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ABSTRACT 

 

INTELLIGENT THERAPEUTIC ROBOT: DESIGN, DEVELOPMENT, AND 

CONTROL 

 

by 

Asif Al Zubayer Swapnil 

The University of Wisconsin-Milwaukee, 2020 

Under the Supervision of Professor Mohammad Habibur Rahman 

  

This research contributes to developing an Intelligent Therapeutic Robot (iTbot) designed 

to provide therapy to patients with upper limb impairment due to stroke, injury, and other 

trauma. This robot aims to implement robotic rehabilitation based on principles of motor 

rehabilitation and Neuroplasticity. The iTbot, as developed in this research, can provide 

end-effector type rehabilitation exercises in various configurations, including motion in the 

vertical and horizontal plane. It can provide passive, active, and active-assisted 

rehabilitation therapies to patients with limited upper limb mobility. 

The iTbot has been designed with simplicity in mind with a minimum viability approach. 

With a minimum amount of custom fabricated parts, the design, build, control, and 

operation of this robot have reduced complications while providing a wide range of 

therapeutic exercises. iTbot’s manually adjustable orientation allows it to offer 

rehabilitation exercises in either vertical or horizontal workspace with only two degrees of 

freedom. 
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To facilitate such a therapeutic robot’s operation, which can operate in multiple physical 

orientations, model-based control strategies including modified Computed Torque Control 

(mCTC) and newly developed Sliding Mode with intelligent Reaching Law (SMiRL) have 

been implemented as iTbot’s control method. Various experiments mimicking real-world 

application scenarios have been performed to compare the two controllers’ operating 

performance with the traditional Proportional, Integral, Derivative (PID) control method. 

To provide active and active-assistive rehabilitation exercises, iTbot employs a six-axis 

force-torque sensor as its input along with an adjustable admittance-based control strategy. 

This allows iTbot to either provide assistive or resistive rehabilitation exercises with the 

same system, enabling applying multiple principles of robot-aided rehabilitation in a single 

robot. Furthermore, iTbot can be used as a physical interface to video game and virtual 

reality-based rehabilitation exercises, enabling implicit and explicit feedback principles of 

motor rehabilitation. 

Keywords: Robot, Rehabilitation, Upper Limb, Wrist, 2 DoFs, Forearm Pronation, Control, 

Assistive Therapy, Motor Rehabilitation, End-effector type Therapeutic Robot 
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CHAPTER 1  

INTRODUCTION 

The upper limb is the most essential accessory available for a person to perform the activities of 

their daily lives. The human upper limbs' capability to perform complex motion and manipulation 

tasks with a high level of precision and control enables humans to perform most of the functions 

necessary for living. Unfortunately, many individuals live with full or partial loss or impairment 

of their upper limbs. Upper limb impairments can range from minor deficiencies in motor control 

of the arm to complete mobility loss. Various geriatric disorders, stroke, and trauma are the primary 

reason behind such upper limb impairments. 

Stroke is one of the leading causes of upper arm impairments, where 85% of stroke survivors need 

to live with acute arm impairment [1]. Adding to that statistic, a study conducted by the World 

Health Organization [2] notes that worldwide stroke affects 15 million people every year; among 

them, nearly 800,000 people are affected in the United States alone. The number of stroke 

survivors impacted by its aftermath is projected to increase by 4 million by 2030 in the United 

States [3]. Apart from stroke, trauma from sports injuries, workplace accidents, and other 

orthopedic injuries result in the loss of function of the upper limb [4]. Statistically, hand and arm 

injuries make up 1/3rd of workplace injuries [5]. These numbers paint a picture of the sheer number 

of people who would need to live with hand and arm injuries and impairment in their lifetime. 

These individuals end up having no other choice than being a burden on their families, 

communities, and their country. 
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To improve the quality of their own life and the lives of people around them, these individuals 

with upper arm impairments need effective recovery methods. Rehabilitation therapy focused on 

upper arm injuries and impairment is the primary recovery path for these individuals [6]. These 

rehabilitation therapies involve long repetitive exercises guided by a skilled therapist or clinician. 

The time commitment required by the therapists and clinicians for these exercises and the shortage 

of such qualified personnel makes it often impossible to provide the required therapy to individuals 

who need it most. And even when possible, the cost of receiving such therapy and limited 

availability results in individuals not receiving the full extent of rehabilitation they need for 

recovery. 

Two modes of rehabilitation therapies are hypothesized to provide a full rehabilitation path for a 

person with upper arm impairment. The passive rehabilitation therapies provide intensive and 

repetitive exercises intended to improve motor skills [7]. These exercises help improve the 

patient’s range of motion, promote arm mobility, and reduce muscle contractures. These help to 

prepare an individual in the path of recovery towards being able to perform active exercises. These 

types of exercises are traditionally performed with the help of the therapists who provide repeated 

motion to the patient’s arm. Active rehabilitation therapies are exercises where the patient actively 

performs various tasks [8] with their therapists' feedback [9]. 

Research work in various branches of robotics has been focusing on providing rehabilitation 

exercises to individuals with various limb impairments. Quite a lot of progress have been made 

with wearable robots, e.g., exoskeleton robots [10] [11] [12] [13] as well as some end-effector-

type robots [14] [15] [16]. Although these robots can reduce the therapists' and clinicians' burden, 

they are still unable to provide the full path to recovery to their users. The exoskeleton or end-



 

3 

 

effector type robots currently being researched perform well in passive exercises, where they 

provide repetitive therapy exercises for a long time. Still, they fall short in active exercises to 

provide guided task-based exercises with feedback to the user. Additionally, these robots that 

perform decently are overly complicated, and cumbersome, making them exclusive of patients 

who might need the therapy but cannot use or operate a complicated and cumbersome piece of 

machinery. Additionally, their costs make them inaccessible to most of the population who needs 

the therapy most. 

Therefore, to contribute in this area, this research aims to develop a simplistic robotic rehabilitation 

device with minimum viable design to provide a wide range of passive, active, and active assistive 

rehabilitation exercises. 

 Research Goals 

The specific aims of this research project are: 

Aim 1: To develop a simplistic and minimum viable robotic rehabilitation device. 

Aim 2: To enable the developed robotic rehabilitation device to provide various passive, 

active, and active assistive rehabilitation exercises. 

This thesis is organized in chapters as described below. 

CHAPTER 2: Literature Review 

This chapter gives an overview of various robot-aided rehabilitation research work currently being 

conducted, including previous developments of exoskeleton and end-effector based rehabilitation 

robots. 
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CHAPTER 3: Robot Aided Rehabilitation 

A brief overview of the principles of Neuroplasticity, motor rehabilitations, and other ideas the 

concept of robot-aided rehabilitation is based on is included in this chapter. The end of this chapter 

briefly discusses the motivation behind the development of an end effector-based rehabilitation 

robot in this research. 

CHAPTER 4: Design of iTbot 

Initial design steps in developing the proposed iTbot based on simplicity and versatility are 

discussed in this chapter. The design constraints and innovations behind the robot’s design are 

presented, along with the specifications, design details, and physical constraints. 

CHAPTER 5: Kinematics and Dynamic Modeling 

This chapter describes the process of developing kinematic and the dynamic models of the 

proposed iTbot. The modified Denavit-Hartenberg (DH) notations are used for kinematic 

modeling. Due to the simplistic nature of the design of the iTbot, geometric solutions for inverse 

kinematics were used. The dynamic modeling was done using the iterative Newton-Euler 

formulation. 

CHAPTER 6: Control and Simulation 

This chapter discusses the different control techniques (such as PID, Computed Torque Control, 

and newly developed Sliding Mode control with innovative Reaching Law) applied to operate the 

iTbot to follow a reference trajectory during rehabilitative exercises. This chapter includes brief 

descriptions of the theoretical structure of each of the control algorithms. Then it goes on to 
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validate the iTbot model developed in Chapter 5 using simulation results and evaluates the 

performance of the different control techniques for trajectory tracking. In the end, this chapter 

discusses the use of admittance-based trajectory control to enable active and active-assisted 

exercises in iTbot. 

CHAPTER 7: Experiments and Results 

This chapter describes the experimental setup and the procedure of the experiments carried out to 

evaluate the performance of the iTbot, along with its operation modes and control techniques. 

Graphical representation of the test results and detailed explanations are included in this chapter, 

along with specific comments on how each set of the test checks the performance of iTbot in light 

of the principles of motor robot-aided rehabilitation. 

CHAPTER 8: Conclusions and Future Work 

In this chapter, the conclusions summarized from the research outcomes are presented, and some 

possible directions for further research are discussed. The future scopes section highlights the 

potential of this particular research through further development. 
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CHAPTER 2  

BACKGROUND AND LITERATURE REVIEW 

Development in robot-aided rehabilitation devices and procedures, which started back in the 

1990s, gained momentum in the current era. With some of the therapeutic robots already 

commercialized and more research projects on the track of commercialization, a new development 

in this field requires careful consideration of missing elements of ongoing scientific research. In 

this chapter, robot-aided upper limb rehabilitation research in recent years has been carefully 

reviewed. A significant amount of robot-aided upper limb rehabilitation devices focusses on 

exoskeleton type devices, or joint motion focused therapy. In this review, research from the field 

of exoskeleton robots is included. Still, as this research focuses on a minimum viable solution to 

the robot-aided rehabilitation concept, more focus is given on end-effector type rehabilitation 

robots. 

 Exoskeleton type therapeutic robots 

Although exoskeleton type therapeutic robots are highly suitable for precise joint-based therapy, 

only the high-end configurations of these robots can cover the full range of rehabilitation exercises 

for the whole limb. In the case of exoskeleton robots, if endpoint rehabilitation is required or task-

specific and active rehabilitation is needed, the robots need to mimic the anatomical joint-

configuration of the human upper limb, needing higher degrees of freedom. Among the few 

exoskeleton robots, ARMin-II [17], ARMin-III [12], ETS-MARSE [11], Harmony [18] are a few 

prominent ongoing research that aims to provide a wide range of therapeutic exercise up to the 

endpoint of the upper limb. 
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The ARMin series (ARMin, ARMin-II, and ARMin-III) of robotic exoskeleton researched and 

developed at ETH Zurich by Nef et al., are one of the early research projects in robotic exoskeleton 

targeting full upper limb rehabilitation 

exercises. The original ARMin [19] 

incorporated a 4-DoF configuration to 

provide rehabilitation therapy for 

shoulder and elbow joints only and is 

therefore excluded from our evaluation 

as an endpoint rehabilitation device. 

Later revisions (ARMin-II and ARMin-

III) uses 7-DoF configurations for whole arm motion and rehabilitation therapy in passive and 

active modes. A version of ARMin-III is now commercially marketed by Hocoma AG, 

Switzerland, to be used in hospitals and other clinical settings. 

ETS-MARSE, a 7-DoF upper limb exoskeleton with a novel powered rotational cup for shoulder 

internal external rotation and forearm pronation supination, is another exoskeleton type robot that 

can provide endpoint therapy to the 

whole upper limb. It is currently 

being actively developed and is able 

to provide passive and active 

rehabilitation therapies. 

Harmony, developed by Kim and 

Deshpande [18], is another recent 

Figure 2.1 ARMin-III robot in use [12] 

Figure 2.2 ETS MARSE robot in use [11] 
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development in exoskeleton robots that can provide full arm/endpoint rehabilitation exercises. It 

incorporates multiple four-bar linkage mechanisms to provide joint motions, is able to conform to 

the human shoulder center of rotation shifts in both abduction-adduction and vertical flexion-

extension movement. 

 

Several other exoskeleton type robots in various states of research and development are also 

capable of providing endpoint rehabilitation to their users. Table 2.1 compares a selection of these 

existing exoskeleton type therapeutic robots that can provide therapies from the shoulder up to 

forearm/wrist motion of a patient. Exoskeleton robots focused only on delivering joint-based 

therapy to the shoulder and elbow are excluded from this list as they cannot provide endpoint 

therapy to the whole upper limb. 

 

Figure 2.3 Subject wearing Harmony bimanual robot [18] 
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Table 2.1 Comparison of some exoskeleton type therapeutic robots 

Device's Name/ 

Researchers 

Degrees of 

Freedom 
Therapeutic Regimes Modes of therapy 

ULEL [20] 3 Shoulder 

Elbow 

Wrist 

Passive 

Sharma & Ordonez, 2016 

[21] 

3 Shoulder 

Elbow 

Forearm 

Passive 

ExoRob [22] 4 Elbow 

Forearm 

Wrist 

Wrist 

Passive 

RUPERT [23] [24] 4 Shoulder 

Elbow 

Forearm 

Wrist 

Active 

Passive 

Garrido et al., 2016 [25] 4 Shoulder 

Elbow 

Forearm 

Wrist 

Wrist 

Active 

Passive 

Li et al., 2017 [26] 4 Shoulder 

Elbow 

Forearm 

Passive 

MAHI Exo II [27] [28] 4 Elbow 

Forearm 

Wrist 

Wrist 

Unconstrained 

Active 

Passive 

6-REXOS [29] 4 Elbow 

Forearm 

Wrist 

Wrist 

Passive  

 

L-EXOS [30] 5 Shoulder 

Elbow 

Forearm 

Active 

Passive 

MULOS [31] 5 Shoulder 

Elbow 

Forearm 

Active 

Passive 

MARSE-5 [32] 5 Shoulder 

Elbow 

Active 

Passive 
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Device's Name/ 

Researchers 

Degrees of 

Freedom 
Therapeutic Regimes Modes of therapy 

Forearm 

MGA [33] 5 Shoulder 

Elbow 

Forearm 

Active 

Passive 

T-WREX [34] 5 Shoulder 

Elbow 

Finger Grasp 

Active 

Passive  

RUPERT IV [35] 

 

5 Shoulder 

Elbow 

Forearm 

Wrist 

Active 

Passive 

MAHI [36] 5 Elbow 

Forearm 

Wrist 

Wrist 

Unconstrained endpoint 

Active 

Passive 

Mushage et al., 2017 [37] 5 Shoulder 

Elbow 

Wrist 

Active 

Passive 

Kang and Wang, 2015 [38] 5 Shoulder 

Elbow 

Forearm 

Wrist 

Passive 

ARAMIS [39] 6 Shoulder 

Elbow 

Forearm 

wrist  

Active 

Passive 

ARMin-III [12] [17] [40] 6 Shoulder 

Elbow 

Forearm 

wrist 

 

Active 

Passive 

Chen et al., 2015 [41] 6 Shoulder 

Elbow 

Forearm 

Wrist 

Wrist 

Passive  

 

CABexo [42] 6 Shoulder 

Elbow 

Forearm 

Wrist 

Passive  
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Device's Name/ 

Researchers 

Degrees of 

Freedom 
Therapeutic Regimes Modes of therapy 

Wrist 

CADEN-7 [43] 7 Shoulder 

Elbow 

Forearm 

Wrist 

Wrist 

Active 

Passive 

MARSE-7 [10] 7 Shoulder 

Elbow 

Forearm 

Wrist 

Wrist 

Active 

Passive 

SRE [44] 

 

7 Shoulder 

Elbow 

Forearm 

Wrist 

Wrist 

Active 

Passive 

SUEFUL-7 [45] 

 

7 Shoulder 

Elbow 

Forearm 

Wrist 

Wrist 

 

Active 

Passive 

Rehab-Arm [46] 7 Shoulder 

Elbow 

Forearm 

Wrist 

Wrist 

 

Active 

 

CAREX-7 [47] 7 Shoulder 

Elbow 

Forearm 

Wrist 

Wrist 

Passive, 

Active  

 

Kim and Kim, 2017 [48] 7 Shoulder 

Elbow 

Forearm 

Wrist 

Wrist 

Passive, 

Active  

 

The above list of exoskeleton type therapeutic robots highlights the fact that; to provide endpoint-

based therapy to the upper limb with an exoskeleton robot at least 5 degrees of freedom (4 degrees 



 

12 

 

of freedom with fixed shoulder setup) is required. Therefore, we can conclude exoskeleton robots 

not suitable for a minimum viable approach. 

 End-effector type therapeutic robots 

End-effector-type therapeutic robots take a different approach to provide endpoint exercises to the 

human upper limb. These robots typically hold on to or attached either to the user's hand or 

forearm. Hence, instead of controlling the human limb's individual joint motion (such as either 

shoulder or elbow joint), an end-effector type robot can provide simultaneous movement to the 

upper limb's multiple joints. During a therapeutic session with an end-effector type robot, the 

user’s hand follows the robot's end-effector position, while the user can orient their anatomical 

arm joints as suitable. Even though end-effector type robots are not ideal for individual joint 

therapy, these types of robots can provide less complicated, i.e., minimum viable solution to many 

kinds of motor rehabilitation therapies. 

