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The World Health Organization reports that worldwide about 1 billion people have some form of 

disability. Of these, 110-190 million people have significant difficulties in functioning (mainly upper and 

lower extremity disability) independently. The major causes of human lower extremity disability include 

stroke, trauma, spinal cord injuries, and muscular dystrophy. Every 40 seconds, someone in the United 

States has a stroke. A statistic shows that approximately 65% of post-stroke patients suffer lower 

extremity impairment. 

Rehabilitation programs are the main method to promote functional recovery in disabled individuals. The 

conventional therapeutic approach requires a long commitment from a therapist or a clinician. 

Unfortunately, there is a persistent shortage of qualified physiotherapists/clinicians both in developing 

and developed countries. For therapists, the treatment process usually requires many hours with each 

patient, and the amount of such cases is constantly increasing. Therefore, an alternative to conventional 

treatment options is essential. 

Exoskeleton robot-assisted physical therapy has recently been studied extensively due to its proven 

effectiveness in providing different forms of physical therapy at any stage of physical recovery. To help 

disabled individuals cut down their disability period and regaining mobility quickly, we started 

development of a human lower extremity exoskeleton robot for physical therapy that can provide therapy 

during all stages of physical recovery. The development of an exoskeleton robot involves anatomic and 
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anthropometric analysis of limbs, mechanical design, electrical and embedded control electronics system 

design, communication system design, and control algorithm design and realization. 

In this thesis, the human lower extremity anatomic and anthropometric analysis is presented from the 

perspective of a rehabilitation robot development. The kinematic and dynamic modeling of the robot are 

presented first. The Denavit-Hartenberg approach is used for kinematic modeling of the lower limbs. Both 

Newton-Eulers iterative approach and Lagrange energy methods are used for dynamic modeling. The 

LuGre friction model is used for simulating joint friction. A total of 7 linear and nonlinear control 

techniques (PID control, Computed torque control, Linear Quadratic Regulator, Model reference 

computed torque control, Adaptive control, Sliding mode control, and a Sliding mode control with a super 

twisting algorithm) are developed for the robot. 8 novel mechanisms are developed for providing all-

natural movements for 7 active and 1 passive degree of freedom. The mechanical manipulator is designed 

and simulated in the CAD environment and fabricated using CAM processes. A real-time robot controller 

is developed to execute the control algorithms and interface the sensors and actuators. A graphical user 

interface was developed to interact with the robot and collect the data. Finally, recommendations for 

future research are presented. 
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  Introduction 

Physical disability is defined as a physical state that influences a personôs mobility, physical capacity, 

endurance, and dexterity. Human lower extremity physical disability refers to a full or partial loss of 

control over the lower limbs. The human lower limb consists of a total of 3 joints that provide a total of 7 

degrees of freedom. The muscular system, nervous system (central and peripheral nervous system), and 

skeletal system work synchronously to provide desired motions. Any complications to associated 

muscles, nerves, or bones lead to lower extremity physical disabilities.  

Many people experience a temporary or permanent lower or upper extremity impairment sometime in 

their lifetime. Globally, approximately 150 million people have significant difficulties in functioning 

(mainly due to upper or lower extremity disability) [1]. Stroke is a major cause of physical disability [2]. 

Based on a report by the World Health Organization, post-stroke, about 10 million people survive 

annually with minor to significant impairments. Upper or lower extremity physical disability may also 

occur because of spinal cord injuries, trauma, sports injuries, occupational injuries, or injuries caused due 

to fall [3], [4], [5], [6]. 

Human lower extremity physical disability affects mobility; it is vital to reduce the disability period as 

much as possible. The effects of physical disability are not limited to an individual's lifestyle; instead, 

they effect the immediate family and society as a whole. 

An exoskeleton robot is a type of a wearable robot. In an exoskeleton robot, mechanical linkages are 

mapped based on the anthropometrical properties of the limb which allows moving the links along with 

the limb segment without hindering any degrees of freedom. The exoskeleton robot is attached very 

closely to the human body and communicates via the physical human-robot interaction (pHRi) or 

cognitive human-robot interaction (cHRi). A total of three types of exoskeleton robots are available: 

human upper extremity exoskeleton robot, human lower extremity exoskeleton robot and full-body 

exoskeleton robot. The major application of the exoskeleton robots involves the use of these robots as 
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human power assist, therapeutic, and protective devices. In this thesis, we focus on the application of the 

exoskeleton robot for human lower extremity rehabilitation purposes. 

Physical therapy is one of the main methods to recover from disability and resume normal daily life.  

Most of the time, the disability recovery period is prolonged, and the recovery performance depends on 

the competence of the physiotherapist. In the conventional therapeutic approach, a single patient requires 

many hours of the therapistôs time for treatment. Both developing and developed countries have limited 

resources for providing physical therapy to the effected population. To handle a large number of disabled 

individuals with limited resources is challenging. Robot-assisted physical therapy represents a great 

alternative solution to meeting this challenge. 

In recent years, research in bio-robotics has received a lot of attention because of its effectiveness in the 

field of upper and lower extremity rehabilitation. Exoskeleton-based physical therapy, prosthetics, 

artificial limbs are major applications of bio-robotics. Exoskeleton robot-based exercises are a practical 

approach for neurorehabilitation and exoskeleton robot-based physical therapy has opened a new avenue 

in the field of rehabilitation [7]. By providing customizable physiotherapy and evaluating performance 

during all stages of recovery, exoskeleton robots offer enormous possibilities in human upper and lower 

extremity rehabilitation [8]. 

An exoskeleton robot is a high-precision mechatronic system which consists of sensing, computation, and 

actuation units. Different units communicate amongst themselves using various standard communication 

technologies. The whole system runs based on governing control algorithms. To achieve maximum 

efficiency, all the units in the system need to be efficient and appropriately synchronized.  

Figure 1 presents the mechatronic system architecture of the rehabilitation robot. The sensors attached to 

the mechanical structures or with the actuators measure joints' position, velocity, or acceleration. The 

high-performance computer executes the governing control algorithms based on the received signals from 
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the sensors and sends actuation commands to the actuator drivers. The actuators move the mechanical 

structures. 
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Figure 1 Mechatronic system architecture of a rehabilitation robot 

The performance of the exoskeleton robot-based physical therapy depends on the accuracy and precision 

of the robot joint movements. An effective control system is required to run the robot efficiently and 

deliver different forms of physical therapy smoothly. To achieve this goal, researchers have designed and 

used many control schemes. 

The primary goal of this thesis is to develop a human lower extremity exoskeleton robot for adults which 

works for all the joints of the human lower extremity. This thesis can be divided into three major portions: 

(i) Mechanical design and fabrication of the wearable part of the exoskeleton robot, (ii) Kinematic, 

dynamic modeling and control of the 7 DOF human lower extremity exoskeleton robot, and (iii) 

Development of electrical, electronics, and computer systems for executing control algorithms and 

interfacing the sensors and actuators. 

The organization of the thesis is as follows: Chapter 2 reviews the previously conducted research in the 

usage of human lower extremity exoskeleton robot for rehabilitation. It explains the mechanical design, 

actuator types, feedback or sensing method, control algorithms employed in the past. It also established 
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the scope to contribute to the field of human lower extremity rehabilitation robotics. Chapter 3 explains 

the human lower extremity anatomy and physiology from a rehabilitation perspective. It also discusses 

the probable cases of human lower extremity physical disability, important safety requirements, 

ergonomic design, and robot assistive training methods. 

Chapter 4 discusses the kinematic and dynamic modeling of the exoskeleton robot. Denavit-Hartenberg 

(DH) notation was used for kinematic modeling. Both the Newton-Euler method and the Lagrange energy 

method were used for dynamic modeling. The results obtained from both methods were compared to 

verify the correctness of the developed dynamic models. For simulating robot joint friction, LuGre 

friction model was incorporated into the simulation. Chapter 5 discusses the Control and Simulation of 

the robot. A total of 8 distinct linear/nonlinear control schemes (PID, Computed torque control, Model 

reference computed torque control, Sliding Mode Control, Adaptive control, Linear Quadratic Regulator, 

Sliding Mode Control with chattering suppressor, Sliding Mode Control with super twisting algorithms) 

were used for controlling the robot. Chapter 5 has 7 sections for 7 different control schemes and for every 

control scheme, the stability analysis is shown. All control schemes are simulated in the Matlab-Simulink 

environment. Chapter 6 covers the mechanical modeling of the developed human lower extremity 

exoskeleton robot. The developed mechanical manipulator covers all 7 active degrees of freedom (hip 

abduction-adduction, hip flexion-extension, thigh internal-external rotation, knee flexion-extension, shank 

internal-external rotation, ankle flexion-extension, ankle pronation-supination), and one passive degree of 

freedom (knee linear displacement). Chapter 7 explains the Real-time controller development and sensor 

and actuator interfacing. Chapter 8 presents the experimental results gathered from the developed robot. 

Finally, conclusions and recommendations for future research are presented in chapter 9. 
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 State of Art Technologies for Exoskeleton Robots 

Exoskeleton robot-assisted physical therapy has opened a new avenue in the field of human upper/lower 

extremity rehabilitation. Exoskeleton robots can provide different forms of physical exercise tirelessly at 

different stages of physical recovery and can measure the recovery rate accurately [9]. Due to its 

effectiveness in human upper and lower extremity rehabilitation, both academic and industrial researchers 

have been working to advance the field [8]. Many prototypes and prosthetics have been developed in 

academia whereas biomedical industries have introduced commercial rehabilitation exoskeleton robots. In 

most cases, the technology involved in exoskeleton prototypes developed at academic institutions is 

readily available. This is not the case with many robots developed by the industry. This chapter will 

review the state-of-the-art technology for exoskeleton robots developed in the academia as well by the 

industry and establish the scope to contribute in the field of human lower extremity rehabilitation 

robotics.  

The developed human lower extremity (HLE) rehabilitation exoskeleton robots or gait rehabilitation 

devices can be broadly divided into two categories: treadmill-based stationary gait rehabilitation robots 

and mobile type gait rehabilitation devices. In the case of treadmill-based gait rehabilitation devices, the 

user exercises on top of a treadmill and is supported by an overhead harness. Some form of the guiding 

system remains attached to the lower limbs and move the lower extremity joints along the desired 

trajectories. Some prominent works on this type of rehabilitation device are discussed next. 

