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CHAPTER 1  

INTRODUCTION 

1.1 Statement of Problem 

Recently, Number of stroke patients is increasing. The common outcomes of 

stroke are Hemiparesis or Hemiplegia [1]. After a stroke patient has been cured, the 

post-stroke patient requires intense and efficient rehabilitation to recover motor 

function [2]. Rehabilitation robotics has drawn attention from researchers all over the 

world as conventional rehabilitation by a therapist is time-consuming and expensive. 

With a rehabilitation robot, the patient can exercise more frequently resulting in faster 

recovery. 

A Virtual Environment is needed to efficiently rehabilitate with the robot, 

especially in active rehabilitation, since it can provide interesting tasks to the patients 

and keep them motivated [3].  

1.2 Objective 

1. To study rehabilitation robot designing. 

2. To design and develop an upper-limb rehabilitation robot with virtual 

environment system, for passive and active rehabilitation of post-stroke patients. 

1.3 Research Scope 

Design and construct a rehabilitation robot system, including 

1. Robot (Mechanical hardware). 

2. Electronics (Electrical hardware). 

3. Controller (Controller software). 

4. Virtual Environment (Software). 

1.4 Approach 

1. Literature reviewing of rehabilitation robots. 

2. Conceptual design of a rehabilitation robot system. 

3. Design and build a prototype of a rehabilitation robot (Hardware). 

4. Design electronics and controller system for built rehabilitation robot. 

5. Design a virtual environment for rehabilitation 

6. Evaluate the prototype system. 

7. Analyze the prototype system for improvement. 

8. Design and build the second prototype of the rehabilitation robot 

(Hardware). 

9. Improve the controller system and the virtual environment. 

10. Evaluate the second prototype. 

11. Analyze data and conclusion. 

1.5 Benefits 

1. Understanding in upper limb rehabilitation. 
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2. A prototype of a rehabilitation robot system which can be improved into 

a commercial product in the future. 

3. Techniques in collaborative robot controlling. 
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CHAPTER 2  

LITERATURE REVIEW 

2.1 Theoretical Background 

2.1.1 Post-Stroke Rehabilitation 

After a stroke patient has been cured, the post-stroke patient will continue 

experiencing movement impairment. This movement impairment is categorized into 6-

stage Brunnstrom [4].  

Table 2.1 6-Stages Brunnstrom recovery of the post-stroke patients. 

 Stages Definition 

1 Flaccidity The patient is not able to initiate muscle movement of 

the affected side. Active rehabilitation is not possible. 

2 Spasticity occurs The patient’s limb resists to some passive motion. The 

patient’s limb is usually at a static pose. 

3 Increased spasticity The spasticity is increased to the peak. The patient may 

able to initiate movement, but still unable to control. 

4 Decreased spasticity The spasticity is decreasing. The patient is starting to 

regain movement control. 

5 Coordination is 

recovering 

The spasticity is decreasing, and coordination of muscle 

is improved. Complex voluntary movement is possible. 

6 Spasticity disappears. The spasticity disappears completely. The patient 

regains the most of control. 

During the first three stages, the patient needs passive rehabilitation to maintain 

and increase Range of Motion (ROM). After the patient can initiate movement, active 

rehabilitation is needed to recover motor function.  

Many rehabilitation methods have been proposed in the past, but all of them 

belong to either passive or active rehabilitation. Active rehabilitation methods can be 

categorized into more groups.  

Passive rehabilitation is the simplest rehabilitation. Passive rehabilitation can 

be done by either a therapist or a robot. In passive rehabilitation, the patient’s limb 

movement is controlled by the rehabilitation provider. The purpose of passive 

rehabilitation is to maintain and increase ROM of the patient. The passive rehabilitation 

can be done in the patients at every Brunnstrom recovery stages. The MIME [5] (Mirror 

Image Movement Enabler) rehabilitation method is also a passive rehabilitation. The 

MIME method is to let the patient control the weakened limb by controlling the robot 

with the functional limb. 
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Rehabilitation

Passive Active

Non-assist Assistive

Intent-based assistive Task-based assistive

Patient’s limb is driven Patient do the movement while receiving gravity compensation

Additional force is not provided Additional force is provided

Assist according to patient’s intent Assist according to given task

 

Figure 2.1 Types of rehabilitation. 

During the third Brunnstrom stage, the patient is able to initiate motion. At this 

stage, active rehabilitation is needed to train motor function. In active rehabilitation, the 

patient’s limb motion is initiated by the patient’s intention while the robot is providing 

gravity compensation. Active rehabilitations which do not have assistive forces other 

than gravity compensation are called active non-assist rehabilitation, while the others 

are called active assistive rehabilitation. 