 

One of the early end-effector type rehabilitation devices developed was MIT-MANUS [49] which 

later evolved into InMotion Arm™ focused on providing rehabilitation exercises for shoulder and 

Figure 2.4 InMotion WRIST [14] 
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elbow. It was later developed into InMotion Wrist [14], capable of providing rehabilitation 

exercises for hand and wrist. 

Another approach for such an end-effector-type rehabilitation robot is using commercially 

available or industrial robotic manipulator to manipulate users' hands/forearm to provide 

rehabilitation therapy. One such example is the MAAT (Multimodal interfaces to improve 

therApeutic outcomes in robot-Assisted rehabiliTation) [50] where a 7-DoF Kuka LWR III robotic 

arm was used. 

 

Finally, a simplistic approach focused on endpoint rehabilitation uses a planer robot where one or 

two end-effectors traverse on a planer surface with two active degrees of freedom. Two such 

examples are BFIAMT developed by Chang et al. [51] and H-man [52] [53] [54]. While capable 

Figure 2.5 BFIAMT [51] 
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of providing effective endpoint-based therapy to the whole upper limb, these devices are usually 

constrained to the horizontal plane of motion. 

 

Table 2.2 lists some existing research on these end-effector type therapeutic robots and provides 

some comparison parameters. 

Table 2.2 Comparison of some end-effector type therapeutic robots 

Device's Name/ Researchers 

Degrees 

of 

Freedom 

Therapeutic Regimes 
Modes of 

therapy 

Bi-Manu-Track [16] 1 Forearm 

Wrist 

Passive,  

Active and 

resist 

Colombo et al., 2007 [55] 1 Wrist Active 

Hu et al., 2009 [56] 1 Wrist F/E Active 

Freeman et al., 2009 [57] 2 Planar movement of the 

forearm 

Active 

BFIAMT [51] 2 Axial movement of 

forearm  

Active 

Passive 

H-man [52] [53] [54] 2 Planar movement of 

forearm 

Active 

Passive 

 

Figure 2.6 H-man [52] [53] [54] 
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Device's Name/ Researchers 

Degrees 

of 

Freedom 

Therapeutic Regimes 
Modes of 

therapy 

ARM Guide [58] 

  

3 Axial, elevation, and yaw 

of the forearm 

Active 

Passive 

resist 

NeReBot [59] [60] 3 Spatial movement of 

shoulder and elbow 

Active 

Passive 

InMotion WRIST [14] 3 Forearm 

Wrist 

Wrist 

Active 

Passive  

resist 

Takaiwa and Noritsugu, 2009 [61] 

[62] 

3 Forearm 

Wrist 

Wrist 

Active 

MIME [15] [63] [64] 6 Shoulder 

Elbow 

Unconstrained endpoint 

Active 

Passive 

resist 

Gentle/S [65] [66] 6 Shoulder 

Elbow 

Forearm 

Unconstrained endpoint 

Active 

Passive 

Resist 

MAAT [50] 7 Shoulder 

Elbow 

Forearm 

Unconstrained endpoint 

Active 

Passive  

Umemura et al., 2009 [67] 7 Shoulder 

Elbow 

Forearm 

Wrist 

Wrist 

Active 

 

REHAROB [68] 12 Shoulder 

Elbow  

Unconstrained endpoint 

Active 

 

From the above lists, it is evident that research focus on the end-effector type therapeutic robots 

has been lagging behind the exoskeleton type robots. However, the research done by Freeman et 

al., 2009 [57], BFIAMT [51], and H-man [52], and InMotion WRIST [69] are of particular interest. 

These robots use only two degrees of freedom to provide planar movement of the forearm of the 

user. However, even with a limited number of degrees of freedom, they are not optimized for 
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minimum viable design. Additionally, they are usually fixed in a specific orientation and unable 

to provide more options for various exercises, e.g., horizontal or vertical motion and ambidextrous 

use. 

Therefore, in this research, we are proposing a new 2 DoFs robot focused on operating at multiple 

manually selectable orientations to implement a broader range of robot-aided rehabilitation 

therapies in a minimum viable design.  



 

17 

 

CHAPTER 3  

ROBOT AIDED REHABILITATION 

This chapter discussed different types of rehabilitation. After that, it briefly discusses the principles 

of Neuroplasticity, principles of neurorehabilitation, and principles of motor rehabilitation. This 

chapter ends with remarks on robot-aided rehabilitation and how this research incorporated motor 

rehabilitation using passive, active, and active-assisted robot-rehabilitation. 

 Rehabilitation 

The term ‘rehabilitation’ is defined by the World Health Organization [70] as “a set of 

interventions designed to optimize functioning and reduce disability in individuals with health 

conditions in interaction with their environment.”  

 Different types of rehabilitation 

The two major different types of rehabilitation we can consider are Sensory Rehabilitation and 

Motor Rehabilitation. When rehabilitation focuses on restoring our five traditional senses' 

functions, it is called Sensory Rehabilitation. These senses being touch, sight, hearing, smell, and 

taste. This type of rehabilitation relies on methods to augment the senses or sensory substitution 

systems. 

On the other hand, motor rehabilitation aims to overcome the limitations of an individual’s 

mobility to improve the quality of life. The aim of motor rehabilitation is to re-establish or improve 

a patient’s functional health and everyday skills. These improvements can include regaining 

previously learned movements and lost skills due to pathology, sensory, motor, or cognitive 

impairment. 
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 Neuroplasticity 

The brain’s ability to modify, change, and adapt both function and structure throughout life and in 

response to experience is referred to as Neuroplasticity [71]. It is a generic term that can describe 

various processes that can cause the brain to learn and adapt over time. Two general types of 

Neuroplasticity are; functional plasticity, where the brain can move functions from a damaged area 

of the brain to another undamaged area, and structural plasticity, where the brain changes its 

physical structure as a result of learning. 

Kleim and Jones outline ten principles to describe Neuroplasticity. These principles, as adapted 

from the source material [72], are mentioned below. 

a. Use it or lose it: Failure to drive specific brain functions can lead to loss of abilities. 

b. Use it and improve it: Training that drives a specific brain function can lead to improving 

abilities. 

c. Specificity: The nature of the training experience dictates the nature of the change in the 

brain (plasticity). 

d. Repetition matters: Change (plasticity) requires sufficient repetition. 

e. Intensity matters: Change (plasticity) requires intensive training. 

f. Time matters: Different forms of change (plasticity) in the brain happen at different times 

during training/recovery. 

g. Salience matters: The training experience must be meaningful to the person to cause 

change (plasticity). 

h. Age matters: Training-induced change (plasticity) occurs more readily in younger brains. 
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i. Transference: Change in function as a result of one training experience can even lead to 

learning other similar skills. 

j. Interference: Brain changes (plasticity) that result in bad habits can interfere with 

learning good habits. 

 Principles of motor rehabilitation 

Based on multiple articles published on post-stroke rehabilitation, Maier et al. [73] identified 15 

principles of neurorehabilitation based on motor learning and neuroplasticity mechanisms. 

a. Massed practice/repetitive practice. 

In simple terms, the principle of massed practice or repeated practice focuses on training a 

skill continuously with little or no rest periods in between [74]. The use of an impaired 

limb in a constant fashion in repeated practice can speed up performance and recovery [75] 

and can lead to faster acquisition of lost motor function [76]. 

b. Spaced practice 

The spaced practice principle includes that the training sessions and repetitions should be 

designed with sufficient rest periods between them. Research has suggested that having 

such a rest period results in better end result of the therapy [77] and better retention of the 

learning [78]. 

c. Dosage/duration 

In the principles of motor rehabilitation, Dosage can be simply considered as the number 

of hours spent in therapy [79]. It can also be considered as the frequency of the training 

session combined with the duration of the session. A higher level of dosage or therapy 

hours can result in a higher speed of recovery [80]. 
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d. Task-specific practice 

This principle postulates that the training or practice conditions result in development of 

the skills focused on those particular conditions [81]. For example, if training exercises are 

designed to simulate a person’s daily activities like eating or opening doors, it will result 

in better performance of that person during those specific tasks in real life. Thus, focusing 

on performing activities of daily living (ADLs) during therapy will result in meaningful 

improvement of ADLs performed by patients independently. 

e. Goal-oriented practice 

'Goal-oriented practice’ does not primarily emphasize individual muscles or movement 

patterns; instead, it focuses on specific motion goals and lets patients explore combinations 

suitable for performing a particular task. This type of practice results in better motor 

learning performance compared to practicing without specific goals [82]. 

f. Variable practice 

In the principles of motor rehabilitation, the variable practice can be considered either as a 

method of providing variability with a single training exercise or presenting the patient 

with different random individual training exercises. This type of practice can be beneficial 

for better retention of the training [83]. However, this can hamper the initial results of the 

training [84] and be detrimental to motor learning [85]. 

g. Increasing difficulty 

Increasing the difficulty in training exercises for motor rehabilitation results in more errors 

and demands better error processing by the patient. If the difficulty can be balanced with 

the patient's performance, it can result in a better outcome of the exercise [86]. 
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h. Multisensory stimulation 

The human brain always processes and combines sensory stimulation for multiple sources 

[87]. Combining multiple sensory inputs to provide feedback for the exercises, e.g., 

combining visual mediums to show the patient’s performance, along with tactile and touch 

feedback, can result in increased performance during the therapy session and better 

outcomes. 

i. Rhythmic cueing 

During exercises, any kind of rhythmic cueing through auditory, visual, tactile, or 

vestibular sensory feedback can be used to create a rhythmic pattern synchronized to the 

exercise movements. Such rhythmic patterns can create a template based on which the 

patient can anticipate future moves [88], resulting in better motor activity during the 

exercise. 

j. Explicit feedback/knowledge of results 

The principle of explicit feedback or knowledge of results incorporates visual, augmented, 

or verbal feedback about the performance and achievement of the goal to the patient during 

the exercise. This type of goal-focused feedback focuses on quantitative task outcomes, for 

example, if the task is failed or successful, or how accurate the patient was to perform the 

task [81]. Explicit feedback contributes to learning by the patient through cognitive 

processing instead of conditioning [89]. 

k. Implicit feedback/knowledge of performance 

The implicit feedback principle of motor rehabilitation includes providing feedback to the 

patient during exercise based on their performance but without referring to any specific 
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goal or outcome. These can be based on non-verbal feedback, demonstration, audio-visual 

cues, and can be provided online during the exercise. This feedback helps the patient 

process and correct their sensorimotor prediction errors [90], which can result in implicit 

learning [90]. 

l. Modulate effector selection 

In the early stages of stroke or trauma, a patient can minimize the usage of the affected 

limb, resulting in loss of neural function of the affected limb [91] [92]. It is possible to 

constrain the unaffected limb during therapy to force more usage of the affected limb to 

promote the affected limb's neural recovery. 

m. Action observation/embodied practice 

Action observation, where patients observe a task done by somebody else before 

performing it themselves [93], or mirror therapy where the movements in the paretic limb 

are stimulated by the other limb [94] can increase the patient’s performance during 

rehabilitation. 

n. Motor imagery/mental practice 

Mental practice or motor imagery principle is the concept of patients imagining the motion 

actions without actually performing them. This is particularly suitable for patients with 

severe impairment of limbs, making them unable to perform rigorous repetitive exercises 

at the current stage. Using motor imagery can act as a rehearsal of the mind for future 

movement and can be beneficial for motor learning and rehabilitation [95]. 
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o. Social interaction 

In motor rehabilitation, social interaction is the concept of a patient’s performance 

improvement based on the feedback from their social interaction with others. If one’s social 

dependency or acceptance is influenced by their motor skill performance for ADL specific 

tasks, it can positively influence their learning performance during exercises based on 

feedback from others [96]. 

 Robot-aided rehabilitation 

Considering the above-discussed principles of rehabilitation, we can now consider robotics in 

rehabilitation therapy instead of a solely assistive device. A robotic therapy device like an end-

effector robot can be used for upper limb rehabilitation where it can provide the patient with 

various modes of passive, active, active-assisted, and virtual rehabilitation therapies. A robotic 

rehabilitation device can provide repetitive rehabilitation practices without tiring or time 

limitations, increasing the patient’s dosage. It can also have multiple programming to provide 

variable and spaced practice. An active rehabilitation robot can facilitate task-specific practice 

options with increasing difficulty and goal-oriented practice. Virtual elements like rehabilitation 

exercise games paired with a rehabilitation robot can provide explicit and implicit feedback to the 

patient with multisensory stimulation. Exercise, where the patient can record and replay their 

motion, can provide explicit/implicit feedback and certain levels of action observation and 

embodied practice. And using a robotic device instead of help by another person for performing 

rehabilitation exercises can increase the patient's independence, resulting in better social 

interaction and a sense of autonomy. 
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Therefore, in this research, an end-effector-type rehabilitation robot is developed to provide 

passive, active, and active-assisted rehabilitation exercises to patients, with the functionality to 

record and replay motions and capabilities of connecting to rehabilitation games in a virtual 

environment. 
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CHAPTER 4  

DESIGN OF iTbot 

This chapter explained the overall development process and design detail of the developed 

intelligent Therapeutic Robot (iTbot), an end-effector type robot aimed towards robot-aided 

rehabilitation exercise with a minimum viable design. In the beginning, a set of design goals were 

established with a focus on the principles of motor rehabilitation. Additionally, some goal 

modifications have been incorporated for the research prototype to add some robustness necessary 

in the research stage. Next, the design specifications were finalized, and a CAD model was 

prepared. After that, the robot was fabricated with a mixture of traditional machining combined 

with rapid manufacturing processes. Finally, the robot was integrated with the existing 

mechatronic system available at the UWM BioRobotics Lab with necessary modifications in the 

programming to enable active and active-assisted exercise features.  

 Design goals 

To make the iTbot a minimum viable solution for a useful robot-aided rehabilitation therapy 

device, a set of design constraints was set, including limiting the robot to only 2 degrees of freedom 

(DoF). Doing so makes the robot's mathematical modeling simple, allowing more focus on fine-

tuning the control methods aimed for rehabilitation exercises. The design objectives selected are 

listed below: 

a. 2 degrees of freedom motion 

b. The workspace should be able to cover human upper limb length in at least one axis 
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c. Should allow ambidextrous operation, left-handed and right-handed exercises in the same 

configuration. 

d. Allow change of orientation to cover more planes of operation with only two degrees of 

freedom, i.e., enabling vertical or horizontal mode of operation. 

Additionally, some modifiers to the above goals were added for the research prototype. These 

modifications are added to ensure a rigid and robust test platform while control algorithms and 

operation mode research is performed. The modifiers are: 

a. Thicker and wider links fabricated with aluminum alloy to ensure low deflection and high 

rigidity. 

b. Higher torque capacity motor and gear reducers to reduce physical joint torque limitations 

c. Higher factor of safety in fasteners and mounting mechanism. 

The above modifications ensure the system is robust enough that any significant positional error, 

deflection, or elasticity observed during the experiment is caused by the control algorithm, not the 

physical device. Reducing the disturbance generated in the mechanical system and allowing more 

focus on the controller and human upper limb interaction.  

 Design specifications and component selection 

Based on the above design goals, the following components and component specifications were 

finalized.  

a. Materials: A combination of Aluminum 6061 alloy is used for structural components, and 

3D printable rapid prototyping plastic is used for covering and mounting parts. 
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b. Actuators: Brushless motors from the Maxon group were combined with harmonic drive 

gear reducer units were used as joint actuators. For Joint-1 Maxon EC45 Series 70-watt 

motor was selected, and for Joint-2, Maxon EC45 Series 30-watt version was selected. 

Detailed datasheets of these two motors are provided in APPENDIX – B of this document. 

Harmonic Drive CSF-series compact gear units with 100:1 reduction ratio, “CSF-17-100-

2UH” was selected for both joints. CSF-series harmonic drive gear reducer units combine 

the reducer with an output “cross roller” bearing, allowing the gear reducer unit to be used 

as a complete robot joint directly. Appendix-E shows the technical specification and 

bearing loading details of the CSF-17-100-2UH gear unit. 

c. Force & Torque Sensor: To enable force input from the user during active and active-

assisted exercise, a six-axes force and torque sensor is used in the end effector of iTbot. 