Lokomat is a commercially available exoskeleton robot [10], [11], [12] that was developed for spinal cord 

injury and stroke patients. It provides support to users through an overhead harness. The suspended 

harness raises and lowers the pelvic part of the body with each step. It provides assistive torque for hip 

and knee flexion-extension movements. The ankle flexion-extension movement is passively actuated. The 

force position control scheme is used for controlling the exoskeleton part of the robot. Figure 2(a) shows 

the Lokomat rehabilitation gait training system. 
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KineAssist is a treadmill-based body supported rehabilitation device [13], [14]. It provides support via a 

custom-designed harness attached to the mobile robotic base which can carry up to 40 percent of the 

bodyweight throughout the gait cycle. It provides support at the userôs hip. The vertical column attached 

to the robotic base can follow the vertical movement of the pelvis that helps to provide more natural and 

stable walking patterns. It provides assistive force along the vertical axis without constraining any 

movements of the hip. Figure 2(b-c) shows the KineAssist gait training system. 

LOPES is another well-known treadmill-based gait training exoskeleton system [15], [16]. It provides two 

active DOF (left and right movements) and one passive DOF (up/down) for the pelvis. Hip abduction-

adduction and flexion-extension movements are actively actuated. Knee flexion-extension is controlled by 

an active joint whereas knee abduction-adduction is passively actuated. An impedance control scheme is 

used for controlling the robot. Power is transmitted from the motor to the joints through a flexible 

Bowden cable. Series elastic actuators are used for joint actuation. LOPES interacts with the patientôs 

body with the help of custom-designed silicon pressure sensors inserted between the lower limb and 

exoskeleton frame [17]. Figure 1(d) shows the LOPES gait training exoskeleton system. 

   
 

(a) Lokomat [18] (b) KineAssist [14] (c) KineAssist [14] (d) Lopes [19] 

Figure 2 From the left (a) Lokomat (b-c) KineAssist (d) Lopes gait training system 

Active leg exoskeleton (ALEX) is another treadmill-based gait rehabilitation device [20]. Figure 3 shows 

different versions of the ALEX exoskeleton robot. The body weight is supported by a rigid frame. It has a 

total of 7 DOF. The trunk of the orthosis that is attached to the user has 4 DOF. The thigh segment of the 

orthosis has 2 DOF whereas the ankle has 1 DOF. Two active joints correspond to hip and knee flexion-
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extension and the remaining 5 DOF are passively actuated. For the hip and knee movements, linear 

actuators were used. The physical interface between the orthosis and the leg is done by 2 force and torque 

sensors [20]. A force field control scheme was used for controlling the robot. 

   

(a) ALEX [20] (b) ALEX II  [21] (c) ALEX III  [21] 

Figure 3 Three versions of ALEX robot: (a) ALEX, (b) ALEX II, (c) ALEX III  

ALEX II  is the next version of ALEX. The main goal in developing ALEX II was to have a minimally 

constrained passively supported gait training system. It provides controllable torque for the hip and knee 

flexion-extension movements. For controlling the robot, the feed forward-backward system with gravity 

compensation is used. The dSPACE-1103 hardware is used for implementing the control algorithm and 

real-time data acquisition. The joint actuation is done using AC synchronous servo motor with a Thomson 

Micron gearbox [22]. 

ALEX III is the latest version of the exoskeleton in the ALEX series. The major difference with the 

previous two versions was that it provides supports for both legs without the requirements of the support 

platform. It consists of a total of 12 motorized DOF, 4 for the pelvis movements and the other 8 for both 

legs [23]. More details on the ALEX treadmill-based gait training system can be found in reference [24]. 

Table 1 summarizes the characteristics of treadmill-based exoskeleton rehabilitation robots. 
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Table 1 Movements, Actuator types, Sensing system of the treadmill-based gait rehabilitation system. 

 Robot/ 

device 

name 

Movements Actuator type Sensing System Remarks Ref. 

1.  KineAssist 

Active joint: Trunk 

vertical movements. 

Passive joints: vertical 

extension, left-right, 

forward-backward 

bending motion, rotation 

about a transverse axis, 

hip rotation about the 

forward axis 

BLDC Servo 

motor 

 Received FDA 

Approval 

Currently 

commercially 

available 

[13], 

[14] 

2.  Lokomat 

Active joints: overhead 

harness rises and lowers 

the pelvic part, Hip and 

knee joint flexion-

extension movements 

Passive joint: Ankle joint 

is passively actuated 

Linear actuator 

for hip and knee 

flexion-extension 

movement 

Actively 

actuated 

suspension 

system 

Force sensor Capable of 

providing both 

active and passive 

forms of physical 

therapies. Can 

simulate a virtual 

environment. A 

hybrid force-

position control 

scheme was used 

[10], 

[25], 

[12] 

3.  LOPES 

Active joints: Pelvis left-

right movements, Hip 

abduction-adduction, 

flexion-extension, Knee 

flexion-extension 

Passive joints: Pelvis 

up/down movement, 

Knee abduction 

adduction movements 

Different types 

of servo motors, 

Planetary 

gearhead, 

Linear actuator 

The distributed 

pressure sensor 

was used for 

human-robot 

interaction. EMG 

signal was 

monitored for the 

performance 

evaluation of the 

exercises. 

The therapistôs 

actions were 

produced with the 

help of an 

impedance 

controller 

[15], 

[16], 

[26] 

4.  ALEX  

Active joints: Hip and 

Knee flexion-extension 

movements 

Passive joints: Trunk, 

ankle 

The electric 

motor-driven 

linear actuator 

was used  

Force and torque 

sensor 

A Force field 

control scheme was 

used. Friction 

model-based 

compensation was 

used. 

[20], 

[27], 

[28], 

[29] 

5.  ALEX  II  

Active joints: Hip and 

Knee flexion-extension 

movements 

Passive joints: Trunk, 

ankle 

Motors, 

planetary gear 

Load cell based 

hip and knee 

torque 

measurement 

The feed forward-

backward system 

with gravity 

compensation 

control scheme was 

used 

[22] 

6.  ALEX  III  

Active joints: Trunk, Hip 

and Knee flexion-

extension movements 

Passive joints: Ankle 

joint 

PM brushed 

motor, Low 

backlash 

planetary 

gearbox 

6 DOF force 

torque sensor 

It provides support 

for both legs. 

Force feedback 

controller with 

gravity and friction 

compensator was 

used 

[23] 
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Another major category of rehabilitation robots is the mobile gait rehabilitation exoskeleton robot. The 

gait rehabilitation exoskeleton devices are discussed next.  

EXPO [30] and SUBAR [31] are two rehabilitation exoskeleton robots. Both consist of two parts: a 

mobile platform and a lower extremity wearable mechanical structure. The mobile platform carries all the 

actuators, gearing units, electronic circuits, power supply, and computer. It provides support for the hip 

and knee flexion-extension movements. Figure 4(a) shows the EXPO and SUBAR lower extremity 

exoskeleton robots. The power flows from the caster-driven mobile platform to the exoskeleton robot 

through a flexible Bowden cable which helps to keep the wearable part lightweight. 

 

   

(a) EXPO and SUBAR 

[31] 

(b) HAL [32] (c) Vanderbilt Exoskeleton 

[33] 

(d) MINA [34] 

Figure 4 From the left (a) EXPO and SUBAR, (b) HAL, (c) Vanderbilt Exoskeleton (d) MINA  

EXPO is the next version of SUBAR. Based on the same actuation mechanism, EXPO is more powerful 

and lightweight than SUBAR [31]. It is capable of providing a maximum torque of 44 Nm whereas 

SUBAR can only deliver a maximum torque of 7.7 Nm [31]. Due to the use of impedance compensation 

control methods, EXPO also provides more comfort to the users. 

Hybrid Assistive Limb (HAL) is an exoskeleton robot developed for satisfying multiple objectives that 

include rehabilitation, helping elderly people with daily activities, heavy labor support, rescue support, 

and entertainment [35]. Several versions of the HAL are available: full-body, lower body, and single-leg 

support systems. Both single leg and double legs versions are available for paraplegic patients [36]. HAL 
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was developed in Japan through a collaboration between Tsukuba University and Cyberdyne Inc. The 

robot is used in hospitals and medical facilities in Japan. Figure 4(b) shows the lower extremity double 

leg version of the HAL robot. 

The lower body model of the device weighs about 15 kg. DC servomotors and harmonic drive gears are 

used for hip and knee flexion-extension movement, while the ankle joint is passively actuated [37]. 

HALôs control unit is carried in a backpack by the user. The control system runs on the Linux operating 

system and communicates with a remote monitoring computer via a wireless local area network [38]. It 

provides passive exercise by using pre-recorded walking trajectories of healthy subjects. For the active 

form of exercise, the user's intention is detected by analysis of surface electromyography (sEMG) signals. 

The main limitation of the HAL system is it requires a long time for adaptation and adjustment [39]. 

The Vanderbilt lower limb-powered orthosis was developed for spinal cord injury and stroke patients. It 

assists in hip and knee flexion-extension movements. It guides the patient in walking, standing, sit to 

stand, stand to sit, stair ascent/descent, sitting, left forward, and right forward movements [40], [41]. Each 

state runs based on pre-programmed trajectories. The trajectories are built using the collected data from 

healthy subjects. Speech-to-text conversion technology is incorporated into the control system to make it 

more accessible. The weight of the exoskeleton robot is 27 lbs and it can support up to 200 lb users. All 

the joints are actuated by brushless DC motors. A fully charged battery can provide up to 1-hour 

autonomy. Figure 4(c) shows the Vanderbilt lower extremity exoskeleton robot. 

NASA Johnson Space Center and IHMC have jointly developed MINA lower extremity exoskeleton 

robot. MINA is a robotic orthosis that assists both paraplegia and para-paresis patients to improve legged 

mobility. It has 3 active degrees of freedom (hip flexion/extension, abduction/adduction, and knee 

flexion/extension). The passive joint allows hip internal/external rotation. Figure 4(d) shows the MINA 

lower extremity exoskeleton robot. 
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Rotary Series Elastic Actuators (SEA) were used for all the active joints in MINA . The patient needs to 

rely on crutches for balancing the body. MINA can run in three different modes: zero assistance mode, 

performance mode, and gait rehabilitation mode. After a certain number of hours of training, MINA can 

help patients walk at speed of up to 0.2 m/s. It moves the userôs leg based on a prerecorded trajectory 

[42]. 