There are two types of gravity compensation, passive and active. Passive gravity 

compensations are done without using actuators and control algorithms. Three 

techniques in providing passive gravity compensations are bearing support, spring force 

balancing and deadweight balancing. Bearing support is a technique which using 

bearing to disable movement along the gravity field. Spring force and deadweight 

balancing are techniques which store gravitational potential energy in springs and 

deadweights respectively. 

In active assistive rehabilitation, there are additional assistive/resistive forces 

provided to the patient other than gravity compensation. Active rehabilitations with 

resistive forces are also included in active assistive rehabilitation. The assistive forces 

are either intent or task-based.  

In intent based assistive/resistive active rehabilitation, the robot provides 

additional force according to the patient’s intention. There are many ways to measure 

a patient’s intention. F/T (Force/Torque) and sEMG (surface Electromyography) 

sensors are often used to observe the patient’s intention. The F/T sensors detect the 

patient’s intention by measuring contact force between the robot and the patient. The 

sEMG sensors detect the patient’s intention by measuring the electric voltage of the 

patient skin generated by the underneath muscles. In task-based assistive/resistive 

active rehabilitation, the robot provides additional force according to the given task.  

2.1.2 Human Anatomy 

The human’s upper-limb joints consist of rolling pieces of bones [6]. This makes 

human’s joint very complex and difficult to be modeled. Rotation axes of the human 

joints usually move during motion [6]. The Misalignments between the human’s joint 

axes and the robot joint axes create large reactional forces between the human’s limb 

and the robot [7].  
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Many human upper-limb joint models have been proposed. One of them is a 9-

DOF model [7] which consist of 2-DOF sternoclavicular, 3-DOF Glenohumeral (also 

known as shoulder ball joint), 1-DOF Elbow and 3-DOF Wrist joints. The shoulder ball 

joint is usually modeled as Ball and Socket joint. Many upper-limb exoskeleton 

designs, such as [8], use only 7-DOF by neglecting the Sternoclavicular joint. Since the 

exact locations of the human’s joints are unknown, some rehabilitation robots are 

designed as end-effector robot. The end-effector robot is able to work without knowing 

the exact location of the human’s joints. Another approach in eliminating the 

misalignment effects is adding an extra active or passive DOF [7]. 

In this research, the human’s upper limb is modeled as 5-DOF in Figure 2.2. 

This 5-DOF human’s upper-limb joints model consists of 3-DOF Shoulder joint, 1-

DOF Elbow joint and 1-DOF Forearm joint. The 3-DOF Shoulder joint is modeled as 

Ball and Socket joint. The shoulder rotation axes are modeled as movement actions in 

Figure 2.3. ROMs of human’s upper limb are also measured as minimum and maximum 

range of these movement actions. 

 The human’s muscles configuration is very complex. Each of movement actions 

usually requires more than one muscles. Some muscles are responsible for more than 

one movement actions. The primary muscles for each movement actions are listed in 

Table 2.2. 

Table 2.2 Primary muscles for actions  

Action Joint Primary Muscles [9] 

Horizontal Flexion Shoulder Pectoralis major, Deltoid anterior 

Horizontal Extension Shoulder Latissimus dorsi, Deltoid posterior 

Vertical Flexion Shoulder Pectoralis major, Deltoid anterior 

Vertical Extension Shoulder Latissimus dorsi, Teres major 

Adduction Shoulder Pectoralis major, Latissimus dorsi 

Abduction Shoulder Deltoid all, Supraspinatus 

Elbow Flexion Elbow Biceps brachii 

Elbow Extension Elbow Triceps brachii 
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3-DOF Shoulder Ball & Socket

1-DOF Elbow Revolute

1-DOF Forearm 

Revolute

 

Figure 2.2 5-DOF human's upper-limb joints model. 
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Figure 2.3 Upper-limb movement actions. 
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2.1.3 Rehabilitation Robots 

There are two types of rehabilitation robots [1], which are end-effector and 

exoskeleton based robots. The end-effector based robots are usually simpler as it 

attaches to the patient’s limb at only one point. The exoskeletons are usually designed 

as anthropomorphic which mapped its joints to the patient’s joints. An exoskeleton must 

have adjustable mechanisms or extra joints to match with the patient’s limb. 

Rehabilitation robots are a type of cobots (collaborative robot). Every 

collaborative robot must be designed with safety concerns. The collaborative robots are 

usually able to sense interaction force. The interaction force between the human and 

the robot can be measured by a F/T sensor. Without a F/T sensor, a backdrivable 

transmissions are needed to observe interaction force at the actuators. The collaborative 

robots can assist the human in many ways, such as implementing a Virtual Wall in [10]. 

2.1.4 Virtual Environment 

For active rehabilitation, a VE is needed for providing tasks to the patient and 

keeping the patient motivated. The VE can be either an activity or game-based. In 

activity-based VE, the mission is related to ADL (Activities of daily living) such as 

cooking. 

Three types of tasks for rehabilitation are reaching, trajectory movement and 

free movement tasks.  

