. At the same time, the patients can receive 

better post-stroke rehabilitation to overcome their disabilities and achieve the best training result. 

Massive research in rehabilitation devices result in robots providing different types of assistance for 
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physiotherapists. Besides that, rehabilitation devices also provide various kinds of support and exercise 

for patients. Robotic devices can help patients in a passive or active way. 

2.3.1 Passive Devices 
Passive devices as shown in Figure 16 are usually attached with springs and links to provide patients with 

strength to move the lower limbs against the gravitational force [50]. These devices often contain simple 

interface with various kinds of geometry. Passive devices can aid with rehabilitation practice on stability, 

posture of walking, muscle control and strength. Passive devices are safe to be used and hence, it is 

preferable for patients to practice with them. The geometry and inertia of passive devices are also 

adjustable to suit the patients for optimum level of balance and practice. However, there are some 

drawbacks for the passive devices as they only provide little assistance for the movement of patients 

and hence result in slow rehabilitation progressions [27], [51]. 

 

Figure 16 A Gravity Balancing Passive Exoskeleton for the human leg - basic component of gravity mechanism [52]. 
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2.3.2 Active Devices 
For active devices, patients have to provide the energy or to initiate certain motions to activate the 

ŘŜǾƛŎŜΩǎ ƳƻǾŜƳŜƴǘǎΦ ¢ƘŜǎŜ ŘŜǾƛŎŜǎ ŀǊŜ ǳǎǳŀƭƭȅ ŀŎǘǳŀǘŜŘ ǿƛǘƘ ƳƻǘƻǊǎΣ ŀŎǘǳŀǘƻǊǎ and sensors controlled 

by a controller or CPU. SenǎƻǊǎ ŀŎǘ ŀǎ ŀ ǊŜŎŜƛǾŜǊ ǘƻ ƴƻǘƛŎŜ ǇŀǘƛŜƴǘǎΩ ƳƻǾŜƳŜƴǘΣ while actuators and 

motors are connected to end effectors to provide support or guidance. Active devices are usually 

classified into three main approaches: treadmill training devices, feet manipulators, and mobile devices. 

2.3.2.1 Treadmill Training Devices 

Treadmill training is a common practice by physiotherapist to assist stroke patients to regain functional 

mobility. This method is also known as partial body weight support treadmill training (PBWSTT). In 

traditional practices, three physiotherapists are needed to help a patient by holding his legs and hips to 

walk on the treadmill to achieve posture stability. Since huge efforts from physiotherapists are required 

for this kind of training, the idea of robotic devices to assist patients on treadmill is established. Utilizing 

robotic devices to hold the patients during treadmill training can reduce the body weight acting on the 

human legs. Besides that, robotic devices can help patients to practice the correct walking pattern at 

ground level [25], [27]. Studies show that this method is safe, feasible and is able to provide a positive 

impact during stroke rehabilitation [53]. 

Lokomat 

The Lokomat as shown in Figure 17 developed by Hocoma [54] is the most famous robotic system which 

provides body weight support for patients during treadmill training. There are two 2-DOF robotic 

orthosis in the Lokomat system to support the pelvic girdle of both limbs on the sagittal plane. Each 

orthosis is responsible for the hip and knee joints control of one limb. The size of the orthosis is 

ŀŘƧǳǎǘŀōƭŜ ǘƻ ƳŀǘŎƘ ǘƘŜ ǇŀǘƛŜƴǘǎΩ ƭŜƎǎΦ 5/ ƳƻǘƻǊǎ ŀǊŜ ǳǎŜŘ ǘƻ ŎƻƴǘǊƻƭ ǘƘŜ Ƨƻƛƴǘ Ƴovements while 

potentiometers are implemented to measure the joint angles. Reference trajectories are used to keep 

track of the joint angles [27]. The computer-controlled drive of Lokomat are programmed to synchronize 

the treadmill speed with the speed of the orthosis [25]. The speed and forces of the Lokomat are 