RFT series 6-axis force-torque sensor RFT60-HA01 from Robotous Inc. was selected for 

this purpose. This 6-axes force sensor has ±150N force input range in Fx and Fy direction, 

±200N force input range in Fz direction, along with ±4 Nm Torque input range in Tx, Ty, 

& Tz direction. As in the 2 DoF design, only the X-Y position of the end-effector can be 

controlled, not the Orientation. And as the robot’s end-effector cannot have any motion in 

the Z direction, only Fx and Fy inputs of the Force sensor was used. Other inputs from the 

force-torque sensor were ignored. A handle with a soft outer grip and inner bearings for 

free rotation in the Z direction was designed, and 3D printed. 

d. Electronic control system and motor driver: To enable the application of multiple 

control algorithms and various types of data collection required in the research stage, an 

analog servo driver-based robot control unit operated by a National Instruments 
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CompactRIO system was chosen. The system is a modified version of the existing robot 

control and drive system used for other exoskeleton type robots being researched at the 

BioRobotics Lab, University of Wisconsin Milwaukee [97]. 

Design specifications of components of the developed iTbot are summarized in Table 4.1 

Table 4.1 Design specifications and selected components for iTbot at a glance 

Fabrication 

Material 
Aluminum 6061 alloy with Plastic (Polylactic-acid & 

Polycarbonate) 

Fabrication process CNC machining and FDM 3D printing 

Actuators 

Location Joint-1 Joint-2 

Motors Maxon EC45 70 watt Maxon EC45 30 watt 

Operating voltage (V) 24v 24v 

Motor Nominal Speed (rpm) 4860 2940 

Nominal Current (A) 3.21 1.01 

Torque Constant (mNm/A) 36.9 51 

Nominal Motor Torque (mNm) 128 55.3 
Weight (g) 147 75 

Motor drivers ZB12A8 Analog Servo Drive ZB12A8 Analog Servo Drive 

Motor driver current rating (A) 12 (peak) 6 (continuous) 12 (peak) 6 (continuous) 

Motor driver input Analog (voltage) Analog (voltage) 

Motor driver feedback 
Current sense, Hall sensor 

pulses 

Current sense, Hall sensor 

pulses 

Gear reducer 
Harmonic Drive CSF-17-

100-2UH 

Harmonic Drive CSF-17-

100-2UH 

Ratio 100:1 100:1 

Gear reducer average output torque limit 

(Nm) 
39 39 

Estimated max output speed (degrees per 

second) 
290 176 

Estimated joint output torque (Nm) 12.8 5.53 

Control System 

Controller NI CompactRIO 9047 

Control architecture Ni RT Linux Real-Time CPU execution + FPGA 

CPU Intel Atom 1.6 GHz Quad-Core 

Memory 4GB 

FPGA  Kintex-7 70T FPGA 

Input/Output 5v TTL Digital Logic I/O, ±10v Analog In/Out 

Communication Ethernet, EtherCAT, CANopen, RS485, RS232 
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Sensors 

Location End effector 

Force Sensor RFT60-HA01 

Sensor type 6-axes force/torque 

Measuring capacity Fx, Fy = 150 N, Fz = 200 N, Tx,Ty,Tz = 4 Nm 

Measuring resolution Fx, Fy = 0.1 N, Fz = 0.15N, Tx,Ty,Tz = 0.005 Nm 

Communication EtherCAT 

Data refresh rate (Hz) 1000 

 

 CAD Model and Mechanical Design 

To make the iTbot a minimum viable solution for useful robot-aided rehabilitation therapy device, 

a set of CAD models for all the components were prepared in SOLIDWORKS software. Some 

rendered images from the CAD model is shown in Figure 4.1. This CAD model was used to 

analyze mass and inertia properties and assembly features, clearances, and required dimensions 

for each joint and link. The CAD model's output was directly used to generate CNC toolpaths and 

3D printing codes for fabrication. 

 
Figure 4.1 CAD model of iTbot 
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The design in the CAD model can be separated into three Assemblies, one for each link and the 

base. Each assembly is discussed in brief below. 

 Base  

The base of the robot contains two fabricated aluminum parts, one being the bottom base of the 

robot, another is mounting for Joint-1 hardware. Figure 4.2 shows the base assembly with an 

exploded view of the Joint-1. The base part is designed as a heavy block of aluminum to provide 

stability during the operation of the robot during experiments, and during storage. It also holds a 

Figure 4.2 Base assembly (Top Left), Exploded view of Joint-1 (Bottom) 
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plastic bumper with rubber stoppers to stop the robot when it reaches the end of its range of motion. 

The Joint-1 consists of the harmonic drive gear reducer mounted directly to the top base part, with 

the motor mounted on its back with a custom-designed motor adapter. There is a plastic cover that 

encloses the harmonic drive gear reducer's motor side and protects the motor’s rotating drum and 

electrical connections. 

The Link-1 is attached to the harmonic drive gear reducer unit's output directly, with a plastic 

spacer in between. The plastic spacer acts as a buffer to absorb impact energy in case of 

malfunction of the robot during the development and programming of the robot in the research 

stage.  

 Link-1 

 
Figure 4.3 Link-1 assembly (Left), Exploded view of Joint-2 (Right) 
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Figure 4.3 shows the Link-1 assembly with an exploded view of the Joint-2. Once again, this 

assembly contains a fabricated aluminum part with a harmonic drive gear reducer directly mounted 

to the piece. The motor is mounted to the harmonic drive with a motor adapter plate similar to the 

Joint-1. Another plastic part is acting as one half of a cable spool on the other side of the Link-1, 

holding the slack of wire for the force sensor located at the end effector. Similar to Joint-1, Link-

2 is attached to the harmonic drive gear reducer's output through a plastic spacer.  

 Link-2 

Link-2 assembly is shown in Figure 4.4. In this assembly, the fabricated aluminum part contains 

the second half of the Joint-2 wire spool holder. The end of the link contains the end-effector, 

consisting of the force sensor and the handle. The force sensor is mounted to the aluminum link 

with a custom-designed mounting bracket 3D printed with high strength polycarbonate plastic. 

The force sensor's base side is screwed into the plastic bracket, which is then slid in a slot in the 

aluminum link and then fastened with few screws. The input side of the force sensor is attached to 

the handle. 

The handle is custom designed to match the dimensions of the user's hand profile, in the case of 

our prototype, the average size of the two adult male lab members who participated in the 

development iTbot. The handle has a base part that mounts on top of the force sensor, 3D printed 

in polycarbonate plastic. There is an inner tube with mounting features for two bearings on both 

ends—this tube screws into the base part. Two ceramic ball bearings with nylon races are inserted 

on both ends between the inner ring and another outer ring with features for the bearings on both 

ends. The outer ring is made of 3D printed Polylactic-acid plastic for a comfortable grip. A bracket 
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is used on top of everything, which screws into the inner ring and holds the whole assembly of 

bearings and outer tubes in place. 

  

Figure 4.4 Link 2 assembly (Top), Exploded view of End-effector (Bottom) 
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 Mechanical Parameters 

The completed cad model described in Section 4.3 is used to estimate the mechanical parameters 

of each link and joint of the iTbot. The parameters estimated from the robot are given in the table 

below. The detail of the mass and inertia properties extracted from SOLIDWORKS can be found 

in APPENDIX – A. 

Table 4.2 Mechanical parameters of iTbot estimated from CAD model 

Joint Parameters 

Item Joint-1 Joint-2 

Joint Range of Motion (Degrees) ±85° ±180° 

Link Parameters 

Mass (Kg) 1.79 0.65 

Location of the center of gravity in link 

frame (m) 
X = 0.26, Y = 0.00, Z = 0.00 X = 0.15, Y = 0.00, Z = 0.02 

Robot Properties 

Mass (Kg) 6.67 (3.2 without base) 

Maximum Horizontal reach (m) ±0.55 

Maximum Vertical reach (m) +0.1 to +0.55 

 

These parameters confirm that the iTbot can provide a 1.1 m range of motion in the X-axis of its 

configuration, which fulfills the design goal of covering human upper limb length [98] in one 

workspace direction. Also, the robot's symmetric design with a symmetric joint range of motion 

makes it capable of ambidextrous use. And the base design allows positioning of the robot in either 

horizontal or vertical orientation with proper anchoring availability. 
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 Electrical and Electronic Design of iTbot 

The electrical and electronic configuration for the iTbot system is depicted in Figure 4.5. It consists 

of a Host PC, a NI CompactRIO 9047 controller with a Kinetix-7 70T FPGA, a mainboard, 

multiple motor driver cards, actuators, and the Robotous RFT60-HA01 force sensor.  

 

In practice, this system is capable of running the necessary processing for the kinematic & dynamic 

models along with additional programming to generate, process, and record trajectory, process 

user input, and run closed-loop control with a bandwidth up to 2kHz. 

Finally, the host pc contains the user interface required to operate the robot and the video game 

interface developed in Unity game engine.  
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CompactRIO 9047 
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Analog Input 
 

2 

Analog Output  
2 
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Figure 4.5 Electrical and electronic configuration for iTbot 
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CHAPTER 5  

KINEMATICS AND DYNAMIC MODELING 

This chapter presents the kinematic, inverse kinematic, and dynamic modeling done for design-

optimization, simulation, and development of iTbot. For kinematic analysis, modified Denavit-

Hartenberg (DH) parameters were used. Geometric method for inverse kinematic model and 

Iterative Newton-Euler methods dynamic model is used. At first, the DH notation for the iTbot has 

been introduced. Then kinematic modeling has been explained. Then geometric approaches to 

solving inverse kinematics of the robot have been discussed, and the dynamic modeling of the 

proposed iTRob is presented. 

 Kinematics 

The position and orientation of the robot end-effector relative to the joint angles are obtained from 

the forward kinematics of the robot. For the forward kinematics analysis of the iTbot, modified 

Denavit-Hartenberg (DH) [99] parameters are used. To describe the location of each robot link 

relative to its neighbors, a coordinate frame (link frame) is attached to each link of the robot. The 

procedure of link frame attachment and the definition of modified DH notations are briefly 

described in the following subsection. 

 Co-ordinate Frame Assignment Procedure  

There are various ways to assign coordinate frames to each link of a serial manipulator. For the 

Kinematic modeling of iTbot, the modified Denavit-Hartenberg method is used [100]. The 

notations steps as adapted from [99] are as follows: 

• Assume each joint is 1DoF revolute joint; 
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• Identify and locate the axes of rotation; 

• Label the joint axes 𝑍0, … … , 𝑍𝑛; 

 

• Locate the origin of each link-frame (Oi) where the common perpendicular line between the 

successive joint axes (i.e., 𝑍𝑖−1 and 𝑍𝑖) intersects. If the joint axes are not parallel, locate the 

link-frame origin at the point of intersection between the axes; 

• Locate the Xi axis (at link frame origin Oi) as pointing along the common normal line between 

the axes 𝑍𝑖−1 and 𝑍𝑖. If the joint axes intersect, establish Xi in a direction normal to the plane 

containing both axes (𝑍𝑖−1 and 𝑍𝑖); 

• Establish the Yi axis through the origin Oi to complete a right-hand coordinate system. 

Figure 5.1 Coordinate frame assignment, Adapted from Craig (2005) [100] 

Link 𝒊 − 𝟏 

𝜶𝒊−𝟏 

 𝜽𝒊 

𝒂𝒊−𝟏 

Axis 𝒊 − 𝟏 

Axis 𝒊 

Link 𝒊 

𝑿෡𝒊 𝒂𝒊 

𝒁෡𝒊 

𝒀෡𝒊 

𝑿෡𝒊−𝟏 

𝒀෡𝒊−𝟏 

𝒅𝒊 

𝒁෡𝒊−𝟏 
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 Definition of D-H Parameters 

A serial link manipulator type robot can be defined using four parameters (two parameters for 

describing the link itself and the other two for describing the link’s relation to a neighboring link). 

These parameters are known as Denavit-Hartenberg (DH) parameters. If the coordinate frames are 

assigned as mentioned in the previous section  [99], the definitions of the DH parameters becomes 

as follows [101]: 

• Link Length (ai): the length measured along Xi, from axis Zi to axis Zi+1;  

• Link Twist (αi): the angle measured about Xi, from axis Zi to axis Zi+1; 

• Link Offset (di): the distance measured along the axis Zi; from Xi-1 to Xi, and 

• Joint Angle (θi): the angle measured about Zi, from Xi-1 to Xi.  

In order to do the kinematic and dynamic analysis of this serial link end-effector type robot using 

these modified Denavit-Hartenberg (DH) parameters, the following link frames assignment for 

iTbot is prepared (Figure 5.2). 

 
 

Figure 5.2 Coordinate frame assignment for 2Do iTbot 
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To obtain the DH parameters, it is assumed that the coordinate frames (i.e., the link-frames which 

map from one axes of rotation to the successive one) coincide with the corresponding joint axes 

of rotation, i.e., frame {1} coincides with joint 1, frame {2} with joint 2 and finally, frame {3} 

define the end-effector position of the iTbot. The frame {0} define the base frame (world frame) 

of the robot. The DH parameters corresponding to the link-frame assignment in Figure 5.2 are 

summarized in Table 5.1. 

Table 5.1 Modified Denavit-Hartenberg parameters 

Joint (i) 𝜶𝒊−𝟏 𝒅𝒊 𝒂𝒊−𝟏 𝜽𝒊 

1 0 0 0 𝜃1 + 𝜋
2⁄  

2 0 0 𝑙1 𝜃2 + 𝜋 

3 0 0 𝑙2 0 

where, αi-1 is the link twist, ai-1 corresponds to link length, di stands for link offset, and θi is 

 the joint angle of the iTbot. 

The general form of a link transformation that relates frame {i} relative to the frame {i-1} [100] 

is:  

𝑇𝑖
𝑖−1 = [

𝑅𝑖
𝑖−1 3×3 𝑃𝑖

𝑖−1 3×1

01×3 1

] (5.1) 

 

Where, 𝑅𝑖
𝑖−1  is the rotation matrix that represents the frame {𝑖} relative to frame {𝑖 − 1} and can 

be articulated as follows: 
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𝑅𝑖
𝑖−1 = [

cos 𝜃𝑖 −sin 𝜃𝑖 0
sin 𝜃𝑖 cos 𝛼𝑖−1 cos 𝜃𝑖 cos 𝛼𝑖−1 − sin 𝛼𝑖−1

sin 𝜃𝑖 sin 𝛼𝑖−1 cos 𝜃𝑖 sin 𝛼𝑖−1 cos 𝛼𝑖−1

] (5.2) 

and, 𝑃𝑖
𝑖−1  is the vector that locates the origin of the frame {𝑖} relative to frame {𝑖 − 1} and can be 

expressed as the following: 

𝑃𝑖
𝑖−1 = [𝑎𝑖−1 −𝑠𝑖𝑛( 𝛼𝑖−1)𝑑𝑖 𝑐𝑜𝑠( 𝛼𝑖−1)𝑑𝑖]

𝑇 (5.3) 

Using Equations (5.1), (5.2), and (5.3), the individual homogeneous transfer matrix that relates 

two successive frames of the iTbot Figure 5.2 can be found as: 

𝑇1
0 = [

𝑐𝑜𝑠 (𝜃1 + /2) − sin (𝜃1 + /2) 0 0

sin (𝜃1 + /2) 𝑐𝑜𝑠 (𝜃1 + /2) 0 0
0 0 1 0
0 0 0 1

] (5.4) 

𝑇2
1 = [

−cos (𝜃2) 𝑠𝑖𝑛 (𝜃2) 0 𝑙1

−sin (𝜃2) −cos (𝜃2) 0 0
0 0 1 0
0 0 0 1

] (5.5) 

𝑇3
2 = [

1 0 0 𝑙2

0 1 0 0
0 0 1 0
0 0 0 1

] (5.6) 

  

The homogenous transformation matrix that relates frame {3} to frame {0} can be obtained by 

multiplying individual transformation matrices that result in the generic form (5.7). 
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𝑇3
0 = [ 𝑇. 𝑇.2

1 𝑇3
2

1
0 ] (5.7) 

 

𝑇3
0 = [

sin (𝜃1 + 𝜃2) cos (𝜃1 + 𝜃2) 0 𝑙2sin (𝜃1 + 𝜃2) − 𝑙1sin (𝜃1)
−cos (𝜃1 + 𝜃2) sin (𝜃1 + 𝜃2) 0 𝑙1cos (𝜃1) − 𝑙2cos (𝜃1 + 𝜃2)

0 0 1 0
0 0 0 1

] (5.8) 

The single transformation matrix found from Equation (5.8) represents the reference frame's 

positions and orientations attached to the end-effector with respect to the base reference frame {0}. 