AssistON-Gait is a gait training and balancing restoration robot for disabled people with the impaired 

lower extremity. It provides support for pelvis-hip joints with the help of active series elastic actuators. 

Figure 5(a) shows the AssistOn-Gait exoskeleton robot. The individual joints have self-alignment and 

back-drivable facilities. Ergonomic design rules were followed for developing this gait rehabilitation 

device. AssistON-Gait has a total of six degrees of freedom: hip rotation on the sagittal plane, pelvic 

rotation on the transverse plane, pelvic tilt on the coronal plane, and lateral, vertical pelvic displacements 

[43]. 

 

 

 

(a) AssistON-Gait robot [43] (b) Walking Assistance Device 

[44] 

(c) ABLE exoskeleton robot [45] 

Figure 5 From the left (a) AssistON-Gait robot, (b) Walking Assistance Device, (c) ABLE exoskeleton 

robot 

The Walking Assistance Device was developed by T. Ikehara et al. for helping elderly people with 

impaired mobility [44]. The entire actuation system is carried in a backpack. The power is transmitted 

from the backpack to different active joints by a flexible power transmission mechanism. The robot 

provides active knee and ankle flexion-extension movements. For performance evaluation, EMG surface 
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electrodes are placed on different muscles that contribute to walking. The EMG signals are measured with 

and without orthosis of healthy subjects. The EMG signal showed a significant amount of reduction in 

muscle activity by using orthosis [46]. It was also seen that even though the orthosis works on the ankle 

joint, it has positive effects on the hip joints. Figure 5(b) shows the Walking Assistance Device. 

ABLE is a standing style moving transfer system for people with the impaired lower extremity. It 

combines three individual modules: powered lower limb orthosis, a pair of hand churches, and a pair of 

foot mobile platforms. The torque supplied by the individual modules is determined by the quasi-static 

human model. Three modules work individually or together based on the application requirements. For 

instance, for moving along a straight line, only the mobile platform propels, whereas while standing 

up/down, only lower limb orthosis functions. The amount of assistance from the powered orthosis is 

linked with the movements of the crutches [45]. Figure 5(c) shows the ABLE lower extremity 

exoskeleton robot. 

Ortholeg is a lower limb power orthosis controlled by eyeball movements. It was developed to assist 

spinal cord injury patients with lower limb impairment. The robot assists both legs. It has 2 active degrees 

of freedom (hip and knee flexion-extension). It helps users by assisting with various movements such as 

sitting down, standing up, or walking in a straight line, etc. A pair of crutches help the user to maintain 

balance. Ortholeg 2.0 is the latest version of the original Ortholeg. Ortholeg 2.0 differs from the original 

one in its mechanical structure and is lighter and more durable than the original version. By introducing 

ergonomic design rules in Ortholeg 2.0, it provides more comfort to the users [47], [48]. Figure 6(a) 

shows the original Ortholeg and Ortholeg 2.0. 

Walking Assistance Lower Limb exoskeleton robot developed by the Yonsei University to assist 

paraplegic patients. This is the first exoskeleton robot that actively used the center of pressure (CoP) or 

zero moment point for balancing itself. The CoP was calculated based on the data from an inclinometer 

located at the waist and two force sensors [49]. The individual legs have 7 DoF for a total of 14 DoF for 

both legs. Two different force sensors were used to measure the weight transferred to the ground and the 
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assistive force provided by the exoskeleton robot. Figure 6(b) shows the Walking Assistance Lower Limb 

Exoskeleton Robot. 

 

   

(a) Ortholeg and Ortholeg 

2.0 [47] 

(b) Walking Assistance 

Exoskeleton [49] 

(c) CUHK-Exoskeleton 

[50] 

(d) XoR Exoskeleton 

[51] 

Figure 6 From the left (a) Ortholeg, (b) Walking Assistance Exoskeleton, (c) CUHK-Exoskeleton, (d) 

XoR Exoskeleton 

The CUHK-Exo is a lower limb wearable exoskeleton robot designed to help patients with neurological 

injuries that hampers mobility [50]. For dynamic modeling of the whole system, the human body is 

divided into six segments. A pair of crutches are also considered in the dynamic model. For controlling 

the eight-link model, a new type of control algorithm is proposed which is called offline design and online 

modification method. It assists users to stand up, sit down, and walk. The users need to rely on a pair of 

crutches to use the exoskeleton robot. The performance of the proposed exoskeleton robot is evaluated by 

testing the robot using both healthy subjects and paraplegic patients. Figure 6(c) shows the CUHK-Exo 

exoskeleton robot. 

The XoR was developed with the aim of a brain-machine interface for rehabilitation and posture control 

of elderly and disabled people [52]. XoR is based on a hybrid (pneumatic and electric) actuation system. 

The amount of assistive torque is calculated based on the biomechanical model. The userôs posture is 

determined by the joint angles and ground reaction forces, while the EMG signals estimate the intended 

motion. Figure 6(d) shows the XoR exoskeleton robot. 



14 

 

The Wearable walking helper (WWH) was developed to help disabled and older people in movement 

activities by compensating against gravity forces [53], [54]. WWH calculates the amount of assistive 

torque based on the approximate body model of the user. EMG signals on the functional muscles and 

recorded heartbeats during standing up, sitting down, pace changing, climbing stairs with and without 

using the WWH show clear evidence of the robotôs effectiveness [55]. 

The walking power assist leg (WPAL) exoskeleton was developed to help people with walking disorders 

caused by aging, paralysis, or amputation. It can move based on the user's motion intentions. It utilizes 

compliance control technology based on joint angle velocities and interaction forces. The dynamic model 

of the combined exoskeleton robot and leg is used for predicting joint torque requirements [56]. 

  

(a) WPAL [56] (b) MindWalker [57] 

Figure 7 From the left (a)WPAL exoskeleton robot (b) MindWalker 

The Mindwalker has a total of five degrees of freedom (3 active DoF and 2 passive DoF). It was 

developed to help paraplegic patients. The active joints correspond to hip flexion-extension, hip 

abduction-adduction, and knee flexion-extension. Series Elastic Actuators (SEA) were used for all active 

joints. The passive joints were built using springs with a fixed stiffness and correspond to hip rotation and 

ankle flexion/extension. The users can control the exoskeleton robot by specifying the start/stop or step 

commands. Hip and knee joint trajectories were built using recorded data from a healthy subjectôs 

walking trajectory. An XCoM (extrapolated center of mass) algorithm was used to prevent the user from 

falling during movement in the lateral plane [57]. Figure 7 (b) shows the MindWalker exoskeleton robot. 
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Table 2 summarizes the mobile gait rehabilitation exoskeleton robot based on the DoF, the actuator used, 

and mechanical power transmission system, sensing system, and control system employed. 

Table 2 List of existing rehabilitation robot along with their DoF, actuator type, mechanical power 

transmission, feedback sensing method, and control algorithms  

# Device name Degrees of 

freedom 

Actuator type Mechanical 

power 

transmission 

method 

Feedback/ 

intention 

sensing 

method 

Control 

algorithm 

Ref. 

1. 

EXPOS  

And 

SUBAR 

Hip: F-E (A) 

Knee: F-E (A) 

Ankle: (U) 

Double legs 

DC motor Mechanical 

Gearbox, 

Cable pulley 

system 

Force sensors Fuzzy logic 

control, 

Impedance 

control 

[58] 

2. HAL  

Hip: F-E 

Knee: F-E 

Ankle: F-E (U) 

1 leg 

DC Servo 

motor 

Harmonic 

drives 

sEMG 

signals 

Proportional 

myoelectric 

control 

[59], 

[60], 

[61] 

3. 
Vanderbilt 

Exoskeleton 

Hip: F-E (A) 

Knee: F-E (A) 

2 legs 

Electric motor 

- 

Using user 

vocal 

commands, 

Center of 

Pressure 

triggered 

Proportional 

myoelectric 

control 
[62] 

4. MINA  

Hip: F-E (A) 

Knee: F-E (A) 

Ankle: F-E(U) 

2 legs 

Brushless DC 

motor 

Mechanical 

linkage 

Switching via 

the user 

interface 

PD control 

[42] 

5. 
AssistON-

Gait 

Pelvis-Hip: 

6DOF 

SEA 

Compliant 

actuator 

Cable pulley 

system 

Switching via 

the user 

interface 

Manual 

start/stop and 

speed varying 

operation 

[43] 

6. 

Walking 

assistance 

lower limb 

exoskeleton 

Hip: F-E (A) 

A-A (U) 

Knee: F-E (A) 

Ankle: U 

DC Brushless 

motor 

Harmonic 

drives 

Inclinometer 

and force 

sensor 

Center of 

Pressure 

Control 
[49] 

7. ABLE  

Hip: F-E 

Knee: F-E 

Ankle: F-E 

DC motor Ball screw 

mechanism, 

Worm gear,  

Inclinometer, 

mechanical 

and touch 

switch, 

measurement 

wheel, load 

cell, 

potentiometer 

PD control 

[45] 

8. 

Ortholeg 

and 

Ortholeg 2.0 

Hip: F-E (A) 

A-A (U) 

Knee: F-E (A) 

Ankle: F-E(U) 

DC motor Mechanical 

linkage 

Electrooculo

graphy 

and switches  

Brain wave 

control [47], 

[48] 

9. 
Walking 

assistance 

Hip: F-E (A) 

A-A (U) 

Knee: F-E (A) 

DC Brushless 

motor 

Harmonic 

drives 

Inclinometer 

and force 

sensor 

Center of 

Pressure 

Control 

[49] 
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lower limb 

exoskeleton 

Ankle: U 

10. CUHK -Exo 

Hip: F-E (A), R      

Knee: F-E (A) 

Ankle: F-E(P)  

DC motor Planetary 

gearbox, 

Bevel 

gearbox 

Encoder, 

potentiometer

, Inertia 

measurement 

unit, Force-

sensitive 

resistor, 

mechanical 

switch 

PD controller 

[63], 

[50] 

11. 