ŎƘŀƴƎŜŀōƭŜ ǘƻ ǎǳƛǘ ǘƘŜ ǇŀǘƛŜƴǘǎΩ ƴŜŜŘs. The Lokomat is mounted to the treadmill with a four-bar 

mechanism in order to achieve planar lateral stabiƭƛȊŀǘƛƻƴΦ ±ŜƭŎǊƻ ǎǘǊŀǇǎ ŀǊŜ ǳǎŜŘ ǘƻ ŎƻƴƴŜŎǘ ǘƘŜ ǇŀǘƛŜƴǘΩǎ 

legs to the device [27]. Lokomat is the most evaluated system and it is one of the very first robotic 

orthosis for treadmill gait training [25]. 
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Lokohelp 

Lokohelp as displayed in Figure 18 is an eletromechanical device placed at the front-center of the 

treadmill surface which is parallel to the gait direction. Besides that, there is a mechanism to support the 

body weight and provide stability to the patients on the treadmill as shown in Figure 19. Lokohelp is able 

ǘƻ ƎǳƛŘŜ ǘƘŜ ǇŀǘƛŜƴǘǎΩ ƭŜƎǎ ǘƻ ƳƻǾŜ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƴƻǊƳŀƭ ǿŀƭƪƛƴƎ ǇŀǘǘŜǊƴ ǿƛǘƘƻǳǘ ŀƴȅ ǎƭƛǇǇŀƎŜΦ {ǘǳŘƛŜǎ 

shoǿ ǘƘŜ ǎȅǎǘŜƳΩǎ ŜŦŦŜŎǘƛǾŜƴŜǎǎ ƻƴ ǘƘŜ ǊŜŎƻǾŜǊȅ ƻŦ Ǝŀƛǘ ŀōƛƭƛǘȅ ƻŦ ǘƘŜ ǇŀǘƛŜƴǘǎΦ  [ƻƪƻƘŜƭǇ ƛǎ ŀōƭŜ ǘƻ ŜƴǎǳǊŜ 

ǘƘŜ ŎƻǊǊŜŎǘ ǊƘȅǘƘƳƛŎ ŀƴŘ Ŏƻƴǘƛƴǳƻǳǎ Ƴƻǘƛƻƴ ƻŦ ǇŀǘƛŜƴǘǎΩ ƭƻǿŜǊ ƭƛƳōǎ ŀƭƻƴƎ ǘƘŜ ǘǊŜŀǘƳŜƴǘ ǎŜǎǎƛƻƴ [25], 

[27]. 

ReoAmbulator/AutoAmbulator 

ReoAmbulator as shown in Figure 20 also known as AutoAmbulator. It is actuated with robotic arms to 

control the hip and knee joint angles. It consists of a body weight support (BWS) system as shown in 

Figure 14 to hold the patients in an upright position on the treadmill [7], [33]. This device is similar to 

Lokomat as the movement of both devices are limited to the sagittal plane. ReoAmbulator is more 

concerned with the walking trajectory and stepping pattern than balance training [7], [25]. The robotic 

arms required patients to generate a necessary amount of force to perform the gait motion during the 

rehabilitation. AutoAmbulator is effective in providing balance and gait training for stroke patients. 

Besides that, AutoAmbulator is widely used in research centers and hospitals for rehabilitation purposes 

and research studies [28]. 

 

Figure 17 Lokomat  [54] 
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Figure 18 Lokohelp on treadmill [55] 

 

Figure 19 Lokohelp in use [55] 

 

 

Figure 20 ReoAmbulator [25] 
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2.3.2.2 Foot Manipulators 

Apart from BWS treadmill training devices, programmable foot manipulators are also a kind of active 

ŘŜǾƛŎŜ ŦƻǊ ǎǘǊƻƪŜ ǊŜƘŀōƛƭƛǘŀǘƛƻƴΦ tŀǘƛŜƴǘǎΩ ŦŜŜǘ ŀǊŜ ǇƭŀŎŜŘ ŀƴŘ ƘŜƭŘ ƻƴ Ŧƻƻǘ ǇƭŀǘŜǎ ŎƻƴǘǊƻƭƭŜŘ ōȅ a robotic 

system that simulates walking patterns during swing phase and stance phase. In addition, the foot 

manipulators can simulate different terrains and human gait patterns for rehabilitation purpose. The aim 