The vector that gives the position of the end-effector with respect to frame {0} (Figure 5.2) is 

denoted by Equation (5.9). 

 

𝑃3
0 = [

𝑃𝑥

𝑃𝑦

𝑃𝑧

] = [
𝑙2sin (𝜃1 + 𝜃2) − 𝑙1sin (𝜃1)
𝑙1cos (𝜃1) − 𝑙2cos (𝜃1 + 𝜃2)

0

] (5.9) 

The above equations are used to define the workspace of the developed iTbot and for the 

application of various control approaches.  

The cartesian linear velocities of the end-effector with respect to the base frame {0} are obtained 

by differentiating equation 5.9 with respect to time (t) as follows: 

 
𝑽𝟑

𝟎 = [

𝑣𝑥

𝑣𝑦

𝑣𝑧

] =
𝑑 𝑷𝟑

𝟎

𝑑𝑡
=

𝜕 𝑷𝟑
𝟎

𝜕𝜃1

𝜃1̇ +
𝜕 𝑷𝟑

𝟎

𝜕𝜃2

𝜃2̇ 
(5.10) 
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Which can be represented as, 

 
𝑽𝟑

𝟎 = 𝐽 
0 (𝜃) [

𝜃1̇

𝜃2̇

] = 𝐽 
0 (𝜃)𝜽̇ 

(5.11) 

 
Where, 𝐽 

0 (𝜃) = [
𝑙2𝑐𝑜𝑠(𝜃1 + 𝜃2) − 𝑙1𝑐𝑜𝑠(𝜃1) 𝑙2𝑐𝑜𝑠(𝜃1 + 𝜃2)

𝑙2𝑠𝑖𝑛(𝜃1 + 𝜃2) − 𝑙1𝑠𝑖𝑛(𝜃1) 𝑙2𝑠𝑖𝑛(𝜃1 + 𝜃2)
0 0

] 
(5.12) 

𝐽 
0 (𝜃) is the Jacobians that relates the joint velocities to Cartesian linear velocities of the end-

effector of the robot. Jacobians are time-varying linear transformations. Superscript ‘0’ on 𝐽(𝜃) 

define the Jacobian written in frame {0}. As the iTbot is a 2DoFs planar robot and there is no 

linear velocity along Z-axis. Throughout the rest of this thesis 𝑽𝟑
𝟎  and 𝐽 

0 (𝜃) are defined as follows: 

 
𝑽𝟑

𝟎 = [
𝑣𝑥

𝑣𝑦
]  𝑎𝑛𝑑 𝐽0 (𝜃) = [

𝑙2𝑐𝑜𝑠(𝜃1 + 𝜃2) − 𝑙1𝑐𝑜𝑠(𝜃1) 𝑙2𝑐𝑜𝑠(𝜃1 + 𝜃2)

𝑙2𝑠𝑖𝑛(𝜃1 + 𝜃2) − 𝑙1𝑠𝑖𝑛(𝜃1) 𝑙2𝑠𝑖𝑛(𝜃1 + 𝜃2)
] 

(5.13) 

The Jacobian matrices can be derived in any frame. Changing the frame of reference of a Jacobian 

is accomplished utilizing the following relationship: 

 𝐽 
𝐴 (𝜃) = 𝑅𝐵

𝐴 𝐽 
𝐵 (𝜃) (5.14) 

 Inverse Kinematics 

The previous section has shown how to determine the end-effector position given the robot's joint 

angles. A problem of practical interest is the inverse problem where the desired position of the 

end-effector with respect to the base frame is given, and finding out the required joint angles is 

needed. Here, the geometric approach for solving the inverse kinematics of iTbot is explained. 
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 Geometric inverse kinematic solution 

In a geometric approach to finding an inverse kinematic solution, the robot spatial geometry is 

decomposed into several plane-geometry problems. As the iTbot is a 2DoFs planar robot, plane 

geometry can be applied directly to find a solution.  

 

  

Figure 5.3 shows the triangle formed by 𝑙1, 𝑙2 and the line joining the origin of frame {0} with the 

origin of frame {3}. Considering the solid triangle, by applying the law of cosines 𝜃2 can be solved 

as: 

 
𝜃2 =  cos−1 (

𝑙1
2 + 𝑙2

2 − 𝑙2

2𝑙1𝑙2
) 

(5.15) 

Figure 5.3 Geometric inverse kinematics model of the 2DoF iTbot 
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 Where, 𝑙2 = 𝑃𝑥
2 + 𝑃𝑦

2  

For this triangle to exist, the condition 𝑙 = √𝑃𝑥
2 + 𝑃𝑦

2 ≤ 𝑙1 + 𝑙2 must need to be satisfied. This 

condition would be checked at this point in a computational algorithm to verify the existence of 

solutions. 

This condition is not satisfied when the target point is out of reach of the robot. Assuming a 

solution exists, this Equation can only be solved for that value of 𝜃2 that lies between 0 and ±180 

degrees because only for these values does the triangle in Fig. 5.3 exist. 

To solve for 𝜃1, the expressions for angles γ and 𝛽 has been found as indicated in Fig. 5.3. First, 

γ may be in any quadrant, depending on the signs of 𝑃𝑥 and 𝑃𝑦. The angle γ obtained by using two-

argument arctangent: 

 γ = Atan2(−𝑃𝑥 , 𝑃𝑦) (5.16) 

Again, by applying the law of cosines, β can be solved as: 

 
β =  cos−1 (

𝑙1
2 + 𝑙2 − 𝑙2

2

2𝑙𝑙1
) (5.17) 

Then the angle 𝜃1 can be obtained as: 

 𝜃1 = γ +  β (5.18) 
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The dashed lines in Figure 5.3 represent the other possible configuration of the robot, which would 

lead to the same position of the frame {3}. The other possible solution (the one indicated by the 

dashed line) is found by symmetry: 

 𝜃2́ =  −𝜃2 (5.19) 

 𝜃1 = γ −  β (5.20) 

Above mentioned geometric approach only applicable to the joint angles between 0 and ±180 

degrees. However, inside the reachable workspace, there are two possible orientations of the end-

effector except for the workspace's boundaries. One single solution can be obtained by using 

additional constrain for the joint angles. In practice, the iTbot programming always compares the 

angular distances of each joint from both solutions from the robot's current angular position. It 

discards the solution that gives the higher combined angular distance. 

 Dynamics 

To simulate the joint movements of iTbot and for experimentation using nonlinear control such as 

Computed Torque control, the dynamics of iTbot were analyzed. Dynamics calculates the motion 

of bodies under the action of external forces. The iterative Newton-Euler formulation and the 

Lagrangian formulation are used widely to develop the dynamic model of manipulators. The 

Newton-Euler approach is computationally more efficient compared to the Lagrangian approach 

[100] for 2 DoF robots such as iTbot. Therefore, the iterative Newton-Euler method [102] was 

used to develop a dynamic model for this robot.  
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 Iterative Newton-Euler Formulation: 

In this approach, each link of the robot is considered as a rigid body. If the center of mass of a 

rigid body is accelerating with an acceleration 𝑽̇𝑐. Then, the force, 𝐹, acting at the center of mass 

and causing this acceleration is given by Newton’s equation 

Where, 𝑚 is the mass of the rigid body. 

 

 

 

 

 𝑭 = 𝑚𝑽̇𝑐 (5.21) 

Figure 5.4 A force F acting at the center of mass of a body causes acceleration at 𝑉̇𝑐
  

Figure 5.5 A moment N is acting on a body, and the body is rotating with velocity ω and 

accelerating at 𝜔̇ . 
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If the rigid body rotating with angular velocity 𝜔  and with angular acceleration 𝜔̇ , then the 

resulting moment, 𝑁, given by Euler’s Equation [100] 

where 𝐼𝑐 is the inertia tensor of the body at its center of mass. 

Based on the knowledge of the kinematics and the mass distribution information of the robot, the 

joint torques (𝜏𝑖), as well as the dynamic model of a manipulator, can be computed using the 

following steps: 

5.3.1.1 Outward iterations: 

The acting inertial force and torque at the center of mass of each link are calculated iteratively, 

starting with link 1 and moving successively, link by link, outward to link n. For this purpose, it is 

necessary to compute the rotational velocity and linear and rotational acceleration of the center of 

mass of each link of the robot at any given instant. The propagation of the rotational velocity from 

link to link and the equation for transforming angular acceleration from one link to the next is 

given by [100]: 

 𝝎 =𝑖+1
𝑖+1 𝑅𝑖

𝑖+1  𝝎𝑖
𝑖 + 𝜽̇𝑖+1 𝑍̂𝑖+1

𝑖+1  (5.23) 

 𝝎̇ = 𝑅𝑖
𝑖+1  𝝎̇𝑖

𝑖
𝑖+1
𝑖+1 +  𝑅𝑖

𝑖+1  𝝎𝑖
𝑖  ×  𝜽̇𝑖+1 𝑍̂𝑖+1

𝑖+1 + 𝜽̈𝑖+1 𝑍̂𝑖+1
𝑖+1  (5.24) 

The linear acceleration of each link frame origin and the corresponding linear acceleration 

transformation to the link center of mass obtained by the following iterative equations [100]: 

 𝑵 = 𝐼𝑐𝝎̇ + 𝝎 × 𝐼𝑐𝝎 (5.22) 
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 𝑽̇ = 𝑅𝑖
𝑖+1 [ 𝝎̇𝑖

𝑖 × 𝑷𝑖+1
𝑖 + 𝝎𝑖

𝑖 × ( 𝝎𝑖
𝑖 × 𝑷𝑖+1

𝑖 ) +𝑖+1
𝑖+1 𝑽̇𝑖

𝑖  ] (5.25) 

 𝑽̇𝑖+1
𝑖+1

𝑐 = 𝝎̇𝑖+1
𝑖+1 × 𝑷𝑖+1

𝑖+1
𝑐 + 𝝎𝑖+1

𝑖+1 × ( 𝝎𝑖+1
𝑖+1 + 𝑷𝑖+1

𝑖+1
𝑐) + 𝑽̇𝑖+1

𝑖+1  (5.26) 

Here, the parameters with subscript ‘c’ represent that it is in an imaginary frame {𝐶𝑖}, attached to 

each link, having its origin located at the center of mass of the link and having the same orientation 

as the link frame, {i}. 

Having computed the linear and angular acceleration of the mass center of each link, the inertial 

force and torque acting at the center of mass of each link is obtained by the Newton-Euler equations 

as [100]: 

 𝑭𝑖+1
𝑖+1 =  𝑚𝑖+1 𝑽̇𝑖+1

𝑖+1
𝑐 (5.27) 

 𝑵𝑖+1
𝑖+1 = 𝐼𝑖+1

𝑖+1
𝑐 𝝎̇𝑖+1

𝑖+1 + 𝝎𝑖+1
𝑖+1 × 𝐼𝑖+1

𝑖+1
𝑐 𝝎𝑖+1

𝑖+1   (5.28) 

5.3.1.2 Inward iterations: 

 

 

 

Figure 5.6 The force balance, including inertial forces, for a single robot link. Where, fi and 

ni represents the force and torque exerted on link i by the link i-1. 
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Now, the force and moment balance equation based on a free-body diagram of a typical robot link, 

as shown in  

 𝒇𝑖
𝑖 = 𝑅𝑖+1

𝑖  𝒇𝑖+1
𝑖+1 + 𝑭𝑖

𝑖  (5.31) 

 𝒏𝑖
𝑖 =  𝑵𝑖

𝑖 + 𝑅𝑖+1
𝑖  𝒏𝑖+1

𝑖+1 + 𝑷𝑐𝑖
𝑖 × 𝑭𝑖

𝑖 + ( 𝑷𝑖+1
𝑖 × 𝑅𝑖+1

𝑖  𝒇𝑖+1
𝑖+1  (5.32) 

 can be written as: 

 𝑭𝑖
𝑖 =  𝒇𝑖

𝑖 − 𝑅𝑖+1
𝑖  𝒇𝑖+1

𝑖+1  (5.29) 

 𝑵𝑖
𝑖 =  𝒏𝑖

𝑖 − 𝒏𝑖+1
𝑖 + (− 𝑷𝑐𝑖

𝑖 ) ×  𝒇𝑖
𝑖 − ( 𝑷𝑖+1

𝑖 − 𝑷𝑐𝑖
𝑖 ) × 𝒇𝑖+1

𝑖  (5.30) 

Finally, rearrange the force and torque equations so that they appear as iterative relationships from 

a higher-numbered neighbor to a lower-numbered neighbor: 

 𝒇𝑖
𝑖 = 𝑅𝑖+1

𝑖  𝒇𝑖+1
𝑖+1 + 𝑭𝑖

𝑖  (5.31) 

 𝒏𝑖
𝑖 =  𝑵𝑖

𝑖 + 𝑅𝑖+1
𝑖  𝒏𝑖+1

𝑖+1 + 𝑷𝑐𝑖
𝑖 × 𝑭𝑖

𝑖 + ( 𝑷𝑖+1
𝑖 × 𝑅𝑖+1

𝑖  𝒇𝑖+1
𝑖+1  (5.32) 

These equations are evaluated link by link, starting from link n and working inward toward the 

robot's base. 

The required joint torques are found by taking the 𝑍̂ component of the torque applied by one link 

on its neighbor: 

 𝝉𝑖 =  𝒏𝑻
𝑖
𝑖 𝑍̂𝑖

𝑖  (5.33) 
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If the inertia tensor of each link of the iTbot at its center of mass is given by: 

 

𝐼𝑐1 = [

𝐼𝑥1 0 0
0 𝐼𝑦1 0

0 0 𝐼𝑧1

] 

(5.34) 

 

 

And, 𝐼𝑐2 = [

𝐼𝑥2 0 0
0 𝐼𝑦2 0

0 0 𝐼𝑧2

] 

(5.35) 

 

 

 

Then, the joint torques of the iTbot for vertical configuration with active gravity compensation, 

based on the nomenclature provided in Figure 5.7, can be found by the iterative Newton-Euler 

formulation as: 

Figure 5.7 iTbot nomenclature for dynamic modeling with contact force at the end-effector. 
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 𝜏1 = (𝑚2𝑙1
2 − 2𝑚2𝑙1𝑙𝑐2 cos(𝜃2) + 𝑚1𝑙𝑐1

2 + 𝑚2𝑙𝑐2
2 + 𝐼𝑧1 + 𝐼𝑧2)𝜃̈1

+ (𝑚2𝑙𝑐2
2 − 𝑚2𝑙1𝑙𝑐2 cos(𝜃2) + 𝐼𝑧2)𝜃̈2 + 𝑚2𝑙1𝑙𝑐2 sin(𝜃2) 𝜃̇2

2

+ 2𝑚2𝑙1𝑙𝑐2sin (𝜃2)𝜃̇1𝜃̇2 + (𝑚2𝑙𝑐2 sin(𝜃1 + 𝜃2)

− 𝑚1𝑙𝑐1 sin(𝜃1) − 𝑚2𝑙1 sin(𝜃1))𝑔 

(5.36) 

 

 𝜏2 = (𝐼𝑧2 + 𝑚2𝑙𝑐2(𝑙𝑐2 − 𝑙1 cos(𝜃2)))𝜃̈1 + (𝑚2𝑙𝑐2
2 + 𝐼𝑧2)𝜃̈2

− 𝑚2𝑙1𝑙𝑐2 sin(𝜃2) 𝜃̇1
2 + (𝑚2𝑙𝑐2 sin(𝜃1 + 𝜃2))𝑔 

(5.37) 

 

 Equations (5.36) and (5.37) give expressions for the torque at the actuators as a function of joint 

position, velocity, and acceleration. The dynamic Equation of iTbot can be written in the form 

given by Equation (5.38): 

where 𝝉 = [
𝜏1

𝜏2
] and 𝜽̈ = [

𝜃̈1

𝜃̈2

]  are the 2 × 1  torque and acceleration vector. 𝑀(𝜽)  is the 2 × 2 

mass matrix given as: 

𝑀(𝜽) =  

[
𝑚2𝑙1

2 − 2𝑚2𝑙1𝑙𝑐2 cos(𝜃2) + 𝑚1𝑙𝑐1
2 + 𝑚2𝑙𝑐2

2 + 𝐼𝑧1 + 𝐼𝑧2 𝑚2𝑙𝑐2
2 − 𝑚2𝑙1𝑙𝑐2 cos(𝜃2) + 𝐼𝑧2

𝐼𝑧2 + 𝑚2𝑙𝑐2(𝑙𝑐2 − 𝑙1 cos(𝜃2)) 𝑚2𝑙𝑐2
2 + 𝐼𝑧2

] 
(5.39) 

 𝑉(𝜃, 𝜃̇) is a 2 × 1 vector of centrifugal and Coriolis terms given as: 

 𝝉 = 𝑀(𝜽)𝜽̈ + 𝑉(𝜽, 𝜽̇) + 𝐺(𝜽) (5.38) 
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𝑉(𝜽, 𝜽̇) = [
𝑚2𝑙1𝑙𝑐2 sin(𝜃2) 𝜃̇2

2 + 2𝑚2𝑙1𝑙𝑐2sin (𝜃2)𝜃̇1𝜃̇2

−𝑚2𝑙1𝑙𝑐2 sin(𝜃2) 𝜃̇1
2

] 
(5.40) 

 𝐺(𝜃) is a 2 × 1 vector of gravity terms given as :  

 
𝐺(𝜽) = [

(𝑚2𝑙𝑐2 sin(𝜃1 + 𝜃2) − 𝑚1𝑙𝑐1 sin(𝜃1) − 𝑚2𝑙1 sin(𝜃1))𝑔
(𝑚2𝑙𝑐2 sin(𝜃1 + 𝜃2))𝑔

] 
(5.41) 

If 𝐹(𝜃, 𝜃̇) ∈ ℝ2
 is the vector of nonlinear Coulomb friction and expressed by equation (5.40).  