WPAL 

(Wearable 

Power-Assist 

Locomotor) 

Hip: F-E 

Knee: F-E 

Ankle: F-E 

DC servo 

motor 

Harmonic 

drives 

Encoder and 

force sensor 

Swing phase 

step 

trajectory 

control 

[64] 

12. XoR - - 

Hybrid 

pneumatic 

and electric 

EMG signal,  

- 
[51], 

[65] 

13. Mind walker  

Hip: A-A (A) 

F-E(A) 

Knee: F-E(A) 

Ankle: F-E (U) 

2 legs 

SEA 

Compliant 

actuator, 

Springs 

Mechanical 

linkage 

Switching via 

the user 

interface 

Model 

predictive 

control-based 

gait pattern 

generation 

[57] 

F-E Ą Flexion-Extension, A-A Ą Abduction-Adduction, R-R Ą Internal ï External Rotation (A) Ą actuated, (U) 

Ą un-actuated 

After reviewing the developed gait rehabilitation and exoskeleton devices, it was seen that none of the 

developed exoskeleton robots have 7 active degrees of freedom. The user needs to stand up to use the 

rehabilitation exoskeleton devices. The developed devices only work for patients who can stand and 

balance themselves. The developed devices do not work for bedridden patients.  

Without 7 active degrees of freedom, it is never possible to provide all-natural movements. It is seen that 

post-stroke, maximum recovery occurs within the first 3 months of the stroke [66]. The existing robots or 

the gait rehabilitation devices do not have the option to provide exercises during those early stages of 

physical recovery. 

To overcome the above-mentioned problems we have developed a 7 degrees of freedom human lower 

extremity exoskeleton robot that will able to provides passive, active, active assist forms of physical 

exercises [9]. This will assist the patients during the very early stage of physical recovery to the final 
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stage. The developed exoskeleton robot will have a total of 7 active degrees of freedom and 1 passive 

degree of freedom. 
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 Human Lower Extremity Anatomy and Physiology from a 

Rehabilitation Perspective 

The HLE consists of three major segments:  thigh, shank, and foot. Figure 8 shows the major bones and 

joints present in the HLE. The thigh connects with the vertebra (pelvis bone) through the hip joint, the 

shank connects with the thigh at the knee joint, and the foot is attached to the shank at the ankle joint. The 

femur, the longest and heaviest bone in the human body, is located in the thigh segment. The shank 

consists of two parallel bones, the tibia and the fibula. The tibia is located on the medial side and the 

fibula is located on the lateral side of the body. The foot consists of a total of 26 bones. The two 

significant bones in the foot are the talus and calcaneus. Tibia and fibula connect with the talus. 

Calcaneus is the largest bone in the foot joint and produces cushioned action during human movement.  

Figure 9 shows the ankle joint and bones in the foot. 

3.1. Nervous System 

The human body's nervous system is like the electrical wiring in a robot. It is a collection of different 

types of nerves that are made of neurons. There are two types of neurons: sensory neurons and motor 

neurons. The role of the nervous system is to communicate between the Central Nervous System (CNS) 

and different parts of the body [67]. Typically, it takes a fraction of a millisecond to transfer signals 

between two points. The complete nervous system is divided into two parts, the CNS and the peripheral 

nervous system (PNS). Figure 10 shows the central and peripheral nervous systems of the body. The 

brain, spinal cord, and retina of the eye together comprise the central nervous system, which works as the 

main controller of the body. The PNS communicates between the CNS and different parts of the body. 

The sensory nerves carry stimuli signals from different receptors of sensory organs to the brain, whereas 

the motor nerves carry activation signals from the brain to various muscles and glands. 
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Figure 8 human lower extremity bones 

 

Figure 9 Bones of the ankle joint and foot 

Pelvis 

Femur 

Patella 

Fibula 

Tibia 

Talus 

Ball socket joint 
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Figure 10 Human body central and peripheral nervous system 

Patients with nerve impairment may suffer from epilepsy, multiple sclerosis, amyotrophic lateral 

sclerosis, Huntingtonôs disease, Alzheimer's disease, etc. The nervous system may also be affected by 

vascular disorders. Any nerve impairment, sensory or motor (related to lower extremity movements), may 

lead to lower extremity disabilities. 

3.2.  Muscles 

The muscles act like linear actuators and are made of soft tissue. The muscle cells consist of two protein 

filaments, actin, and myosin, which can slide concerning each other. The sliding of actin and myosin 

layers produces contraction that changes both the length and shape of the cell. Muscles produce forces 

and motion and are responsible for posture, locomotion, and the movements of the internal organs. There 

are three types of muscles: skeletal muscles, smooth muscles, and cardiac muscles. 
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A skeletal muscle, also known as voluntary muscle, is attached to the bone by tendons and works for 

skeletal movements. Although postural control is often done by unconscious reflex, skeletal muscles are 

responsible for conscious control. Muscles get actuation commands from the brain via the motor neurons. 

To diagnose a lower extremity movement disorder, knowledge of muscle location, and their contribution 

to different movements is needed. A list of all skeletal muscles involved in HLE movements is given in 

Figure 11 to Figure 13. Table 3 presents the human lower extremity DOF and their corresponding 

muscles. For examining the muscleôs health, its activation level, and the function of the corresponding 

nerves, muscle tone is measured using surface electromyography. For proper placement of surface 

electromyography electrodes, the muscles need to be identified at their exact locations. Muscle activation 

levels can be used for triggering an active type of physical therapy. 

A smooth muscle, also known as an involuntary muscle, forms the walls of the organs such as the 

stomach, intestine, bronchi, uterus, bladder, blood vessels, etc. Smooth muscles are not under conscious 

control. Finally, a cardiac muscle is an ñinvoluntary muscle,ò structurally like the skeletal muscle and is 

found only in the heart [67]. 
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Figure 11 Frontal view of the human muscular system [68] 

# Muscle name 

1. Frontalis 

2. Temporalis 

3. Masseter 

4. Sternocleidomastoid (SCM) 

5. C4 Cervical Paraspinals (CP) 

6. Upper Trapezius 

7. Lower Trapezius 

8. Infraspinatus 

9. Latissimus Dorsi 

10. T2 Paraspinals 

11. T8 Paraspinals 

12. T10 Paraspinals 

13. L1 Paraspinals 

14. L5 Paraspinals 

15. Rectus Abdominal 

16. Abdominal Oblique 

17. Internal Oblique 

18. Serratus Anterior 

19. Pectoralis Major 

20. Anterior Deltoid 

21. Lateral Deltoid 

22. Posterior Deltoid 

23. Biceps Brachii 

24. Triceps Branchii 

25. Brachioradialis 

26. Wrist Flexor 

27. Wrist Extensor 

28. Gluteus Medius 

29. Gluteus Maximus 

30. Hip Adductor 

31. Hip Flexor 

32. Vastus Medialis Oblique (VMO) 

33. Vastus Lateralis (VL) 

34. Quadriceps Femoris 

35. Medial Hamstring 

36. Medial Gastrocnemius 

37. Lateral Gastrocnemius 

38. Soleus  

39. Tibialis Anterior 
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Figure 12 Rear view of the human muscular system [68] 

# Muscle name 

1. Frontalis 

2. Temporalis 

3. Masseter 

4. Sternocleidomastoid (SCM) 

5. C4 Cervical Paraspinals (CP) 

6. Upper Trapezius 

7. Lower Trapezius 

8. Infraspinatus 

9. Latissimus Dorsi 

10. T2 Paraspinals 

11. T8 Paraspinals 

12. T10 Paraspinals 

13. L1 Paraspinals 

14. L5 Paraspinals 

15. Rectus Abdominal 

16. Abdominal Oblique 

17. Internal Oblique 

18. Serratus Anterior 

19. Pectoralis Major 

20. Anterior Deltoid 

21. Lateral Deltoid 

22. Posterior Deltoid 

23. Biceps Brachii 

24. Triceps Branchii 

25. Brachioradialis 

26. Wrist Flexor 

27. Wrist Extensor 

28. Gluteus Medius 

29. Gluteus Maximus 

30. Hip Adductor 

31. Hip Flexor 

32. Vastus Medialis Oblique (VMO) 

33. Vastus Lateralis (VL) 

34. Quadriceps Femoris 

35. Medial Hamstring 

36. Medial Gastrocnemius 

37. Lateral Gastrocnemius 

38. Soleus  

39. Tibialis Anterior 
 

 

  



24 

 

 

 

Figure 13 Lateral  view of the human muscular system [68] 

# Muscle name 

1. Frontalis 

2. Temporalis 

3. Masseter 

4. Sternocleidomastoid (SCM) 

5. C4 Cervical Paraspinals (CP) 

6. Upper Trapezius 

7. Lower Trapezius 

8. Infraspinatus 

9. Latissimus Dorsi 

10. T2 Paraspinals 

11. T8 Paraspinals 

12. T10 Paraspinals 

13. L1 Paraspinals 

14. L5 Paraspinals 

15. Rectus Abdominal 

16. Abdominal Oblique 

17. Internal Oblique 

18. Serratus Anterior 

19. Pectoralis Major 

20. Anterior Deltoid 

21. Lateral Deltoid 

22. Posterior Deltoid 

23. Biceps Brachii 

24. Triceps Branchii 

25. Brachioradialis 

26. Wrist Flexor 

27. Wrist Extensor 

28. Gluteus Medius 

29. Gluteus Maximus 

30. Hip Adductor 

31. Hip Flexor 

32. Vastus Medialis Oblique (VMO) 

33. Vastus Lateralis (VL) 

34. Quadriceps Femoris 

35. Medial Hamstring 

36. Medial Gastrocnemius 

37. Lateral Gastrocnemius 

38. Soleus  

39. Tibialis Anterior 
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Table 3: List of human lower extremity DoF and their corresponding muscles [68] 