ƻŦ ǘƘŜǎŜ ŘŜǾƛŎŜǎ ŀǊŜ ǘƻ ǇǊƻǾƛŘŜ ǇƭŀǘŦƻǊƳǎ ǘƻ ŎƻǊǊŜŎǘ ǇŀǘƛŜƴǘǎΩ ŘƛǎǘƻǊǘŜŘ ŀƴŘ ŘŜǎȅƴŎƘǊƻƴƛȊŜŘ Ǝŀƛǘ ǇŀǘǘŜǊƴǎ 

[25], [27]. 

Gait Trainer GT I 

The Gait Trainer GT I as shown in Figure 21 is one of the most famous foot manipulator devices 

commercialized by Reha-Sim [23]. The concept of this device is to provide a task-specific platform for 

adequate therapy of stroke patients. This device Ŏŀƴ ƘŜƭǇ ǘƻ ƛƳǇǊƻǾŜ ǇŀǘƛŜƴǘǎΩ ǿŀƭƪƛƴƎ ŀōƛƭƛǘȅ ōȅ ǊŜƭƛŜǾƛƴƎ 

their body weight and provide continuous training to patients by adapting to their walking speed. 

tŀǘƛŜƴǘǎΩ ŦŜŜǘ ŀǊŜ ǎŜŎǳǊŜŘ ƻƴǘƻ ǘƘŜ Ŧƻƻǘ ǇƭŀǘŜǎ ǿƘƛŎƘ ǎǘƛƳǳƭŀǘŜ ǘƘŜ ǎǿƛƴƎ ŀƴŘ ǎǘŀƴŎŜ ǇƘŀǎŜΦ Cables are 

attached to the patients to keep track of ǘƘŜ ōƻŘȅΩǎ ƳƻǾŜƳŜƴǘǎ ŀǎ ŘŜƳƻƴǎǘǊŀǘŜŘ ƛƴ Figure 21. The step 

length and gait speed are adjustable according to the preference of users. Many clinical studies had been 

conducted and the effectiveness of this device is justified. Furthermore, it is effortless to operate the 

Gait Trainer compared to the traditional treadmill training [25], [56]. 

Haptic Walker 

Haptic Walker (Figure 22) is known as the improved version of GT I as it is able to generate different 

walking speeds and provide different modes of training for patients. Several modes of training provided 

by Haptic Walker include climbing up the stairs, walking on a rough grounds or slopes. Besides that, 

sensors are placed underneath the manipulators to measure the walking strength of patients and ease 

the physiotherapists to monitor the progression of patients [25], [30]. Clinical reviews on the Haptic 

Walker have been done on spinal cord patients and its effectiveness is confirmed [29]. 

Gait Master 5 

Gait Master 5 is a non-commercialized device developed by University of Tsukuba [24]. It is a manipulator 

type of device actuated with two footplates that forms a virtual floor underneath the feet as shown in 

Figure 23. The repeating motion of the footplates enables users to experience walking on different kinds 

of terrain, and at the same time remain stationary on the device. Slider-crank mechanism is used as a 
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linear guidance for the 2 DOFs motion footplates. Rotary encoders are attached to the servomotors for 

position feedback. The trajectories of the footplates are adjustable with the motion data inputted to the 

device to suit the needs of users. Flexi-force pressure sensors also implemented on the foot plates to 

ƳŜŀǎǳǊŜ ǘƘŜ ǿŜƛƎƘǘ ŀŎǘŜŘ ƻƴ ǘƘŜ ǳǎŜǊǎΩ ƘŜel and toe during initial contact. This device has been 

evaluated and the outcomes show that it is capable to help hemiplegic patients to regain their stair 

climbing ability [24]. 

 

Figure 21 Gait Trainer GT I [56] 

 

Figure 22 Haptic Walker [30] 

 

Figure 23 Gait Master 5 (Side view and back view) [24] 

  
































































































































































































































































