Then by adding friction to the model, the dynamic Equation (5.38) results in Equation (5.39): 

Furthermore, to consider the effect of the contact force acting on the end-effector, the left side of 

the Equation (5.39) can be replaced by 

 𝝉́ = 𝝉 − 𝐽𝑇(𝜽)𝑭𝒆 (5.44) 

Where, 𝑭𝒆 = [
𝐹𝑥

𝐹𝑦
] is the vector of contact force at the end-effector of the iTbot, which is obtained 

from the force sensor mounted on the iTbot’s end-effector, 𝐽(𝜽) is the jacobian matrix of the 

iTbot. The Jacobean matrix, 𝐽(𝜽)And contact force, 𝑭𝒆, must be written in the same frame of the 

robot. 

 𝐹(𝜽, 𝜽̇) = 𝑐. 𝑠𝑔𝑛(𝜽̇). (5.42) 

 

 𝝉 = 𝑀(𝜽)𝜽̈ + 𝑉(𝜽, 𝜽̇) + 𝐺(𝜽) + 𝐹(𝜽, 𝜽̇) (5.43) 
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For the horizontal configuration of the iTbot, the term 𝐺(𝜽) in the dynamic equation becomes 

zero. All other terms remain the same as of vertical configuration of the iTbot. 

iTbot Parameters: The center of mass of the iTbot’s links was computed using SolidWorks 

software (see APPENDIX – A for Links 1 and 2) 
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CHAPTER 6  

CONTROL AND SIMULATION 

 

 Proportional-Integral-Derivative (PID) Control 

For initial testing and control of the developed iTbot, a PID control technique has been used [100]. 

The general layout of the PID control approach used for iTbot is depicted in Figure 6.1. The joint 

torque commands are expressed by Equation (6.1): 

𝜏 = 𝐾𝑃(𝜃𝑑 − 𝜃) + 𝐾𝑉(𝜃̇𝑑 − 𝜃̇) + 𝐾𝐼 ∫(𝜃𝑑 − 𝜃) 𝑑𝑡 (6.1) 

Where,  

𝜃𝑑 , 𝜃 ∈ ℝ2 are the vectors of desired and measured joint angles, 

𝜃𝑑̇ ,  𝜃̇ ∈ ℝ2are the vectors of desired and measured joint velocities, 

KP, KV, KI are the diagonal positive definite gain matrices,  

𝜏 ∈ ℝ2 is the generalized torque vector. 

 

E is an error vector and its derivative 𝐸̇ given by equation (6.2)(6.3): 

𝐸 = 𝜃𝑑 − 𝜃 (6.2) 

𝐸̇ = 𝜃𝑑̇ − 𝜃̇ (6.3) 

Therefore, this Equation (6.1) has been reformulated as an error equation (6.4): 
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𝜏 = 𝐾𝑃𝐸 + 𝐾𝑉𝐸̇ + 𝐾𝐼 ∫ 𝐸 𝑑𝑡 (6.4) 

By decoupling relation (6.4), individual torque command for each joint is given by Equation (6.5). 

𝜏𝑖 = 𝐾𝑃𝑖
𝑒𝑖 + 𝐾𝑉𝑖

𝑒𝑖̇ + 𝐾𝐼𝑖
∫ 𝑒𝑖 𝑑𝑡 (6.5) 

 

 Simulation with PID control  

With the SIMULINK (MathWorks, USA) software, the simulations for iTbot with PID control 

have been done. A brief description of the trajectories used in the simulations (throughout this 

CHAPTER 6) are presented below: 

Joint-1 trajectory: 

The trajectory runs from 0° position of Joint-1. After 1 second of waiting, it first moves to -45° 

position in 3 seconds, and then gets back to 0° position in 3 seconds; Afterwards the joint 1 moves 

Figure 6.1 Schematic of PID control 
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to positive direction 45° within 3 seconds and returns to 0°position within 3 seconds, where it 

waits for 1 more second. The associated velocity and acceleration profile can be seen in Figure 

6.2. 

 

Joint-2 trajectory:  

The trajectory runs from 0° position of Joint-2. After 1 second of waiting, it first moves to -90° 

position in 3 seconds, and then gets back to 0° position in 3 seconds; Afterwards the joint 2 moves 

to positive direction 90° within 3 seconds and returns to 0°position within 3 seconds, where it 

waits for 1 more second. The associated velocity and acceleration profile can be seen in Figure 

6.3. Simultaneous movement of Joint 1 and Joint 2 can be seen in Figure 6.4. 

Figure 6.2 Generated trajectory for Joint 1 movement 
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Figure 6.3 Generated trajectory for Joint 2 movement 
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Figure 6.4 Generated simultaneous motion for Joint 1 and Joint 2 
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In all cases, initial velocities and acceleration are given as zero. Note that the desired trajectories 

and associated velocities were generated using the cubic polynomial approach [100]. The control 

gains used for the simulation were found by trial and error and are as follows: 

𝐾𝑃 = 𝑑𝑖𝑎𝑔[700 700], 

𝐾𝑉 = 𝑑𝑖𝑎𝑔[10 18], and 

𝐾𝐼 = 𝑑𝑖𝑎𝑔[0.1 0.1]. 

6.1.1.1 iTbot Vertical Configuration: Simultaneous Joint movements (PID) 

 

Both joints (Joint-1 – range: +45° -45°, & Joint-2 – range: +90° -90°) move at the same time period 

(14s) and follows the trajectory mentioned in Figure 6.4 while iTbot was in its vertical 

configuration (Figure 6.5). The simulated results can be seen in Figure 6.6, Figure 6.7, and Figure 

6.8. The tracking performance of two joints’ simultaneous movement can be seen from Figure 6.6, 

where 1st column corresponds to Joint-1, and the 2nd column corresponds to Joint-2. The first row 

Figure 6.5 Vertical Configuration of iTbot  
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shows the trajectory comparison (Given joint angles – red dotted line, Measured joint angles – 

solid blue line) for two joints. The second row shows the tracking error, and the third row shows 

the measured torque from the simulation. Here the maximum tracking error was less than 0.4° 

(0.88%), which proves that the tracking performance is quite good. Figure 6.7 and Figure 6.8 

show the plots of the joints separately. Here, the given velocities (third row) are denoted with the 

red dotted line, and the measured trajectory from the simulation is shown with a solid blue line. 

Maximum joint torque for iTbot’s Joint-1 was found to be -4.5 Nm and +4.5 Nm; for Joint-2, the 

maximum joint torque is -1 Nm and +1 Nm. The positive and negative signs denoted the direction 

of the joint torques. 

 

Figure 6.6 Both joints’ simultaneous motion (PID) while iTbot is in vertical 

configuration 
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Figure 6.7 Both joints’ simultaneous movement (detail of Joint-1 movement with 

velocity comparison (PID) while iTbot is in vertical configuration 
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Figure 6.8 Both joints’ simultaneous movement (detail of Joint-2 movement with 

velocity comparison (PID) while iTbot is in vertical configuration 
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6.1.1.2 iTbot Horizontal Configuration: Simultaneous Joint movements (PID) 

 

The same trajectory (Figure 6.4) has been simulated for iTbot’s horizontal configuration (Figure 

6.9). The simulated results can be seen in Figure 6.10, Figure 6.11, and Figure 6.12. The tracking 

performance of two joints’ simultaneous movement can be seen from Figure 6.10, where 1st 

column corresponds to Joint-1, and the 2nd column corresponds to Joint-2. The first row shows the 

trajectory comparison (Given joint angles – red dotted line, Measured joint angles – solid blue 

line) for two joints. The second row shows the tracking error, and the third row shows the measured 

torque from the simulation. Here the tracking error was close to zero, which proves that the 

tracking performance is excellent. Figure 6.11 and Figure 6.12 show the plots of the joints 

separately. Here, the given velocities (third row) are denoted with the red dotted line, and the 

measured trajectory from the simulation is shown with a solid blue line. Maximum joint torque for 

iTbot’s Joint-1 was found to be -0.15 Nm and +0.15 Nm; for Joint-2, the maximum joint torque is 

-0.06 Nm and +0.06 Nm. The positive and negative signs denoted the direction of the joint torques. 

Figure 6.9 Horizontal Configuration of iTbot  



 

64 

 

It is to be noted that, in the horizontal configuration, there is no gravitational effect on either Joint 

1 or Joint 2 motor, and due to this, the generated torque is lower than generated torque for the same 

trajectory while the robot was in vertical configuration.  

 

Figure 6.10 Both joints’ simultaneous motion (PID) while iTbot is in horizontal 

configuration 

` 
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Figure 6.11 Both joints’ simultaneous movement (detail of Joint-1 movement with 

velocity comparison (PID) while iTbot is in horizontal configuration 
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Figure 6.12 Both joints’ simultaneous movement (detail of Joint-2 movement with 

velocity comparison (PID) while iTbot is in horizontal configuration 
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 Modified Computed Torque Control (mCTC)  

To realize better tracking performance of the iTbot, the dynamic models of the iTbot, including 

the effect of Gravity in the vertical and horizontal orientation, have been implemented using a 

nonlinear computed torque control (CTC) technique. 

The dynamic behavior of the iTbot is expressed by the well-known rigid body dynamic equation 

(6.6): 

𝑀(𝜃)𝜃̈ + 𝑉(𝜃, 𝜃̇) + 𝐺(𝜃) + 𝐹(𝜃, 𝜃̇) = 𝜏 (6.6) 

Where,  

𝜃 ∈ ℝ2 is the joint variables vector,  

𝜏 is the generalized torque vector,  

𝑀(𝜃) ∈ ℝ2×2  is the inertia matrix,  

𝑉(𝜃, 𝜃̇) ∈ ℝ2 is the Coriolis/ centrifugal vector,  

𝐺(𝜃) ∈ ℝ2 is the gravity vector,  

𝐹(𝜃, 𝜃̇) ∈ ℝ2
 is the friction vector.  

The friction vector is modeled as a nonlinear Coulomb friction formulated by Equation (6.7): 

𝜏𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 𝐹(𝜃, 𝜃̇) = 𝑐. 𝑠𝑔𝑛(𝜃̇) (6.7) 

 

Where,  
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 c is the Coulomb-friction constant.  

Equation (6.6) can be written as (6.8) for controller implementation: 

𝜃̈ = −𝑀−1(𝜃)[𝑉(𝜃, 𝜃̇) + 𝐺(𝜃) + 𝐹(𝜃, 𝜃̇)] + 𝑀−1(𝜃)𝜏 (6.8) 

𝑀−1(𝜃) always exists since 𝑀(𝜃) is symmetrical and positive definite.  

The schematic of the used modified computed torque control technique is shown in Figure 6.13. 

As a modification to the conventional computed torque control approach, an integral term was 

added to have a better tracking performance and to compensate for the trajectory tracking error 

that can result from imperfect parameter estimation namely friction, and other external 

disturbances. 

 

Figure 6.13 Schematic of Modified Computed Torque Control (mCTC) 
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The control torque in Figure 6.13 is expressed by: 

𝜏 = 𝑀(𝜃) [𝜃𝑑̈ + 𝐾𝑣(𝜃̇𝑑 − 𝜃̇)+𝐾𝑝(𝜃𝑑 − 𝜃) + 𝐾𝑖 ∫(𝜃𝑑 − 𝜃) 𝑑𝑡] + 𝑉(𝜃, 𝜃̇) + 𝐺(𝜃)

+ 𝐹(𝜃, 𝜃̇) 

(6.9) 

From relations (6.6) and (6.9), Equation (6.10) is found: 

𝜃̈ = 𝜃𝑑̈ + 𝐾𝑣(𝜃̇𝑑 − 𝜃̇)+𝐾𝑝(𝜃𝑑 − 𝜃) + 𝐾𝑖 ∫(𝜃𝑑 − 𝜃) 𝑑𝑡 (6.10) 

Where, 

𝜃𝑑 , 𝜃̇𝑑 , and 𝜃̈𝑑  are the desired position, velocity, and acceleration, respectively,  

Kp, Kv, and Ki diagonal positive definite matrices.  

The error vector E and its derivatives are given by Equation (6.11), (6.12) & (6.13): 

𝐸 = 𝜃𝑑 − 𝜃 (6.11) 

𝐸̇ = 𝜃𝑑̇ − 𝜃̇ (6.12) 

𝐸̈ = 𝜃𝑑̈ − 𝜃̈ (6.13) 

Therefore, Equation (6.10) is rewritten in the following Equation (6.14): 

𝐸̈ + 𝐾𝑣𝐸̇ + 𝐾𝑝𝐸 + 𝐾𝑖 ∫ 𝐸 𝑑𝑡 = 0 (6.14) 

Where, Kp, Kv, and Ki control gains are positive definite matrices.  
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 Simulation with modified Computed Torque control (mCTC)  

For this nonlinear control implementation, robot mass was incorporated in the mass terms 𝑀(𝜃), 

centrifugal & Coriolis terms 𝑉(𝜃, 𝜃̇), and gravity terms 𝐺(𝜃). The same trajectories as the PID 

controller simulation were used. The control gains used for the simulation were found by trial and 

error and are as follows: 

𝐾𝑃 = 𝑑𝑖𝑎𝑔[1000 1500], 

𝐾𝑉 = 𝑑𝑖𝑎𝑔[10 10], and 

𝐾𝐼 = 𝑑𝑖𝑎𝑔[10 10]. 

6.2.1.1 iTbot Vertical Configuration: Simultaneous Joint movements (mCTC) 

The simulated results using the mCTC for both iTbot’s joint movements (Joint-1 – range: +45° -

45°, and Joint-2 – range: +90° -90°) can be seen in Figure 6.14, Figure 6.15, and Figure 6.16. The 

tracking performance of both joints’ simultaneous movements can be seen in Figure 6.14. The 

first row shows the trajectory comparison (Given joint angles – red dotted line, Measured joint 

angles – solid blue line) for all joints. The second row shows the tracking error, and the third row 

shows the measured torque from the simulation. Here the maximum tracking error was less than 

0.05° (0.06%), which proves that the tracking performance is excellent. Figure 6.15 and Figure 

6.16 show the plots of the joints separately. Here, the given velocities (third row) are denoted with 

a red dotted line, and the measured trajectory from the simulation is shown with a solid blue line. 

Maximum joint torque (using robot mass only) for Joint-1 found to be -4.6 Nm and +4.6 Nm; for 
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Joint-2, the maximum joint torque is -1 Nm and +1 Nm. The positive and negative signs denoted 

the direction of the joint torques. 