Movement Hip Flexion Hip Extension 

Muscles Involved Adductor brevis,  

Adductor longus, Iliacus, Pectineus, 

Psoas major, Rectus femoris, Sartorius, 

Tensor Fascia latae 

Adductor magnus, Biceps femoris, 

Gluteus maximus, Semimem branosus, 

Semitendinosus 

Movement  Hip Abduction Hip Adduction 

Muscles Involved Gemellus inferior, Gemellus superior, 

Gluteus maximus,  

Gluteus medius, Gluteus minimus, 

Piriformis, Tensor fascia latae 

Adductor brevis, Adductor longus, 

Adductor magnus, Biceps femoris, 

Gluteus maximus, Gracilis, Pectineus, 

Psoas major 

Movement  Hip Medial Rotation Hip Lateral Rotation 

Muscles Involved Gluteus medius, Gluteus minimus, 

Tensor fascia latae 

Adductor brevis, Adductor longus, 

Adductor magnus, Biceps femoris, 

Gemellus inferior, Gemellus superior, 

Gluteus maximus, Gluteus medius, 

Obturator externus, 

Obturator internus, Piriformis 

Quadratus femoris, Sartorius 

Movement Knee Flexion Keen Extension 

Muscles Involved Biceps femoris, Gastrocnemius 

Gracilis, Popliteus, Sartorius, 

Semimembranosus, Semitendinorus 

Rectus femoris, Tensor Fascia latae, 

Vastus intermedius, Vastus lateralis, 

Vastus medialis 

Movement Shank Medial Rotation  Shank Lateral Rotation 

Muscles Involved Gracilis, Popliteus, Sartorius, 

Semimembranosus, Semitendinorus 

Biceps femoris 

Movement Ankle Dorsiflexion Ankle Plantarflexion 

Muscles Involved Extensor digitorum longus, Extensor 

hallucis longus, Peroneus tertius, 

Tibialis anterior 

Flexor digitorium longus, Flexor 

hallucis longus, Gastrocnemius, 

Peroneus brevis, Peroneus longus, 

Plantaris, Soleus, Tibialis posterior 

Movement Ankle Eversion/Supination Ankle Inversion/Pronation 

Muscles Involved Extensor digitorum longus, Peroneus 

brevis, Peroneus longus, Peroneus 

tertius 

Flexor digitorum longus, Tibialis 

anterior, Tibialis posterior 

3.3. Human Lower Extremity Degrees of Freedom 

The human lower extremity consists of three segments: thigh, shank, and foot. The left side of Figure 8 

shows the major bones and joints in the human lower extremity. The thigh connects with the vertebra 

(pelvis bone) through the hip joint, the shank connects with the thigh via the knee joint, and the foot 

connects with the shank through the ankle joint. The longest bone in the human body is found in the thigh 

segment and is called the femur. The shank consists of two parallel bones called the tibia and the fibula. 

Tibia located on the medial side while fibula is located on the lateral side of the body. The foot consists of 
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a total of 26 bones. Two major bones in the foot are the talus and the calcaneus. Tibia and fibula connect 

with the talus. Calcaneus is the largest bone in the foot joint and produces cushioned action during human 

movement.  

 

                     

Figure 14 (left) Human lower extremity bones, (right) hip ball socket joint 

The femur joins with the pelvis through a ball socket joint. The right side of Figure 8 shows the 3 

DOF ball socket joint between the femur and the pelvis. The 3 individual rotational movements 

allowed by the joint are: 

1. Hip abduction adduction 

Pelvis 

Femur 

Patella 

Fibula 

Tibia 

Talus 

Ball socket joint 
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2. Hip Flexion Extension 

3. Hip internal and external rotation 

In the knee joint, the femur connects with the tibia and fibula via an elliptical-shaped end called the 

femoral condyle shown in Figure 15. The shape and size of the femoral condyle were presented by F. 

Russell et al [69]. As the connection surface is shaped elliptical, it causes rotational as well as linear 

displacement in the knee joint. The leg length increases during flexion and decreases during extension. A 

non-linear relationship between the angular and linear displacement was developed and utilized for the 

lower extremity kinetic and dynamic model.  

For kinematic and dynamic modeling, fixed center of rotation was considered. The right side of Figure 15 

shows the knee condyle ellipse and its instantaneous center of rotation. From an ergonomic perspective, it 

is extremely important to account for joint linear displacement in the knee joint; ignoring it will cause 

joint misalignment between the exoskeleton robot userôs joint and the exoskeleton robot joint [70]. The 

knee joint provides 3 DOFs: 

1. Knee Flexion and extension 

2. Shank internal and external rotation 

3. Knee linear displacement 

   

Figure 15 (left) Knee joint bones (right) Knee condyle ellipse 
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The left side of Figure 15 presents the internal architecture of the knee joint with bones, and on the right 

side, the figure shows the relation between the rotational and linear displacement during knee flexion and 

extension [69]. Figure 16 was developed based on the relationship between angular and linear 

displacement of the knee condyle ellipse. Based on the data from Figure 15 an empirical equation was 

developed (by curve fitting) as given in Eq. (1) 

 

Figure 16: Relation between angular and linear displacement of knee condyle  

 ὒ σȢπςὩ ὴ ρȢψτὩ ὴ ςȢρωὩ ὴ πȢππρυρὴ πȢρχὴ υπȢω  (1) 

In Eq. (1),  ὴ is the angular displacement ὨὩὫ and ὒ is the linear displacement άάȢ  

 

Figure 17 Bones of the ankle joint 
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The lower ends of the tibia and fibula are joined with the talus. It provides 2 DOF.  

Figure 9 shows the ankle joint and bones in the foot. The allowed motions are: 

1. Ankle flexion-extension 

2. Ankle pronation and supination. 

3.4. Range of Motion 

Maintaining a proper Range of Motion (RoM) is essential for the exoskeleton robot. The majority of 

healthy people have a similar range of motion. In the case of physical therapy, the RoM varies with the 

patientôs health condition. A failure to meet this criterion may result in serious adverse consequences. The 

reported HLE ranges of motion from various sources are given in  

Table 4 



30 

 

 

Figure 18 Human Lower extremities degrees of freedom 

Table 4 Human lower extremity ranges of motion 

Joint Movement American 

Academy of 

orthopedic 

surgeons [71] 

Kendall and 

McCarry [72] 

American 

Medical 

Association 

Kurz [73] 

Hip 

Flexion π ρςπЈ π ρςυЈ π ρππЈ π ρσπЈ 

Extension π σπЈ π ρπЈ π σπЈ π σπЈ 

Abduction π τυЈ π τυЈ π τπЈ π υπЈ 

Adduction π σπЈ π ρπЈ π ςπЈ π σπЈ 

Internal Rotation π τυЈ π τυЈ π τπЈ π τπЈ 

External Rotation π τυЈ π τυЈ π υπЈ π τυЈ 

Knee 

Flexion π ρσυЈ π ρτπЈ π ρυπЈ π ρσπЈ 

Extension    π ρυЈ 

Internal Rotation    π ρπЈ 

External Rotation    πЈ 

Hip Extension-Flexion Hip Adduction-Abduction Hip Internal-Externa Rotation 

Knee Extension-Flexion Shank External-Internal Rotation Ankle Pronation Supination 

Ankle Flexion - Extension 
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Ankle 

Dorsiflexion π ςπЈ π ςπЈ π ςπЈ π ςπЈ 

Plantar flexion π υπЈ π τυЈ π τπЈ π τυЈ 

Inversion/Pronation π συЈ π συЈ π σπЈ π σπЈ 

Eversion/Supination π ρυЈ π ςπЈ π ςπЈ π ςπЈ 

3.5.  Anthropometric Parameters 

Anthropometrical properties play an essential role in the development of human lower extremity 

kinematic and dynamic models. Nikolova and Toshev [74] reported the anthropometrical properties based 

on the data collected from 5290 individuals (2435 males and 2855 females). 

Some empirical equations are also available in the literature to determine lower extremity 

anthropometrical parameters based on the weight and height of the subject [75]. Eqns. (2) - (22) are a set 

of empirical equations that can be used for calculating human lower extremity anthropometrical 

parameters based on the subjectôs weight and height. 

 ὄ πȢφωπυπȢπςωχὅ ȟύὬὩὶὩ ὅ Ὄὡ , (2) 

In equation (2) ὄ is the body density (ὰὦίȾὪὸ , Ὄ is the height of the subject (ὭὲὧὬ, ὡ is the body 

weight of the subject (ὰὦί. The thigh, shank and foot densities are determined as follows, 

 
Ὕ ρȢπσυπȢψρτzὄ

ὰὦ

Ὢὸ
 (3) 

 
Ὓ ρȢπφυὄ 

ὰὦ

Ὢὸ
 (4) 

 
Ὂ  ρȢπχρὄ

ὰὦ

Ὢὸ
 (5) 

In Eqn. (3) - (5), Ὕ is the thigh density, Ὓ is the shank density and Ὂ is the foot density. 

The whole-body volume ὄ  is calculated using the body weight and body density 



32 

 

 ὄ
ὡ

ὄ
 Ὢὸ (6) 

The volumes of thigh, shank and foot were calculated as follows: 

 Ὕ πȢπωςςzὄ Ὢὸ (7) 

 Ὓ πȢπτφτzὄ Ὢὸ (8) 

 Ὂ πȢπρςτzὄ Ὢὸ (9) 

Approximate weights of the thigh, shank and foot were calculated as given in Eqn. (10) -(12) 

 Ὕ Ὕ Ὕz ὰὦί (10) 

 Ὓ Ὓ Ὓz ὰὦί (11) 

 Ὂ Ὂ Ὂz ὰὦί (12) 

The length of the thigh Ὕ , shank Ὓ , foot Ὂ  and ankle to lower face of the foot ὃ  were 

calculated as shown in Eqn. (13)-(16), 

 Ὕ πȢςτυzὌ ὭὲὧὬȟ (13) 

 Ὓ πȢςψυzὌ ὭὲὧὬȟ (14) 

 Ὂ πȢρυςzὌ ὭὲὧὬȟ (15) 

 ὃ πȢπτσzὌ ὭὲὧὬ (16) 

The locations of the center of the mass from the proximal joint for the thigh Ὕ , shank Ὓ ȟ foot 

Ὂ  are given by Eqn. (17) -(19) 

 Ὕ πȢτρzὝ ὭὲὧὬȟ (17) 

 Ὓ πȢσωσzὛ ὭὲὧὬȟ (18) 
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 Ὂ πȢττυzὊ ὭὲὧὬ (19) 

The empirical equations for the inertial properties of the thigh Ὕȟ shank Ὓȟ and foot Ὂ  are given in Eqn. 

(20) -(22), 

 Ὕ

Ὕ πȢρςτzὝ   π  π 

 π  Ὕ πȢςφχzὝ   π 

 π  π  Ὕ πȢςφχzὝ  

 (20) 

 Ὓ

Ὓ πȢςψρzὛ   π  π 

 π  Ὓ πȢρρτzὛ  π 

 π  π  Ὓ πȢςχυzὛ

  (21) 

 Ὂ

Ὂ πȢρςτzὊ   π  π 

 π  Ὂ πȢςτυzὊ   π 

 π  π  Ὂ πȢςυχzὊ

  (22) 

3.6. Probable Causes of Physical Disability 

The reasons behind physical disability can be classified into two categories: hereditary/congenital or 

acquired. Congenital disability occurs before or during birth whereas acquired disability may appear at 

any moment during the lifetime. Congenital forms of disability are hard to overcome using physical 

therapy.  

There are multiple causes for the acquired type of physical disability. Any kind of injury/damage in the 

nervous system may lead to acquired physical disability. These injuries may include injuries in the central 

nervous system (brain, spinal cord) or the peripheral nervous system. The primary causes that damage the 

central nervous system include accidental brain injuries, strokes, trauma, infections, insufficient oxygen 

supply to the brain cells, etc. 

Stroke is a common cause of neurological injuries that often paralyzes one or more limbs of the body. 

Physical therapy is the only treatment for post-stroke recovery [76]. Epilepsy, the abnormal electrical 

activity of the brain, causes short-term or long-term physical disability [77]. Cerebral palsy is due to brain 
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cell damage or malformation, which affects a personôs movements and leads to physical disability. 

Cerebral palsy occurs during birth (due to obstructive labor), but the symptoms appear during early 

childhood [78]. Multiple sclerosis is an unpredictable disorder of the central nervous system, which 

freezes communication between the central nervous system and the peripheral nervous system [79]. 

Muscular dystrophy weakens the muscles; as a result, physical disability appears [80]. 

Any type of fall that causes injuries to the central nervous system or peripheral nervous system also leads 

to long or short-term physical disability. Fall also causes fractures of the bones and often needs surgery; 

after surgery, the patient needs physical therapy to improve mobility disorders. Thus, any type of injury 

that disrupts communication between the CNS and PNS causes disability. 

3.7. Requirements for Exoskeleton Rehabilitation Robot 

Specific safety standards should be maintained for HLE exoskeleton robots to protect the user from any 

dangers. By following ergonomic design rules, both the userôs comfort and the physiotherapy 

performance can be improved. The next two subsections briefly explain the desirable safety and 

ergonomic design features that need to be considered while designing an exoskeleton robot.  

3.7.1.  Safety Features 

Safety is the most critical requirement for an exoskeleton or wearable robot. The exoskeleton robot 

interacts very closely with the human body. Any runtime failure in mechanical, electrical and electronics, 

or control algorithms may cause serious adverse consequences. Rehabilitation exoskeleton robot works 

parallel with the human joints with a corresponding range of motion for every joint. For healthy subjects, 

the RoMs have some standard values, whereas the RoM for impaired people are different, depending on 

the severity of impairment. Every exoskeleton robot should have a mechanism to limit the RoM of the 

joints. It may be in the form of a mechanical stopper or an electromechanical sensor-based stopping 

system. Further, every exoskeleton robot should also be equipped with an easily accessible emergency 
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stop button. The function of the emergency stop button would be to stop the movement immediately and 

hold the robot against gravity. 

Exoskeleton robots are designed by considering a maximum payload and exceeding the maximum limit 

may cause electrical or mechanical failures. A higher safety factor can reduce the chances of both 

electrical and mechanical failures. Robot payload specifications should be very clearly mentioned in the 

robot user manual.  

The robot should be operated at a low voltage to minimize the risk of electrocution. The severity of the 

electrical injuries depends on the amount of current flowing through the human body. The skin resistance 

varies with sweat gland activities and body temperature. Based on ohmôs law, lower skin resistance 

allows more current flow through the body. While skin resistance is variable, the risk of electrocution can 

be reduced by avoiding higher robot operating voltages.  

During the mechanical design of the robot, special attention should be given to avoid sharp edges and 

corners, which increase the risk of injuries. Dangling wires on moving parts increases the risk of an 

accident. The designer should allow a suitable passage for electrical wiring.  

For the safety evaluation and improving the reliability of the human-care robot the method proposed by 

Ikuta et al. can be used [81]. Finally, International Standard Organization has specified new safety 

standards for personal care robots (ISO 13482) [82], Both research prototypes and commercially available 

robots need to comply with the standards. 

3.7.2.  Ergonomic Mechanical Design 

 By introducing ergonomic design rules into the mechanical design of a rehabilitation exoskeleton, the 

robot can be made more effective in terms of increasing the userôs comfort, thus allowing the user to 

exercise for a prolonged period. The major ergonomic design rules that are applicable in rehabilitation 

exoskeleton robots include reducing macro and micro misalignment between the robotsô axes of rotation 

and the userôs limb jointôs axes of rotation [83], [84]. To ensure proper joint alignment, each link is 
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developed with link length adjustable mechanisms. By avoiding tooth-like mechanisms for the link length 

adjustment allows change from a small amount to a large amount. 

It is very important to consider all degrees of freedom of human limbs. Reduced degrees of freedom 

obstruct natural joint movements. The exoskeleton robotôs joints should imitate human natural joint 

movement closely. Not all joints in human upper or lower limbs undergo pure rotation. Some joints 

exhibit elliptical motion; the exoskeleton robot should mimic this motion as well. The knee joint, which 

undergoes elliptical motion with both rotational and linear movements [85], has an instantaneous center 

of rotation. Finally, the robot trajectories should be based on natural human movements. A lot of 

researchers have developed natural trajectories based on the data collected from healthy subjects [10], 

[42], [86], [62]. 

3.8. Robot-Assisted Training Methods 

The effectiveness of physical therapy depends on delivering the right form of exercise to the patient, at 

the right stage of recovery. It depends entirely on the competence of the caregiver. Currently, based on the 

patientôs health condition and recovery stage, the therapist selects the proper form of physiotherapy. The 

primary role of the robot is to follow the therapistôs command and perform a task repetitively. It is 

expected that in the near future with the help of artificial intelligence and natural language processing, the 

robot will be able to select the appropriate exercise(s) based on the patientôs symptoms.  

The conventional physical therapy-based recovery process consists of three stages: primary, intermediate, 

and advanced stages. During the primary stage, the therapist moves the limb along a specific trajectory to 

improve the jointôs range of motion, blood circulation, and reduce disuse atrophy. In the robotic 

rehabilitation system, the robot does the same thing. This mode of therapy is also referred to as the 

passive form of physical therapy. During the intermediate stage of physiotherapy, the subject is also 

engaged in the exercise. During conventional physical therapy, the patient is asked to move a limb 

voluntarily. But in the robot-based physical therapy called the active form of physical therapy, the robot 
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moves the limb along a trajectory based on the userôs intentions. In the active assist form of physical 

therapy, the subject is asked to move voluntarily. If the subject fails to complete the task based on specific 

criteria, the robot will assist in completing the task. The final stage of physical therapy is the active resist 

form of exercise. Some resistive force is applied to the limb and the patient needs to work against the 

resistive force. The active resist form of exercise helps to increase muscle strength. Most of the time, 

viscous friction is applied to the joint to create specific resistive forces. During robot assistive 

physiotherapy, a physiotherapist may be present in person or may use haptic technology.   
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Table 5 summarizes different forms of robot assistive exercises, their expected outcome along 

representative research works. 
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Table 5 Different forms of physical therapy, their expected outcome, and representative work 

Control modes Description Expected outcomes Representative works 

Passive mode 

Robot helps the patient by 

performing passive exercises 

repeatedly along the 

predefined trajectories 

Helps in motor function 

recovery, reduce 

muscle disuse atrophy 

by repetitive exercises 

[16], [87], [88], [89] 

Active mode 

Robot helps patients for the 

voluntary movement. Mainly 

move the joints based on the 

user intentions 

Helps in motor 

learning, engage patient 

into the exercise 

process 

[61] , [59] ,[16], [60], 

[57], [60] 

Active assist 

mode 

Robot helps patientôs 

voluntary movement; if the 

user fails to meet specific 

criteria, the robot helps to 

complete it 

Helps in motor 

learning, improving 

confidence via a guided 

process 

[16] 

Active resist 

mode 

It is similar to active mode. 

The robot provides resistive 

force as a challenge to the 

patient. 

Helps to strengths 

muscles, suitable for 

the final recovery 

phases 

[90], [91] 
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 Kinematic and Dynamic Modeling 

Developing a kinematic and dynamic model is very important for actuator selection and controlling the 

robot. Robot dynamics is inherently nonlinear and often a nonlinear control scheme is required to control 

dynamics. Robot dynamics are part of the majority of the nonlinear control schemes. Therefore, the 

performance of the robot controller relies on the robot dynamic model. We developed a total of 8 

controllers for controlling the robot. Amongst the eight controllers, 7 of them are utilized the dynamic 

model of the robot. The construction of a kinematic model is the first step of dynamic modeling. Denavit-

Hartenberg method was used for kinematic modeling of the robot. Both the Newton-Euler method and 

Lagrange energy methods are used for the dynamic modeling of the robot. A LuGre friction model was 

developed to simulate joint friction. This chapter will cover kinematic and dynamic modeling of the 

human lower extremity robot and joint friction modeling. 

4.1. Human Lower Extremity Kinematic modeling 

The lower extremity exoskeleton robot is attached close to the human body and attempts to replicate 

human joint movements. The distribution of the linkôs moment of inertia is like those of human lower 

limbs. To make the entire exoskeleton robot general instead of conforming to a particular configuration, 

the human lower limb anatomical structure and anthropometric parameters were considered for purposes 

of simulation.  