 

 

 

Figure 6.14 Simultaneous motion (mCTC) while iTbot is in vertical configuration 
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Figure 6.15 Both joints simultaneous movement (detail of Joint-1 movement with 

velocity comparison) (mCTC) while iTbot is in vertical configuration 
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Figure 6.16 Both joints simultaneous movement (detail of Joint-2 movement with 

velocity comparison) (mCTC) while iTbot is in vertical configuration 
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6.2.1.2 iTbot Horizontal Configuration: Simultaneous Joint movements (mCTC) 

Previously defined trajectories (Figure 6.4) have been simulated for this configuration, and the 

results can be seen in Figure 6.17, Figure 6.18, and Figure 6.19. The tracking performance of both 

joints’ simultaneous movements can be seen in Figure 6.17. The first row shows the trajectory 

comparison (Given joint angles – red dotted line, Measured (simulated output) joint angles – solid 

blue line) for all joints. The second row shows the tracking error, and the third row shows the 

measured torque from the simulation. The tracking error was found to be almost zero, which proves 

that the tracking performance is excellent in this configuration. Figure 6.18 and Figure 6.19 show 

the plots of the joints separately. Here, the given velocities (third row) are denoted with a red 

dotted line, and the measured trajectory from the simulation is shown with a solid blue line. Joint 

torque (using robot mass only) for Joint-1, found to be +0.17 and -0.1,76 Nm, and for Joint 2, the 

torque values are +0.03 Nm and -0.03 Nm . It is to be noted that, same as simulation with PID in 

iTbot’s horizontal configuration, the torque generated is lower than iTbot’s vertical configuration 

as there is no gravitational effect on either Joint 1 or Joint 2. 
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Figure 6.17 Simultaneous motion (mCTC) while iTbot is in horizontal configuration 
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Figure 6.18 Both joints simultaneous movement (detail of Joint-1 movement with 

velocity comparison) (mCTC) while iTbot is in horizontal configuration 
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Figure 6.19 Both joints simultaneous movement (detail of Joint-2 movement with 

velocity comparison) (mCTC) while iTbot is in horizontal configuration 
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 Sliding Mode Control based on Innovative Reaching Law (SMiRL)  

The second model-based controller used in iTbot is a newly proposed controller based on Sliding 

Mode Control (SMC) with an innovative Reaching Law is used. The theory of SMC in a nonlinear 

system is well known [103]; a brief description of its application on iTbot, its shortcomings, and 

the reasoning behind choosing the novel innovative Reaching Law over other current Reaching 

Laws are discussed. 

The dynamic model of the designed end-effector 2-DOfs exoskeleton manipulator is given by the 

following equation: 

𝑀(𝑞)𝑞 + 𝐶(𝑞, 𝑞̇)𝑞̇ + 𝑓𝑑𝑖𝑠 = 𝜏̈  (6.15) 

Where 𝑞𝜖ℝ2 denotes the generalized coordinates vector. 𝑀(𝑞) ∈  ℝ2×2 , 𝐶(𝑞, 𝑞̇)𝑞̇ ∈  ℝ2 , and 

𝐺(𝑞)  ∈  ℝ2are respectively the symmetric, bounded, inertia matrix, the Coriolis and centrifugal 

torques, and the gravitational torques. 𝜏 ∈  ℝ2 is the torque input vector and 𝑓𝑑𝑖𝑠  ∈  ℝ2 represents 

the uncertainties and external disturbance. 

Assuming that 𝑞 = 𝑥 and 𝑞𝑑 =  𝑥𝑑, the robot’s dynamics (6.15) can be rewritten in accordance 

with the general form of nonlinear systems: 

𝑥̈ = 𝑓(𝑥, 𝑥̇) + 𝑔(𝑥)𝑢 + 𝜔(𝑥, 𝑥̇) (6.16) 

where, 𝑔(𝑥) = 𝑀−1(𝑞) , 𝑢 = 𝜏 , f (𝑥, 𝑥̇) = 𝑀−1(𝑞)(𝐶(𝑞, 𝑞̇)𝑞 + 𝐺(𝑞)) , and 𝑤(𝑥, 𝑥̇) =

𝑀−1(𝑞)𝑓𝑑𝑖𝑠 . The tracking position error, which tends to zero, can be defined as: 𝑒 = 𝑥 −

 𝑥𝑑,where 𝑥, 𝑥𝑑  ∈  ℝ2 is the desired trajectory. Selecting a switching function S to track position 
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and velocity errors is often one of the first steps in designing SMC controllers. Commonly, this 

sliding surface is chosen as follows: 

𝑆 = 𝑒̇ +  𝜆𝑒 (6.17) 

Where 𝜆 ∈  ℝ2×2 is a diagonal positive matrix. It is worth mentioning that the value of 𝜆 plays a 

crucial role in the error tracking convergence rate to zero. 

Now considering the Lyapunov function: 𝑉(𝑆) =  
1

2
𝑆𝑇𝑆, we can find its time derivative, 

𝑉̇ =  𝑆𝑇𝑆̇ (6.18) 

The criterion for stability is therefore 𝑉̇ < 0. This requires 𝑆̇𝑇𝑆 < 0, which results in the known 

control law switching phenomenon around 𝑆 = 0. 

Based on the derivative of (6.19) we can propose the control law as 

u = 𝑔−1[𝑥̈𝑑 − 𝜆𝑒̇ − f − ω +  𝑆̇] (6.19) 

It is noteworthy, from (6.19), that the control input is highly dependent on 𝑆̇ , which in turn 

determines the rate of 𝑆 . That is, if 𝑆̇ ≪ 0  for 𝑆 > 0 (with the opposite being also true), the 

system’s forced trajectory converges to 𝑆 = 0. Hence, commonly referring to 𝑆̇ as the “reaching 

law”. When system’s trajectory is in the vicinity of 𝑆 = 0, with 𝑉̇ < 0, 𝑆̇ < 0 dictates how close 

is the system exactly from the sliding manifold 𝑆 = 0. Consequently, a “switching” phenomenon 

emerges in order to maintain the condition: 𝑆̇𝑇𝑆 < 0. 
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Remark 1.: The control law defined by (6.19) is inputted to system (6.16) if it is unperturbed, i.e. 

for a given known ω(x, ẋ). However, in real-time, system (6.16) will be subject to uncertainties 

and external disturbances. In such a case, an estimation of ω(x). will be integrated into control law 

(6.19) in the next sections. 

In fact, all reaching laws have proven to be highly helpful and applicable in designing SMCs [104]. 

Yet, adopting any of these reaching laws seems to come with an inevitable trade-off between the 

convergence rate and chattering reduction or the chattering reduction and controller’s robustness. 

One common behavior between these laws is that the choice of a large gain value 𝐾1𝑖 (coefficient 

of 𝑠𝑖𝑔𝑛(𝑆𝑖)), is required to ensure a fast convergence rate to the desired surface. However, this, in 

turn, results in increased chattering, a significantly damaging problem due to the generated high-

frequency control signals. As a result, an adaptive reaching law, the Exponential Reaching Law 

(ERL), has been proposed [105] to deal with the gain values. This ERL is given by (6.20): 

𝑆𝑖̇ =  − 
𝐾1𝑖

𝜇𝑖 + (1 − 𝜇𝑖)𝑒−𝛼𝑖|𝑆𝑖|𝑃𝑖
𝑠𝑖𝑔𝑛(𝑆𝑖) (6.20) 

where,  

𝜇𝑖 and 𝑃𝑖 are strictly positive constants, with 𝜇𝑖 < 1. As a consequence of (6.20), the limitation 

related to the gain value can be easily overcome with the controller dynamically self-adjusting to 

the variations resulting from the switching function 𝑆𝑖 . This operation permits the gain 𝐾1𝑖  to 

smoothly vary between 𝐾1𝑖 and 𝐾1𝑖/𝜇𝑖. 

Indeed, the ERL focuses primarily on reducing chattering using the innovative law defined by 

(6.20). However, completely eliminating this chattering effect remains questionable, especially 
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when the term 𝐾1𝑖𝑠𝑖𝑔𝑛(𝑆𝑖) is conserved, thus putting restrictions on improving the chattering. It 

is almost impossible to increase the convergence speed without causing chattering attenuation. 

That is, any decrease in the reaching time drives the term 𝐾1𝑖  higher, which again causes the 

chattering phenomenon. It was further noticed that the state of the control system does not perfectly 

overlap with the reference trajectory due to the continuous low chattering degree.

 Proposed Control System – Sliding Mode Control based on Innovative Reaching 

Law (SMiRL):  

This section presents the mathematical formulation of the proposed reach- ing law that would 

make use of ERL’s advantages, in addition to ensuring a convergence time less than that 

provided by ERL. The proposed reaching law is given by: 

𝑆𝑖̇ =  − 
𝐾1𝑖

𝜇𝑖 + (1 − 𝜇𝑖)𝑒−𝛼𝑖|𝑆𝑖|𝑃𝑖
|𝑆𝑖|

𝛾𝑠𝑖𝑔𝑛(𝑆𝑖) − 𝜌𝑖  
𝐾1𝑖(1 − 𝛾)

𝜇𝑖
𝑠𝑖𝑔𝑛(𝑆𝑖) 

(6.21) 

where 𝜇𝑖, 𝛼𝑖, and 𝑃𝑖 are strictly positive constants with 𝜇𝑖 < 1 and 0 < 𝛾 < 0.5. 𝜌𝑖  is determined 

by lim
𝑡→∞

𝜌𝑖 =  0, and ∫ 𝜌𝑖(𝑤)𝑑𝑤 =
𝑡

0
 𝑄𝑖 <  ∞, where 𝜌𝑖 = 1/(1 + ti ) and ti is the time execution of 

the exercise. In fact, the second term of the proposed law (6.21) is to conserve the control input 

robustness, especially at the start of the trajectory. As time progresses, this term would vanish 

due to the definition of 𝜌𝑖. 

In the preceding section, the advantages of each term, such as ERL and power rate, were briefly 

explained. It was noticed that the term 𝛾 is usually assigned a high value in the conventional power 

rate law to ensure fast convergence to the equilibrium point, however resulting with undesirable 
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chattering. In efforts of improving this, in the proposed law, a limit on γ was enforced such that: 0 

< 𝛾 < 0.5. This would not only ensure fast convergence, but also minimize the chattering. 

 Simulation using SMiRL: 

The simulations for iTbot with SMiRL has been done in SIMULINK software. For this nonlinear 

control implementation, the iTRob’s mass and inertia tensor were incorporated in the mass terms 

𝑀(𝜃), centrifugal & Coriolis terms 𝑉(𝜃, 𝜃̇), and gravity terms 𝐺(𝜃). The same trajectories as other 

simulations were used. The control gains used for the simulation were found by trial and error and 

are as follows: 

𝐾1𝑖 = 𝑑𝑖𝑎𝑔[9.5 9.5], 

𝜆 = 𝑑𝑖𝑎𝑔[10 10], and 

𝜇1 =  𝜇2 = 0.6 

𝛼1 =  𝛼2 = 20 

𝑃1 =  𝑃2 = 15 

𝛾 = 0.5 

6.3.2.1 iTbot Vertical Configuration: Simultaneous Joint movements (SMiRL) 

The simulated results using the SMiRL for both iTbot’s joint movements (Joint-1 – range: -45° 

+45°, and Joint-2 – range: -90° +90°) can be seen in Figure 6.20, Figure 6.21, and Figure 6.22. 

The tracking performance of both joints’ simultaneous movements can be seen in Figure 6.20. 

Here the maximum tracking error was less than 0.01° (0.006%), which proves that the tracking 
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performance is excellent. Figure 6.21 and Figure 6.22 show the plots of the joints separately. Here, 

the given velocities (third row) are denoted with a red dotted line, and the measured trajectory 

from the simulation is shown with a solid blue line. Maximum joint torque (using robot mass only) 

for Joint-1 found to be -4.1 Nm and +4.1 Nm; for Joint-2, the maximum joint torque is -1.1 Nm 

and +1.1 Nm. The positive and negative signs denoted the direction of the joint torques.  

 

 

Figure 6.20 Simultaneous motion (SMiRL) while iTbot is in vertical configuration 
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Figure 6.21 Both joints simultaneous movement (detail of Joint-1 movement with 

velocity comparison) (SMiRL) while iTbot is in vertical configuration 
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6.3.2.2 iTbot Horizontal Configuration: Simultaneous Joint movements (SMiRL) 

Previously defined trajectories have been simulated for this configuration, and the results can be 

seen in Figure 6.23, Figure 6.24, and Figure 6.25. The tracking performance of both joints’ 

           

   

 

  

 
 
 
  
  
  

       

         

        

           
    

 

   

 
  
 
  
  
 

           
   

 

  

 
 
  
 
  
 
  
  
 
 

         

        

           

        

  

 

 

 
 
  

 
 
  
 
 
 

Figure 6.22 Both joints simultaneous movement (detail of Joint-2 movement with 

velocity comparison) (SMiRL) while iTbot is in vertical configuration 

 



 

86 

 

simultaneous movements can be seen in Figure 6.23. The tracking error was found to be almost 

zero, which proves that the tracking performance is excellent in this configuration. Although some 

high control action can be seen in Joint 1, this is due to the setting of gain parameters that can be 

alleviated during experimentation. 

 

 

 

Figure 6.23 Simultaneous motion (SMiRL) while iTbot is in horizontal configuration 
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Figure 6.24 Both joints simultaneous movement (detail of Joint-1 movement with 

velocity comparison) (SMiRL) while iTbot is in horizontal configuration 
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 Admittance-based Active and Active-assistive Movements [106] 

The robot's active or active-assistive mode helps the user based on feedback received by a force 

sensor mounted on the robot's end-effector. To do this, the assistive controller partially modifies 

the robot's trajectory in relation to the force sensor input. The first step is to transform the force 

           

   

 

  

 
 
 
  
  
  

       

         

        

           
    

 

   

 
  
 
  
  
 

           
   

 

  

 
 
  
 
  
 
  
  
 
 

         

        

           

        

     

 

    

 
 
  

 
 
  
 
 
 

Figure 6.25 Both joints simultaneous movement (detail of Joint-2 movement with 

velocity comparison) (SMiRL) while iTbot is in horizontal configuration 
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sensor input to the corresponding torques exerted on the robot's two joints. From geometric 

solution of the 2 DoF robot iTbot, the joint torques resulting from the X and Y component of the 

forces exerted on the end effector can be expressed by: 

𝜏1 =  −𝑙1𝑠𝑖𝑛𝜃2𝐹𝑥 + (𝑙2 − 𝑙1𝑐𝑜𝑠𝜃2)𝐹𝑦 

𝜏2 = 𝑙2𝐹𝑦 

 

(6.22) 

Where,  

𝑙1𝑎𝑛𝑑 𝑙2 are the link lengths 

𝐹𝑥 𝑎𝑛𝑑 𝐹𝑦 are the x and y components of the force 

𝜃1 𝑎𝑛𝑑 𝜃2 are the joint angles 

𝜏1 𝑎𝑛𝑑 𝜏2 are the joint torques generated by the force 

Knowing the result from (6.17) and applying the impedance definition in the form of an 

admittance relation, we have a direct form with which to modify the desired trajectory as 

follows: 

𝑞𝑎 =  𝑞𝑑 +  𝜏 (
1

𝐾 + 𝐶𝑠
) 

 

(6.23) 

Where, 𝑞𝑎 is the 2𝑥1 vector of the new desired trajectory defined by the admittance, 𝑞𝑑 is the 

2𝑥1 vector with the original desired trajectory from the trajectory planner. K and C are the gain 

matrices corresponding to a spring and damper constant, respectively. Adjusting these constants 

provide higher or lower resistance to subject's movements using the force inputs.  
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CHAPTER 7  

EXPERIMENTS AND RESULTS 

 

This chapter covers the experimentation of iTbot with healthy human subjects to demonstrate the 

use of robot-aided rehabilitation based on principles of motor rehabilitation discussed in Chapter 

3. The beginning of this chapter describes the experimental setup with the integration of the 

controller(s) to the iTbot robot, along with verification of simulation results. After that, the iTbot 

was used to perform various passive, active, and active-assisted rehabilitation exercises, each set 

of exercises focusing on a specific set of motor rehabilitation principles. Quantitative measures of 

the robot’s effectiveness to perform such exercises are evaluated by measuring tracking errors for 

passive exercises; observing the user’s effectiveness of performing goal-oriented active and active-

assisted exercises of varying difficulty. Furthermore, the force sensor input and electromyogram 

(EMG) data for the user’s muscle activation is recorded along with the robot’s position tracking 

data to quantitively track the user’s improvement of performing active exercises over time. The 

chapter ends with a brief discussion on the experimental results. 