The modified Denavit-Hartenberg (D-H) parameters approach was used for developing the kinematic 

model. Individual link frames were attached to each degree of freedom. Figure 19 shows the link frame 

assignment based on the D-H parameter. The D-H parameters for each joint are given in Table 6. 
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Figure 19 Link Frame assignment based on D-H parameter 

Table 6: D-H parameters of human lower extremity 

Joint (i) Joint name 
Joint 

variable 

Link 

offset 

Link 

length 

Link 

twist 

  ἱ Ἤἱ Ἡἱ  ἱ  

1.  Hip Abduction/Adduction — π 0 
“

ς
 

 

 2.  Hip Flexion/Extension —
“

ς
 π 0 

“

ς
 

3.  
Hip Internal/External 

rotation 
— ὰ 0 

“

ς
 

4.  Knee Flexion/Extension — π 0 
“

ς
 

5.  Knee Linear displacement 0 Ὠ*  0 0 

6.  Knee Internal rotation — ὰ 0 
“

ς
 

7.  
Ankle 

Dorsiflexion/Plantarflexion 
— π 0 

“

ς
 

8.  Ankle Pronation/Supination —
“

ς
 ὰ 0 π 

          *d is a function of ʃ 
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In the above table,  

Joint angle Ᵽ░: the angle between ὢ  and ὢ measured around ὤ  axis 

Link twist ♪░ : the angle between ὤ  and ὤ measured around ὢ axis  

Link offset ▀░ȡ the displacement between ὢ  and ὢ measured along ὤ axis 

Link length ╪░  is the distance between ὤ and ὤ measured along ὢ axis  

The general form of the transformation matrix is given in Eq. (23): 

 

 Ὕ

ὧέί— ίὭὲ—ὧέί‌ ίὭὲ—ίὭὲ‌  ὶὧέί—
 ίὭὲ—  ὧέί— ὧέί‌ ὧέί—ίὭὲ‌  ὶίὭὲ—  
 π  ίὭὲ‌ ὧέί‌ Ὠ 
 π π π ρ

  (23) 

By substituting the values of modified DH parameters from Table 6 into Eq. (23), the following 

transformation matrices Eqn. (24) to Eqn. (31)  were obtained, 

 

 Ὕ

ὧέί — π ίὭὲ— π

ίὭὲ— π ὧέί— π
π ρȢπ π π
π π π ρ

 

(24) 

 

 Ὕ

ụ
Ụ
Ụ
Ụ
Ụ
ợὧέί—

“

ς
  π ίὭὲ—

“

ς
  π 

ίὭὲ—
“

ς
  π  ὧέί—

“

ς
  π 

π ρȢπ  π  π 
π  π  π  ρỨ

ủ
ủ
ủ
ủ
Ủ

 

(25) 

 

 Ὕ

ὧέί—  π  ίὭὲ—   π 

ίὭὲ—   π ὧέί—  π
π ρ  π  ὰ 
 π  π  π  ρ

 

(26) 

 

 Ὕ

ὧέί—  π  ίὭὲ—    π 

 ίὭὲ—   π  ὧέί—  π 
 π  ρȢπ  π  π 
 π  π  π  ρ

 

(27) 
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 Ὕ

ρȢπ π π π
π ρȢπ π π
π π ρȢπ ὰ
π π π ρȢπ

 

(28) 
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(31) 

The homogeneous transformation matrix locates the end frame's position and orientation concerning the 

base frame. In the case of the human lower extremity, it corresponds to the position and orientation of the 

foot with respect to the hip base frame. The total homogeneous transformation matrix was formed by 

multiplying individual transformation matrices from Eq. (24) to Eq. (31). 
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(32) 

4.2. Human Lower Extremity Dynamic Modeling 

After kinematic modeling, the next step is to develop the dynamic model of the robot. The dynamic 

model combines the robot kinematics, mass and inertia properties together. Dynamic modeling plays a 

vital role in joint torque estimation and control system development. Both the Newton-Eulerôs method 

and Lagrange energy method were used for developing the dynamic model of the robot. The next 

subsection will discuss the formulation of the dynamic model. 
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4.2.1. Dynamic Modeling using Lagrange Energy Method 

Lagrange's method is a well-established mathematical procedure to derive the dynamic equations of 

motion. It is based on the differentiation of the energy terms with respect to system variables and time 

[92]. This section presents the dynamic modeling of the human lower extremity using Lagrangeôs method.  

At any instant, a link's kinetic energy can be calculated by using Eq. (33) 

 
Ὧ

ρ

ς
άȢὺȢὺ

ρ

ς
 ‫Ȣ ὍȢ‫  (33) 

In Eq. (33), ά  is the mass of the link, ὺ  and ‫  are the linear and angular velocity of the link at the 

link's center of mass and Ὅ is the moment of inertia of the link at its center of mass. 

The overall kinetic energy of the model can be computed by using Eq. (34) 

 
Ὧ  Ὧ (34) 

In Eq. (34), ὲ is the total number of degrees of freedom; for the developed human lower extremity 

dynamics, ὲ χȢ For dynamic modeling, only the active DOF (rotational joints) were considered. 

The potential energy of any given link can be computed by using Eq. (35) 

 ό άȢ ὫȢ ὖ ό  (35) 

 
ό  ό (36) 

In Eq. (35), ά  is the mass of the link, Ὣ is the gravitational acceleration, and ὖ  is the location of the 

center of mass of the link with respect to the reference ground. Ὗ  is an arbitrary constant. Finally, 

based on Lagrangeôs energy method, the joint torque required can be calculated as, 

 
†

Ὠ

Ὠὸ

Ὧ‏

—‏

Ὧ‏

—‏ 

ό‏

—‏
 (37) 

The dynamic equations of motion of the robot are given by Eq. (38), 
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 † ὓ—— ὠ—ȟ— Ὃ—  (38) 

In Eq. (38), ὓ— is the mass matrix which is a χὼχ symmetric positive definite matrix , ὠ—ȟ— is 

χὼρ matrix representing the Coriolis and the centripetal terms, and Ὃ— is χὼρ matrix representing 

the gravitational term. † , χὼρ matrix represents the joint torque requirements. The robot dynamic 

equation of motion can be written as, 

 — ὓ— † ὠ—ȟ— Ὃ—  (39) 

Since ὓ— is a positive definite matrix, ὓ—  always exists. Figure 20 presents the schematic diagram 

of ideal/model robot dynamics. In the ideal case, joint friction is not considered. 

 

Torque ң X

M-1

V

G

Position

Velocity

Veloci.
1

S

1

S
Pos.

+
      +

Joint position

+

-

q

q

 

Figure 20 Internal architecture of the robot model 

4.2.2. Dynamic Modeling using Newton-Eulerôs Method 

The Newton-Euler method is a well-established mathematical procedure to formulate the dynamic 

equations of motion of the serial link manipulator. The iterative Newton-Euler formulation is explained 

next. The Newton's equation of motion are given as, 

 Ὂ άὺ (40) 
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where Ὂ is the force acting, ά is the mass and ὠ is the acceleration at the center of mass of the link.  

Based on Euler's equation of motion, 

 ὔ Ὅ ‫ Ὅ (41) 

where, ὔ is the torque acting at the center of mass of the link, Ὅ is the inertia tensor at the center of the 

mass. are the angular velocity and the acceleration of the link at the center of the mass. The ‫ and  ‫ 

Newton-Euler algorithms consist of two phases. 

Phase I: Outward iteration to compute the propagation of velocity and acceleration:  

Compute propagation of angular velocity .iteratively from link ρ to link ὲ ‫ and angular acceleration ‫ 

The propagation of angular velocity ‫  and angular acceleration ‫  from link to link is given by Eqn. 

(42) and (43) 

 ‫ Ὑ ‫ — ὤ  (42) 

 ‫ Ὑ ‫ Ὑ ‫ — ὤ — ὤ       (43) 

The propagation of linear acceleration at the link frame and at the center of mass of the link is given by 

Eqn. (44) to Eqn. (47) 

 ὺ Ὑ ‫ ὖ ‫ ‫ ὖ ὺ  (44) 

 ὺ ‫ ὖ ‫ ‫ ὖ ὺ  (45) 

The force and torque acting at the center of mass of the link can be calculated by Eqn. (46) and Eqn. (47) 

 Ὂ ά ὺ  (46) 

 ὔ Ὅ ‫ ‫ Ὅ ‫  (47) 
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Phase II: Inward iteration for computing propagation of forces and torques: 

During the inward iteration, the forces and torques propagate from the end effector to the base frame. The 

force and torque propagation are computed by Eqns. (48)-(49). The joint torque is computed by using 

Eqn. (50). A more detailed explanation can be found in Craig [92]. 

 Ὢ Ὑ Ὢ Ὂ (48) 

 ὲ ὔ Ὑ ὲ ὖ Ὂ ὖ Ὑ Ὢ  (49) 

 † ὲ ὤ (50) 

Equating ὤ component of the torque ὲ %ήὲȢ(50) gives the joint torques, 

0

0 0 0
, ,a gw w -

Outward Iteration

1 1 1 1
, , ,

c
a aw w

1 1 1 ( 1)
, , ,

N N N c N
a aw w

- - - -

Outward Iteration

, , ,
N N N cN

a aw w

1

1

1

q

q

q

N

N

N

q

q

q

Inward Iteration

Inward Iteration

.

.

.

, ,
N N N

f n t

2 2 2
, ,f n t

.

.

.

1 1 1
, ,f n t

1 1 1
, ,

N N N
f n t
+ + + 

Figure 21 Formulation of Newton Euler's dynamic equation of motion 

By reviewing the dynamic equation of motion of the robot that is given by Eqn.(38), 

 † ὓ—— ὠ—ȟ— Ὃ—  (51) 
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In Eqn. (51), ὓ— is called mass matrix which is a χὼχ symmetric positive definite matrix, ὠ—ȟ—, 

χὼρ matrix presents the Coriolis and the centripetal term, and Ὃ—, χὼρ matrix presents the 

gravitational force. † , χὼρ matrix presents the joints torque requirements for tracking a trajectory. 

The robot dynamic equation of motion can also be represented by Eqn. (52), 

 — ὓ— † ὠ—ȟ— Ὃ—  (52) 

Since ὓ— is a positive definite matrix, ὓ—  always exists.  

It is not possible to avoid friction between two mating parts where relative motion exists. After 

considering joint friction torques, the robot dynamical equations become, 

 † ὓ—— ὠ—ȟ— Ὃ— †  (53) 

where, 

 † Ὂ— (54) 

Eq. (53) can also be written as 

 — ὓ— † ὠ—ȟ— Ὃ— Ὂ—  (55) 

4.3. Friction Modeling 

In a robotic manipulator, links are connected by a bearing, transmission, or seals. At the joint, relative 

motion exists between contact surfaces, which creates friction forces. It has been reported that the 

magnitude of the friction force (or torque) can be as high as υπ percent of the transmitted force or torque 

[93]. A robot control system needs to be robust enough to compensate for the effects of friction. The 

amount of generated friction force or torque depends on numerous factors such as contact surface 

roughness, lubricant viscosity, transmitted load, temperature, the relative velocity between two contact 

surfaces, etc. Most of the parameters involved in friction phenomena are variable. It is difficult to separate 

the effect of one parameter from another. It is very challenging to develop a theoretical model of friction 

phenomena. 
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Most of the developed friction models are empirical and have been successfully used for many years. 