 Experimental Setup and Control Implementation 

The experimental setup for the iTbot system consists of the robot and its control system set up in 

a desktop configuration. The robot was configured for vertical configuration for right-handed and 

left-handed use, as well as horizontal configuration for parts of the experiment depicted in Figure 

7.1. During active exercise, the user’s muscle activation data is logged using the Delsys Trigno 

series EMG electrodes, as shown in Figure 7.2. 
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Figure 7.3 shows the location of EMG electrodes per channel on a subject’s body. The list of 

muscles recorded by each channel of EMG are as follows:  

Ch.1: Deltoid (anterior part) 

Ch.2: Deltoid (posterior part) 

Ch.3: Pectoralis major (clavicular part) 

Figure 7.1 Vertical (left) and Horizontal (right) configuration of the robot 

Figure 7.2 Active exercise with EMG data acquisition 
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Ch.4: Biceps (proximal part) 

Ch.5: Biceps (lateral part) 

Ch.6: Triceps (lateral part) 

Ch.7: Triceps (proximal part) 

 

During initial testing, a joint-based trajectory was used to test the performance of the three control 

algorithms used in the iTbot robot (i.e., PID, mCTC, and SMiRL). The trajectory is an estimated 

motion therapy to stimulate the user’s elbow flexion-extension motion. However, it is later 

observed that in an end-effector type robot, like the iTbot, where the user’s arm is not constrained, 

this trajectory results in multi-joints (i.e., shoulder, elbow, and wrist joints) motion of the arm. In 

this trajectory, Joint-1 of the robot moves 8 degrees in a positive direction in 3 seconds, while 

Figure 7.3 Location of the EMG electrodes on Subject-A’s upper arm (Left: Front 

view, Right: View from behind) 

Ch. 6 

Ch. 3 

Ch. 5 
Ch. 4 

Ch. 2 

Ch. 2 

Ch. 7 

Ch. 1 

Ch. 6 
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Joint-2 moves 80 degrees in the positive direction at the same time. This trajectory is shown in 

Figure 7.4. 

 

 

For the exercise in vertical mode, test subject-A (age: 28 years; height: 5ft 4 in; Weight: 125 lbs.) 

attached their right upper limb with the robot as shown in Figure 7.5. The exercise trajectory is 

run 3 times, with 3 different controllers (i.e. PID, mCTC, and SMiRL) with the following gains 

for Joint-1, 2 respectively: 

PID Gains: Kp = 600, 320 

Kv = 70, 90 

Ki = 6, 3 

          
 

 

 

 

 
                                 

          

        

 

  

  

  

  

 
 
 
  
  
  

                                 

Figure 7.4 Generated trajectory for Elbow Flexion-Extension exercise 
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mCTC Gains: Kp = 12000, 21000 

Kv = 80, 40 

Ki = 15, 7 

SMiRL Gains: Lambda = 75, 400 

K = 25, 25 

Delta = 0.3, 0.1 

Alpha = -800, -15 

 

The results with joint angles, velocity, motor current, and tracking errors for both Joint-1 and Joint-

2 are plotted in figures, Figure 7.6, Figure 7.7, and Figure 7.8  

Figure 7.5 Elbow Flexion-Extension exercise using three different controllers 
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Figure 7.6 Elbow Flexion-Extension exercise using PID controller in vertical 

orientation of the robot 
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Figure 7.7 Elbow Flexion-Extension exercise using mCTC controller in vertical 

orientation of the robot 
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Figure 7.8 Elbow Flexion-Extension exercise using SMiRL controller in vertical 

orientation of the robot 
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From the above results, we can see that although all three controllers are capable of running the 

robot at decently low tracking error, all three of them show some amount of chattering at the gains 

used. This chattering can be further reduced by extended tuning of the gain parameters for each 

controller. 

For the exercise in horizontal mode, test subject-B (age: 29 years; height: 5ft 1in; Weight: 115 

lbs.) attached their right upper limb with the robot as shown in Figure 7.1 (Right). A mirrored 

version of vertical mode trajectory, which is now working as an estimated motion for shoulder 

internal-external rotation, is run three times, with three different controllers (i.e., PID, mCTC, and 

SMiRL) with the same gains for Joint-1, and Joint-2 respectively: 

PID Gains: Kp = 600, 320 

Kv = 70, 90 

Ki = 6, 3 

mCTC Gains: Kp = 12000, 21000 

Kv = 80, 40 

Ki = 15, 7 

SMiRL Gains: Lambda = 75, 400 

K = 25, 25 

Delta = 0.3, 0.1 

Alpha = -800, -15 

 

The results with position (joint angles), velocity, motor current, and tracking errors for both Joint-

1 and Joint-2 in the horizontal position are plotted in figures, Figure 7.9, Figure 7.10, and Figure 

7.11. 
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Figure 7.9 Elbow Flexion-Extension exercise using PID controller in horizontal 

orientation of the robot 
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Figure 7.10 Elbow Flexion-Extension exercise using mCTC controller in horizontal 

orientation of the robot 
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Figure 7.11 Elbow Flexion-Extension exercise using SMiRL controller in horizontal 

orientation of the robot 
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Once again, we can see that although all three controllers are capable of running the robot at 

decently low tracking error, all three of them show some amount of chattering at the gains used. 

This chattering can be further reduced by extended tuning of the gain parameters for each 

controller. Moreover, we can see using different dynamic models for horizontal and vertical 

orientation of the iTbot with the acceleration due to gravity is acting on different axis results in a 

near-identical performance for both model-based controllers (i.e., mCTC and SMiRL). 

 Rehabilitation Exercise Experiments 

At this stage, when the mechanical, electrical, and controller performance of the iTbot is verified, 

some example or demo rehabilitation exercises were performed with the participation of healthy 

subjects (Subject-A and Subject-B). These exercises were performed to test the capability of the 

iTbot to provide rehabilitation therapy that matches the principles of motor rehabilitation using 

rehab robotics discussed in Chapter 3. The rehabilitation exercises can be grouped into three 

categories; passive, active, and active-assisted; based on their working principle. Each category 

provides a subset of the principles of motor rehabilitation. 

 Passive Rehabilitation Exercises: 

Two types of passive rehabilitation exercises have been evaluated while running experiments with 

iTbot. The first type being repetitive motion exercises, focusing on the massed practice/repetitive 

practice principle of motor rehabilitation. This type of exercise can increase the dosage or duration 

of the therapy to a patient, increasing the speed of recovery. 

For the massed practice/repetitive practice exercise, five different new trajectories were tested. 

These trajectories are the robot’s joint-based trajectories generated by approximation of the user’s 
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arm's motion. As observed during the elbow flexion-extension trajectory in the previous stage, 

end-effector type robots like iTbot are not suitable for motion therapy of particular joints of the 

upper arm; instead, these types of robots are advantageous to provide multi-joint movement 

exercises. Therefore, the majority of the motions chosen do not focus on the individual joint of the 

user. Instead, those trajectories target to mimic the hand's general motions, where users can orient 

each joint of their arm as they wish to perform the target motion. Indeed, standard rehabilitation 

therapy focuses on multi-joint movement exercises, such as picking and placing an object, reaching 

movement exercises, etc. The trajectories chosen for this type of exercises are:  

• Diagonal reaching with an intermediate point 

In this trajectory, Joint-1 moves to -20° position in 2 seconds, then come back to 8° position 

at the endpoint in 2 seconds more, while Joint-2 moves from 0° to -65° in first 2 seconds, 

then to -135° in another two seconds. Both joints then follow the same path in the same 

amount of time to go back to zero position. This results in a more vertical motion of the 

user’s hand. 

• Diagonal reaching in a continuous motion 

In this trajectory, Joint-1 moves directly from 0° to 8° in 4 seconds, while Joint-2 moves 

from 0° to -135° at the same time. This results in an arc motion of the user’s hand. 

• Shoulder Flexion-Extension 

In this trajectory, Joint-1 moves to -65° in 3 seconds to a suitable position, then Joint 1 and 

2 moves simultaneously to -20° and -90° degree positions and back to move the user’s 

shoulder in a flexion-extension motion. 
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• A vertical half star pattern 

In this pattern, Joint-1 moves from 0°, -45°, -60°, -45°, -35°, -16°, -45°, -5°, -45°, and 0°, 

where Joint-2 moves from 0°, -45°, -100°, -45°, -115°, -45°, 115°, -45°, -100, -45°, and 0° 

sequence simultaneously, each in 2 seconds, to draw a half star pattern vertically. This 

results in all joints' motion in the user’s upper limb, focusing on elbow and shoulder 

flexion-extension. 

• A horizontal half star pattern 

This trajectory follows the same rotations for each joint, but in a reverse direction, and is 

executed in the robot's horizontal configuration. This results in a half star pattern in the 

horizontal plane, resulting in motion in all upper limb joints, with more focus on shoulder 

horizontal abduction-adduction.  

 

Each of these trajectories (representing multi-joint upper-limb exercises) was used with all three 

of the previously tested control algorithms (i.e., PID, CTC, SMiRL), and the position data, tracking 

Figure 7.12 Cartesian representation of the Vertical half star pattern (left) and Horizontal 

half star pattern (right) 
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errors, and required torques were recorded for each run. Figures 7.11 through 7.25 show the 

position, tracking errors, and motor currents data recorded during the exercises. 

 

     

        

   

   

 

  

 
 
 
  
  
 
 
 
 

       

         

        

     

        

    

    

   

 
       

         

        

     

        

    

    

    

 

   

   

 
  
 
  
  

 
 
 

     

        

  

    

 

   

 

     

        

   

  

 

 

  

  

 
 
  

 
 
  
 
 

 

     

        

   

   

  

 

 

Figure 7.13 Position, Tracking Error, and Torque data for right hand Diagonal 

Reaching motion (intermediate point) with PID controller. 
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Figure 7.14 Position, Tracking Error, and Torque data for Diagonal Reaching motion 

(intermediate point) with mCTC controller. 
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Figure 7.15 Position, Tracking Error, and Torque data for Diagonal Reaching motion 

(intermediate point) with SMiRL controller. 
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Figure 7.16 Position, Tracking Error, and Torque data for Diagonal Reaching motion 

(continuous) with PID controller. 



 

109 

 

 

     

        

 

 

 

 

 

  

 
 
 
  
  
 
 
 
 

       

         

        

     

        

    

    

   

 
       

         

        

     

        

    

    

 

   

   

   

 
  
 
  
  

 
 
 

     

        

  

    

 

   

     

        

   

 

  

  

 
 
  

 
 
  
 
 

 

     

        

   

   

  

 

 

Figure 7.17 Position, Tracking Error, and Torque data for Diagonal Reaching motion 

(continuous) with mCTC controller. 
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Figure 7.18 Position, Tracking Error, and Torque data for Diagonal Reaching motion 

(continuous) with SMiRL controller. 
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Figure 7.19 Position, Tracking Error, and Torque data observed during Shoulder 

Flexion-Extension motion with PID controller. 
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Figure 7.20 Position, Tracking Error, and Torque data observed during Shoulder 

Flexion-Extension motion with mCTC controller. 
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Figure 7.21 Position, Tracking Error, and Torque data observed during Shoulder 

Flexion-Extension motion with SMiRL controller. 
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Figure 7.22 Position, Tracking Error, and Torque data for Vertical Half Star Pattern 

with PID controller. 
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Figure 7.23 Position, Tracking Error, and Torque data for Vertical Half Star Pattern 

with mCTC controller. 
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Figure 7.24 Position, Tracking Error, and Torque data for Vertical Half Star Pattern 

with SMiRL controller. 
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Figure 7.25 Position, Tracking Error, and Torque data for Horizontal Half Star 

Pattern with PID controller. 
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Figure 7.26 Position, Tracking Error, and Torque data for Horizontal Half Star 

Pattern with mCTC controller. 
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From the above figures, we can see that all three controllers perform in a consistent manner for 

various trajectories, representing multi-joint passive rehabilitation exercises of the human upper 

limb. 

          

        

 

  

  

  

 
 
 
  
  
 
 
 
 

       

         

        

          

        

 

  

  

  

  

   

       

         

        

          

        

  

    

 

   

 

 
  
 
  
  

 
 
 

          

        

    

    

 

   

   

          

        

   

   

 

  

  

 
 
  

 
 
  
 
 

 

          

        

   

 

  

  

Figure 7.27 Position, Tracking Error, and Torque data for Horizontal Half Star 

Pattern with SMiRL controller. 
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Now, the second type of passive rehabilitation therapy demonstrated during the experimentation 

is record-replay type therapeutic exercise. This type of exercise is designed to enable the action-

observation principle of motion rehabilitation. In the experiments with iTbot, the robot is run in a 

free trajectory mode with high admittance gain. In this free-run mode, the robot end-effector can 

be moved effortlessly with the handle connected to the force sensor. When the free trajectory is 

running, the user or another person can move the end-effector around to perform a rehabilitative 

motion task, and the motion trajectory of the robot is recorded. After the recording is done, it is 

possible to run the same trajectory with repetition in passive mode as a massed rehabilitation 

exercise. 

In the experimental setup with iTbot, two different trajectory recordings have been performed by 

Subject-A and Subject-B. Both runs involved the first recording of a random trajectory by the users 

themselves with high admittance gains, resulting in very light forces required to move the robot. 

After the trajectory was recorded, three repetitions of the recorded trajectory were played back. 

During the recording, only a PID controller was used in conjunction with the admittance trajectory 

modifier. But during the replays, the admittance trajectory modifier was turned off to replay the 

repetitions in passive mode. Each replay was tested with all three (i.e., PID, CTC, and SMiRL) 

controllers. 

Figures 7.26 and 7.27-7.29 show the recording and replay performance of the iTbot by Subject-A. 

Figure 7.26 shows that the desired trajectory is always zero, as in free trajectory, the robot does 

not have any trajectory to follow. The angle deviation is the deviation caused by the user’s force 

input through the admittance controller. The generated torque values show that the motors are 

actively assisting the motion using the force sensor input from the user. 
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During the replay, we can see that there is a small motion added to move the joints from the 

endpoint of the trajectory to the starting point of the trajectory. This four-second generated 

trajectory is added after each loop to avoid the violent motion of the robot. 

 

     

        

   

 

  

 
 
 
  
  
 
 
 
 

       

         

        

     

        

 

  

   
       

         

        

     

        

   

 

  

 
  
 
  
  

 
 
 

     

        

    

   

 

     

        

   

   

 

  

 
 
  

 
 
  
 
 

 

     

        

  

 

 

     

        

   

 

  

  

 
  

 
 

     

        

   

 

  

 
 
  

 

Figure 7.28 Position tracking with force sensor input when running the free trajectory 

with admittance 
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Figure 7.29 Position, Tracking Error, and Torque data for three times replay of the 

recorded trajectory using PID controller 
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Figure 7.30 Position, Tracking Error, and Torque data for three times replay of the 

recorded trajectory using mCTC controller. 
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Figure 7.31 Position, Tracking Error, and Torque data for three times replay of the 

recorded trajectory using SMiRL controller. 



 

125 

 

 Active Rehabilitation Exercises: 

To demonstrate the active rehabilitation exercise capabilities of the iTbot, a test scenario was 

developed where the robot completes a predefined cartesian trajectory with the user’s hand on the 

force sensor enabled handle of the robot, with admittance-based trajectory control activated with 

different amounts of admittance gains. The user’s goal is to complete the trajectory with the robot 

without deviation, but someone with upper limb impairment receiving therapy will inadvertently 

apply force in incorrect directions, either due to limitation in range of motion in their arm or due 

to poor motor control. When these forces are applied, the robot's admittance-based trajectory 

control will deviate the robot out of its pre-planned trajectory. Observing these deviations can 

provide users implicit and explicit feedback on their rehabilitation exercises. Additionally, 

changing the admittance gains will make it harder or easier to deviate the robot from its planned 

trajectory, varying the difficulty of the exercises for the user. 

A test trajectory where the robot’s end-effector moves in a square pattern in the vertical plane is 

used to perform experiments with the above-described scenario. In this trajectory, the iTbot’s end-

effector starts from a home position and moves forward 0.3m in 4 seconds, then moves upwards 

0.3m in 4 seconds, then moves backward 0.3m in 4 seconds, and then moves back down 0.3m to 

the initial position in 4 seconds. Figure 7.32 shows a 3D representation of this vertical square 

trajectory. 

During experiments, first, the robot's tracking performance in this trajectory is verified in passive 

rehabilitation mode. PID controller with gain parameters described in Section 6.1.1 was used 
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throughout this experiment. The tracking performance for this trajectory in Cartesian space and 

joint space using the PID controller is shown in Figure 7.33 and Figure 7.34. 

 

 

   

   

   

     

  

    

 

   

      

    

   

    

   

    

   

    

   

 
  
 

 

Figure 7.32 Vertical square shaped Cartesian trajectory used for demonstrating active 

exercise 

 

   

   

   

     

  

    

 

   

      

   

   

   

   

 
  
 

 

         

        

Figure 7.33 Position tracking in Cartesian space of the cartesian vertical square 

trajectory using PID controller 
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Then as the next step, the same trajectory was run in active mode with admittance-based trajectory 

control enabled, with admittance gains from (6.23) K = 0.1, 0.12, and 𝐶𝑠 = 0,0 for Joints 1 and 2, 

      

        

   

   

 

  

  

  

 
 
 
  
  
 
 
 
 

       

         

        

      

        

 

  

  

  

  

   

       

         

        

      

        

  

  

 

 

 
  
 
  
  

 
 
 

      

        

  

  

 

 

      

        

   

   

 

  

  

 
 
  

 
 
  
 
 

 

      

        

  

 

 

  

Figure 7.34 Position, Tracking Error, and Torque data in joint space for the cartesian 

vertical square trajectory 
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respectively. In these settings, the trajectory is run without any user input to the force sensor 

through the handle. This is done to verify the tracking performance of the iTbot without the user’s 

active force input. Figure 7.35 and Figure 7.36 show the trajectory tracking along with force sensor 

input during this test. 

 

Here, we can see some deviation in the negative X direction in the square's upper left end. This can 

be explained by the lack of gravity compensation of the force control algorithm of the iTbot. In 

the initial configuration explained in Chapter 5, the X-axis of the end-effector frame and the force 

sensor is oriented towards gravity. When the robot is powered on, the force sensor senses that 

gravity is acting on the handle in the positive X-direction of the end-effector frame and sets a 

constant bias against that value. But during the execution of the trajectory, when the end-effector 

frame orientation changes, the gravity stops working on the end-effector X-axis. Therefore, the 

    

 

   

   

   

     

  

    

 

   

      

   

   

   

   

 
  
 

 

         

        

Figure 7.35 Position tracking in cartesian space of the cartesian square trajectory 

with admittance-based trajectory control enabled and no user input 
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bias voltage creates a small error in the force sensor's input, which then affects the admittance-

based trajectory modifier. 

 

      

        

   

 

  

  

 
 
 
  
  
 
 
 
 

       

         

        

      

        

 

  

   

       

         

        

      

        

   

   

 

  

 
  
 
  
  

 
 
 

      

        

   

 

  

      

        

   

 

  

 
 
  

 
 
  
 
 

 

      

        

  

 

 

  

      

        

  

  

 

 
  

 
 

      

        

  

  

 

 
 
  

 

Figure 7.36 Position, Tracking Error, and Torque in joint space along with force input 

data of the cartesian square trajectory with admittance-based trajectory control enabled 

and no user input 
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After the test run with no user input, two separate runs of the vertical square trajectory are tested 

with admittance-based trajectory control enabled, with user input from Subject-A. The subject's 

goal was to make the robot deviate from the test trajectory by applying random forces on the force 

sensor using the handle. The first test run was a “low admittance” run, where the gains of the 

admittance-based trajectory controller set to allow low admittance, and the second test run was a 

“high admittance” run where the gains were adjusted to allow high admittance. During the first 

run, the spring constant gain from (6.23) K was set to K=0.1, 0.12 for Joints 1 and 2 respectively, 

and during the second run, K was set to K=0.3, 0.4 for Joints 1 and 2 respectively. The damping 

constant 𝐶𝑠 was set to 0 for both joints in both cases.  

 

 

 

Figure 7.37 Position tracking in Cartesian space of the Cartesian square trajectory 

with admittance-based trajectory control enabled in “low admittance” run 
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Figure 7.38 Position, Tracking Error, and Torque in joint space along with force input 

data of the Cartesian square trajectory with admittance-based trajectory control enabled in 

“low admittance” run 
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Figure 7.37 and Figure 7.38 show the Cartesian position tracking; joint space position, tracking 

errors, joint torques; and force sensor inputs during the “low admittance run.” Figure 7.39 and 

Figure 7.40 show the Cartesian position tracking, joint space position, tracking errors, joint torques, 

and force sensor inputs during the “high admittance run.”  

 

From the data seen on these two test runs, it is evident that in the “low admittance” run, a higher 

amount of force input (Fx = -50N to 100N, Fy = -40N to 10N range) is used to cause less deviation 

(Joint-1 up to ± 20° range, Joint-2 up to ±20° range), whereas in “high admittance” run, less amount 

of force input (Fx = -40N to 20N, Fy = -30N to 10N range) is used to cause similar or higher 

deviation (Joint-1 up to ± 20° range, Joint-2 up to +40° range). This confirms the use of iTbot in 

admittance-based trajectory control mode in active rehabilitation therapy in different difficulty 

Figure 7.39 Position tracking in cartesian space of the cartesian square trajectory 

with admittance-based trajectory control enabled in “high admittance” run 
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modes. Additionally, the tracking data was shown on-line during the experiment in a video game 

interface (Figure 7.41) to provide implicit and explicit feedback during the experiment. 

 

      

        

   

 

  

  

  

 
 
 
  
  
 
 
 
 

       

         

        

      

        

 

  

   

       

         

        

      

        

   

 

  

 
  
 
  
  

 
 
 

      

        

 

  

  

      

        

   

 

  

 
 
  

 
 
  
 
 

 

      

        

  

 

 

  

      

        

   

  

 

 
  

 
 

      

        

   

  

 

 
 
  

 

Figure 7.40 Position, Tracking Error, and Torque in joint space along with force input 

data of the Cartesian square trajectory with admittance-based trajectory control enabled in 

“high admittance” run 
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Figure 7.41 Video game based visual feedback during cartesian square trajectory with 

admittance-based trajectory control enabled in “low admittance” run (top) and “high 

admittance” run (bottom) 
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 Active-assisted Rehabilitation Exercises: 

As the last stage of evaluating the iTbot as a suitable device for robot-aided rehabilitation devices, 

an active-assisted mode of rehabilitation exercise was formulated. In this exercise, the robot was 

set in a free run mode where there is no specified trajectory, and the robot uses its current position 

as the trajectory to try to stay at the same spot. With admittance-based trajectory control enabled, 

the user can put force on the force sensor through the handle to move the robot around with a 

varying amount of force based on different admittance gain settings. Additionally, visual feedback 

provided through a video game interface provides implicit and explicit feedback to the user during 

the exercise. 

In our experimental setup, the iTbot was run in free trajectory mode three times with three different 

admittance gain settings for testing this scenario. Each time, one test subject, Subject-A, moved 

around the robot, holding the handle, randomly. The trajectory, motor torque, and force sensor 

data were recorded during these three runs, along with the subject’s upper arm's EMG data. The 

three test runs can be referred to as “low admittance run,” “medium admittance run,” and “high 

admittance run.” During the “low admittance run,” the admittance gain K was set to K=0.05, 0.02 

for Joints 1 and 2 respectively; for the “medium admittance run,” the admittance gain K was set to 

K=0.1, 0.12 for Joints 1 and 2 respectively, and for the “high admittance run” K was set to K=0.3, 

0.4 for Joints 1 and 2 respectively. The damping constant 𝐶𝑠 was set to 0 for both joints in all cases. 

The robot was operated with the PID controller for all these runs. 
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Figure 7.42 Position, Tracking Error, and Torque in joint space along with user’s 

force input data running admittance-based free trajectory in “low admittance” run 
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Figure 7.43 User’s upper arm muscle activation EMG data during admittance-based 

free trajectory in “low admittance” run 
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Figure 7.44 Position, Tracking Error, and Torque in joint space along with user’s 

force input data running admittance-based free trajectory in “medium admittance” run 
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Figure 7.45 User’s upper arm muscle activation EMG data during admittance-based 

free trajectory in “medium admittance” run 
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Figure 7.46 Position, Tracking Error, and Torque in joint space along with user’s 

force input data running admittance-based free trajectory in “high admittance” run 
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Observing these results from the three test runs, it is evident that, when admittance is set for low 

admittance, a higher amount of force is required (±50N) with a higher amount of muscle activation 

(±500 microvolts range in EMG channels), compared to medium admittance (±20N Force and 

±400 microvolts EMG signal) and high admittance (±5N force and ±200 microvolts EMG signal). 

Figure 7.47 User’s upper arm muscle activation EMG data during admittance-based 

free trajectory in “high admittance” run 
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The EMG data complements the force sensor data confirming that the higher force readings during 

low admittance are directly related to the force applied by the user’s muscle activation, not force 

feedback generated from the robot’s motion in the force sensor. This concludes the fact that iTbot 

in active-assisted mode can provide rehabilitation exercises of variable difficulty. Pairing this with 

exercises designed to require the user to perform specific motions with varying amounts of force 

would enable robot-aided rehabilitation therapy using multiple principles of motor rehabilitation. 

A new scenario was prepared to test goal-based active-assisted therapy with explicit visual 

feedback as a final test of active-assisted rehabilitation therapy. For this test, the test subject 

(Subject-A) was now tasked with following a square trajectory based on visual feedback from a 

video game interface. This test is again run in three different admittance gain settings for low, 

medium, and high admittance runs. Same admittance gain parameters from the last test were used 

again for the three different settings. 

Figure 7.48 shows snapshots of the experiments being conducted with explicit visual feedback 

from the video game interface. During the experiment, it is observed that coinciding with the 

previous test results, in low admittance settings user needs to provide higher physical force, but 

they can follow the trajectory more accurately. On the other hand, in high admittance mode, they 

require less effort but tend to drift out of the trajectory easily. Figure 7.49 shows the user’s actual 

motion in a cartesian space, which confirms that in low admittance mode, the path drawn by the 

user is more square-shaped than the other two runs. This observation helps conclude that with the 

change of admittance settings, it is possible to vary both the exercise's physical and neuromotor 

difficulty. Figure 7.50, Figure 7.51, and Figure 7.52 show the robot controller performance along 

with the force sensor input for these three test runs. 
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Figure 7.48 Goal based active-assisted exercise with explicit visual feedback during 

admittance-based free trajectory in “low admittance” run (top), “medium admittance” run 

(middle) and “high admittance” run (bottom) 
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Figure 7.49 Goal based active-assisted exercise with user performance data cartesian 

representation for admittance-based free trajectory in “low admittance” run (top), 

“medium admittance” run (middle) and “high admittance” run (bottom) 
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Figure 7.50 Position, Tracking Error, and Torque in joint space along with user’s 

force input data running goal based active-assisted exercise in “low admittance” run 
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Figure 7.51 Position, Tracking Error, and Torque in joint space along with user’s 

force input data running goal based active-assisted exercise in “medium admittance” run 
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The experimental results in this chapter thus revealed that the developed iTbot and the proposed 

controllers can effectively provide multi-joint upper limb exercises, including passive, active, 

active-assistive, and resistive exercises.  

        

        

 

  

  

  

 
 
 
  
  
 
 
 
 

       

         

        

        

        

 

  

   

       

         

        

        

        

   

   

   

 

 
  
 
  
  

 
 
 

        

        

    

   

 

        

        

   

 

  

 
 
  

 
 
  
 
 

 

        

        

  

 

 

        

        

   

 

  

  

 
  
 
 

        

        

  

 

 

 
 
  

 

Figure 7.52 Position, Tracking Error, and Torque in joint space along with user’s 

force input data running goal based active-assisted exercise in “high admittance” run 
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CHAPTER 8  

CONCLUSIONS AND FUTURE WORK 

 

 Conclusions 

In this research, a simplistic 2 DoF robotic rehabilitation device was designed and developed to 

provide passive, active, and active-assistive rehabilitation exercise to individuals with upper limb 

impairment. To enable the rehabilitation exercise with this robot, the robot's forward and inverse 

kinematic model was developed using geometric methods, and the dynamic model was computed 

iteratively using Newton’s and Euler’s equations. The robot was configured to operate using non-

model-driven control algorithms like PID, as well as model-driven control algorithms (i.e., 

Modified Computed Torque Control and newly developed Sliding Mode control with Innovative 

Reaching Law). An admittance-based trajectory modifier was implemented in the robot’s control 

scheme to enable active and active assistive modes of operations. To allow action observation-

based rehabilitation, the robot was configured with record and replay mode where admittance-

based control can be used to effortlessly move the robot and record the exercise trajectory to be 

executed later. To provide implicit and explicit feedback during exercise, a video game interface 

was developed to show the user’s performance and goals on screen. In the end, the robot’s 

capabilities to provide robot-aided rehabilitation therapy following the principles of motor 

rehabilitation was evaluated by designing and completing various passive, active, and active 

assistive rehabilitation exercises by two healthy individuals acting as test subjects. 
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 Future work 

To further develop the possibility of robot-aided rehabilitation using simple robotic devices like 

iTbot, following future research works can be performed, 

• Fine-tuning the model-based control algorithms to provide a smoother and more 

comfortable motion of the robot 

• Developing low-cost components to replace the robot’s gear reducer units to make such a 

robot more affordable to the users 

• Using more 3D printed or rapid prototyped parts in the robot’s design to make it more 

affordable and accessible to people around the world 

• Introducing AI-based rehabilitation programs in the robot’s software facilitates long-term 

rehabilitation therapy with less effort from healthcare professionals. 
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APPENDIX – A 

Mass and Inertia Properties of iTbot (Link-1) 

 

Mass = 1.79031390 kilograms 

 

Volume = 0.00056893 cubic meters 

 

Surface area = 0.23836799 square meters 

 

Center of mass: ( meters ) 

 X = 0.26851156 

 Y = -0.00001008 

 Z = -0.00781626 

 

Principal axes of inertia and principal moments of inertia: ( kilograms * square meters ) 

Taken at the center of mass. 

  Ix = ( 0.99997597, 0.00001276, -0.00693282)  Px = 0.00132227 

  Iy = (-0.00001560, 0.99999992, -0.00041030)  Py = 0.01658514 

  Iz = ( 0.00693281, 0.00041039, 0.99997588)  Pz = 0.01715484 

 

Moments of inertia: ( kilograms * square meters ) 

Taken at the center of mass and aligned with the output coordinate system. 

 Lxx = 0.00132303 Lxy = 0.00000019 Lxz = -0.00010976 

 Lyx = 0.00000019 Lyy = 0.01658514 Lyz = -0.00000024 

 Lzx = -0.00010976 Lzy = -0.00000024 Lzz = 0.01715408 

 

Moments of inertia: ( kilograms * square meters ) 

Taken at the output coordinate system. 

 Ixx = 0.00143241 Ixy = -0.00000465 Ixz = -0.00386720 

 Iyx = -0.00000465 Iyy = 0.14577339 Iyz = -0.00000009 

 Izx = -0.00386720 Izy = -0.00000009 Izz = 0.14623294 

 

One or more components have overridden mass properties: 

 CSF-17-XXX-2UH.stp<1><Default> 

 200142_EC45fl_30W_B<Default> 

--------------------------------------------- 
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Mass and Inertia Properties of iTbot (Link-2) 

Mass = 0.64960702 kilograms 

 

Volume = 0.00033051 cubic meters 

 

Surface area = 0.14786344 square meters 

 

Center of mass: ( meters ) 

 X = 0.14999885 

 Y = 0.00008190 

 Z = 0.02330440 

 

Principal axes of inertia and principal moments of inertia: ( kilograms * square meters ) 

Taken at the center of mass. 

  Ix = ( 0.98036257, -0.00036263, 0.19720321)  Px = 0.00091151 

  Iy = ( 0.19720279, -0.00095733, -0.98036225)  Py = 0.00584865 

  Iz = ( 0.00054430, 0.99999948, -0.00086702)  Pz = 0.00637504 

 

Moments of inertia: ( kilograms * square meters ) 

Taken at the center of mass and aligned with the output coordinate system. 

 Lxx = 0.00110351 Lxy = -0.00000204 Lxz = 0.00095450 

 Lyx = -0.00000204 Lyy = 0.00637504 Lyz = 0.00000010 

 Lzx = 0.00095450 Lzy = 0.00000010 Lzz = 0.00565665 

 

Moments of inertia: ( kilograms * square meters ) 

Taken at the output coordinate system. 

 Ixx = 0.00145631 Ixy = 0.00000594 Ixz = 0.00322529 

 Iyx = 0.00000594 Iyy = 0.02134377 Iyz = 0.00000134 

 Izx = 0.00322529 Izy = 0.00000134 Izz = 0.02027258 

--------------------------------------------- 
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APPENDIX – B 

Motor Specifications, Maxon EC45 30W 
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Motor Specifications, Maxon EC45 70W 
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APPENDIX – C 

Harmonic Drive Specifications, CSF-17-100-2UH 

 

Harmonic Drive CSF-17-100-2UH series output bearing specification 
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APPENDIX – D 

Force/Torque Sensor Specifications, RFT60-HA01 

 