Researchers explained friction phenomena in many different ways, including the Coulomb friction model, 

viscous friction model, Stribeck effect, pre sliding behavior, small displacement in the stiction phase, 

hysteric effect, etc. Some advanced friction models are also available such as the Dahl model, LuGre 

model, Karnopp model [94]. The choice of the friction model depends on the application. In this thesis, a 

friction model based on the summation of the Coulomb friction model, the viscous friction model, the 

Stribeck effect [95] is used, which is also equivalent to the LuGre friction model [96]. The next paragraph 

will explain the used friction model briefly.  

Á The Coulomb friction ╣╒ : Based on the Coulomb friction model, the friction torque is 

a constant quantity at any time. 

Á The viscous friction ╣╥ : Produces resistive torque proportional to the relative velocity 

between the contact surfaces. 

Á The Stribeck friction (╣╢ : The Stribeck effect models negatively sloped characteristics 

at low velocities. 

Eq. (56) presents the friction model. Eq. (56) to Eq. (58) are used to calculate the friction torque: 

 Ὕ ςὩ Ὕ Ὕ ȢÅØÐ
‫

‫
Ȣ
‫

‫
ὝȢÔÁÎÈ

‫

‫
Ὢ(56) ‫ 

 ‫ ‫ Ѝς (57) 

 ‫
‫

ρπ
 (58) 

where, 

╣ is the total friction torque 

╣╒  is the Coulomb friction torque 
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╣╫►▓ is the breakaway friction torque: The sum of the Coulomb and Stribeck friction torques in 

the vicinity of zero velocity is often referred to as the breakaway friction. 

ⱷ╫►▓ is the breakaway friction velocity: The velocity at which the Stribeck friction is at its peak. 

At this point, the sum of the Stribeck and Coulomb friction is the breakaway friction torque. 

ⱷ╢◄ is the Stribeck velocity threshold 

ⱷ╒▫◊■ is the Coulomb velocity threshold 

ⱷ is the input angular velocity 

█ is the viscous friction coefficient: It is a proportionality coefficient between the friction torque 

and the angular velocity. The parameter values must be positive.  

Figure 22 presents the relation between the angular velocity and friction torque used in the friction model. 

 

Figure 22 Friction model (combined Coulomb, viscous and Stribeck effects) 

Figure 23 presents the friction torque simulation based on Eqn. (56) to Eqn. (58) 
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Figure 23 Simulation of the friction model 

For the above simulation, the following values were considered, 

Ὕ  ρππ ὔάȟ ‫ ρππ ȟ υ ὔάȾὶὥὨȾίὩὧ, Ὕ πȢρz Ὕ  ὔά, ‫ πȢπρ ὶὥὨȾίὩὧ, 

Ὕ πȢρυzὝ  ὔά 

4.4. State Space Presentation of the Dynamic Model 

After considering the robot joint friction, the robot dynamics can be presented by Eqn. (59) 

 — ὓ— † ὠ—ȟ— Ὃ— Ὂ—  (59) 

Now, define the state vector, 

 ὢ
ὼ
ὼ

—
—

 (60) 

The resultant state equations are based on Eqn. (59) and become, 

 ὼ — ὼ 
(61) 
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 ὼ — ὓ — † ὠ—ȟ— Ὃ— Ὂ—  (62) 

 ὓ ὼ ὠὼȟὼ Ὃὼ Ὂὼ ὓ ὼ † (63) 

 Ὢὼ Ὣὼ† (64) 

where, 
  

 Ὢὼ ὓ ὼ ὠὼȟὼ Ὃὼ Ὂὼ  (65) 

 Ὣὼ ὓ ὼ  (66) 

The control law is, 
  

 † Ὣ ὼ Ὢὼ ό (67) 

The state-space form of the equation becomes, 

 ὼ ὼ 

ὼ ό 

(68) 
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ὢ ὃὢ ὄό 

ὣ ὅὢ Ὀό 

(70) 

where, ╧ᶰᴙ  First 7 states present the position of the joints, and 

the last 7 states express the joint velocities 

═
π Ὅ
π π

ᶰᴙ   

║
π
Ὅ
ᶰᴙ  

╒ Ὅᶰᴙ  

╓ πᶰᴙ  

(71) 
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 Control System Design and Simulation  

The effectiveness of the exoskeleton robot-based physiotherapy is a function of the robot control system. 

Many different types of control algorithms have been reported in the literature. Table 1 and Table 2 

summarizes the control algorithms previously used for human lower extremity exoskeleton robots. Each 

type of control system has its pros and cons. The selection of the control scheme depends on multiple 

criteria such as robustness, adaptability, disturbance rejection, tracking performance, etc. In chapter 4 

dynamic model of the robot was developed. In this chapter, 8 different control schemes are developed and 

their performances is evaluated by simulating in a MATLAB  Simulink environment. 

5.1. Computed Torque Control for Human Lower Extremity 

Exoskeleton Robot 

Computed torque control is a nonlinear control law which is based on the feedback linearization 

technique. It consists of two loops: the linearization loop and the control loop. In the case of the robot, in 

the linearization part, the nonlinear robot dynamics linearized by feeding back the force/torque required to 

compensate against gravitational and the Coriolis/centrifugal effects. The control loop consists of a PD 

controller for controlling linearized robot dynamics. The computed torque controller requires an accurate 

model of the plant. Modeling errors do not allow linearization and consequently, the linear control part 

(PD) controller cannot function properly. For practical control applications, some additional control 

techniques are added with the computed torque controller to compensate for the dynamical difference 

between the real plant and the developed model. Such controllers are often called computed torque-like 

controllers. 

 Based on the computed torque control scheme, the input torque to the robot is given by Eq. (72),  

 † ὓ—  — ὑ — — ὑ — — ὠ—ȟ— Ὃ— (72) 

 In Eq. (72), ʃ ȟʃ ÁÎÄ ʃ are the desired position, velocity, and acceleration. and ὑȟὑ are the positive 

definite diagonal gain matrices. Figure 24 shows the schematic of the computed torque control scheme. 
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Figure 24 Schematic diagram of the computed torque controller 

The anthropometric parameters used for dynamic simulation are given in Table 7. 

Figure 25 shows the trajectory tracking performance of the computed torque controller in simultaneous 

joint movements. Figure 26 shows the trajectory tracking performance of the computed torque controller 

in sequential joint movement. Figure 27 and Figure 28 show the trajectory tracking errors. In both 

sequential and simultaneous trajectory, no disturbances were considered. In both cases, trajectory tracking 

errors are less than 0.001°. Figure 29 and Figure 30 show the joint torque and power required for 

simultaneous and sequential trajectory tracking. 

The joints friction torques were calculated based on section 4.3. The peak torques were, Ὕ ρπϷ of 

the maximum joint torque required (In the ideal condition, no joint friction considered). The controller 

gains used during the dynamic simulation are ὑ ρπȟρπȟρπȟρπȟρπȟρπȟρπȟ ὑ

υππȟυππȟυππȟυππȟυππȟυππȟυππ. 
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Table 7 Anthropometric parameters of the human lower extremity (calculated based on section 3.5) 

 

Subject mass 
163 lb 

(73.95 kg) 

Subject height 
67 in 

(170.18 cm) 

Thigh Mass 
12.45 lb 

(5.65 kg) 

Shank mass 
7.67 lb 

(3.48 kg) 

Foot Mass 
2.05 lb 

(0.93 kg) 

Thigh-length 
16.14 in 

(41 cm) 

Shank length 
18.89 in 

(48.79 cm) 

Foot length 
10.23 in 

(25.88 cm) 
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Thigh 
6.69 in 

(170 cm) 

Shank 
7.48 in 

(18.92 cm) 

Foot 
4.5 in 

(11.5 cm) 

Thigh inertia ὫȢὧά 

(ὯὫȢά ) 

ρυρὼρπ 
(0.0151) 

0 0 

0 
χππὼρπ 
(0.070) 

0 

0 0 
χππὼρπ 
(0.070) 

Shank inertia ὫȢὧά 

ὯὫȢά  

φτψὼρπ 
(0.06480) 

0 0 

0 
ρπχὼρπ 
(0.0107) 

0 

0 0 
φςπὼρπ 
(0.0620) 

Foot inertia  Ὣ ὧά 

ὯὫȢά  

ρπὼρπ 
(0.001) 

0 0 

0 
σχὼρπ 
(0.0037) 

0 

0 0 
τρὼρπ 
(0.0041) 
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Figure 25 Trajectory tracking performance of the Computed Torque Controller (CTC) in simulteneous 

joint movement 
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Figure 26 Trajectory tracking performance of the CTC in sequential joint movement 

 

Figure 27 Trajectory tracking errors using computed torque controller during simultaneous joint 

movements 
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Figure 28 Trajectory tracking errors using computed torque controller during sequential joint movements 

 

Figure 29 Joint torque and power required for trajectory tracking using CTC in simultaneous joint 

movement. 
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Figure 30 Joint torque and power required for trajectory tracking using CTC in sequential joint 

movement. 

Figure 31 to Figure 38 show the trajectory tracking performances of the computed torque controller in the 

presence of joint friction. Simulation results show that trajectory tracking accuracy is high. The maximum 

amount of trajectory tracking error for any joint is less than 1°. It can be noticed from simulation results 

that a significantly large amount of joint torque and power is required (Figure 37) to compensate for the 

disturbances. As the friction torques are not included in the dynamic model of the robot, a large amount of 

torque and power is required to keep the trajectory tracking errors small.  

 



60 

 

 

Figure 31 Trajectory tracking performance of the computed torque controller during simultaneous joint 

movement in the presence of joint friction 
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Figure 32 Trajectory tracking performance of the computed torque controller during sequential joint 

movement in the presence of joint friction 

 

Figure 33 Trajectory tracking errors during simultaneous joint movement using computed torque 

controller in the presence of joint friction 
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Figure 34 Trajectory tracking errors during sequential joint movements using computed torque controller 

in the presence of joint friction 

 

Figure 35 Joint friction torque developed during simultaneous joints movement (LuGre model was used 

to simulate joint friction)  

 

Figure 36 Joint friction torque developed during sequential joints movement (LuGre model was used to 

simulate joint friction)  














































































































































































































































