Reaching tasks are the simplest and the most used tasks for rehabilitation. The 

objective is to move from one pose to another pose. An example of reaching tasks is 

pick and place task.  

Trajectory movement tasks require the patient’s limb to move along a given 

trajectory while staying inside acceptable distance from the trajectory. The given 

trajectory may be a straight or curved line, and the trajectory may lie in 

multidimensional space. Trajectory movement task can be described as in series 

continuous multiple reaching tasks. 

Free movement tasks require the patient’s limb to move and cover a surface, or 

a volume 

2.2 Review of Previous works 

There are many rehabilitation robots built in the past. Some interesting and well-

known robots are chosen. The review will cover mechanical hardware, controllers, and 

virtual environment.  

2.2.1 Mechanical Hardware Review 

The reviewed rehabilitation robots are presented in Table 2.3. An industrial 

robot, such as PUMA 560 [5], is used in some experiment. In most rehabilitation robots, 

the exoskeleton-based design is preferred as it can directly manipulate human joints. 

Exoskeletons usually need 2 points of contact interface. The first robot is designed as a 

2-DOF exoskeleton and only contact human hand at the handle. This makes the 

definition of the robot blurred and can be classified as end-effector as well. 
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Most of the rehabilitation robots use electric motors as actuators since they 

provide fast dynamic, torque control and may provide high backdrivability if use with 

backdrivable transmissions. For NEUROExos, hydraulic actuators are used to drive 

position of the tendon-driven compliant transmission, which results in force control of 

the robot joint. DC motors, both brushed and brushless, are used in most cases as it 

provides easy control, lightweight and very fast response. Some robots, such as 

CADEN-7, coreless brushed motors are used. Coreless brushed motors provide a high 

power-to-weight ratio, lightweight, low inertia and very fast response due to absent of 

iron core. However, for motors those require high torque and need not to be lightweight, 

AC motors are mostly chosen instead. 

Safety is the most concerned topic in designing a robot to work with a human. 

For rehabilitation robotics, the most concerned topics are backdrivability of 

transmission and contact interface. Backdrivability is usually concerned when there is 

a chance that the robot can move the human’s limb out of his/her reachable space. 

Mostly, rehabilitation robots use cable drive transmission which has high 

backdrivability, given that reduction ratio is not too high. MEDARM, Planar 

MEDARM, and CADEN-7 use cable drive transmission which sends power from the 

stationary motor through the other joints. For CADEN-7, cable transmissions are 

designed as long distance close-ended, which is very difficult to design as it needs to 

maintain the cable length when the other joints move. But in MEDARM and Planar 

MEDARM cases, these robots use open-ended by having redundant cable (actuators 

more than driven joints). The open-ended cable transmission does not require to 

maintain cable length (decreasing complexity and require less roller), but every joints 

actuation will be coupled. The another most safety transmission is damper transmission 

used in ATD. The damper transmission torque is proportional to slip velocity. For 

NEUROExos, hydraulic actuators are used. But these hydraulic send power through 

impedance (spring) controlled Bowden cable. With impedance-controlled Bowden 

cable transmission, the position of hydraulic is related with the joint torque. This 

technique makes the transmission become spring-like backdrivable. 

Contact interface between human and robot also matters in safety concerns. In 

case that there is a fault, by program errors or other accident, the robot might move 

human’s limb out of moving space and does damages. This safety concerns can be 

avoided by using an opened interface. With an opened interface, the user is free to 

remove his/her limb from the robot at will. The Planar MEDARM, which use only 

armrest instead of a cuff, is an example of an opened interface. Not only for safety 

concern but an opened interface will give user rest assured mind as well. 
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2.2.2 Rehabilitation Controllers Review 

The review of controllers used in rehabilitation robots are presented in Table 

2.4. Of all rehabilitation operations, passive rehabilitation is the simplest since a simple 

PID can be used to control the robot. Almost all robots should be able to operate in 

passive rehabilitation. The MIME [5], Mirror Image Movement Enabler, is also 

classified as passive rehabilitation. Usually, backdrivability of the robot is required to 

operate in active rehabilitation. But the 2nd example, which uses PUMA 560, operate 

by using force feedback to apply force control. 

To operate a rehabilitation robot in Intent based active assistive, either F/T or 

sEMG are needed. A simple proportional sEMG controller can be used to assist the 

elbow joint since the elbow joint is controlled by only 2 primary muscles. The 2 primary 

muscles for the elbow joint are Biceps and Triceps, acting in agonist/antagonist. For 

the other joints, many muscle signals are required. To control the other joints, a complex 

controller such as Neurofuzzy is needed to predict intention. Intent-based assistive 

using F/T sensors are simpler for utilization, as the sensor only attached to interfaces. 

Task-based assistive controllers are simpler to implement. F/T and sEMG 

sensors are not necessary but still recommended. Assist-as-needed (AaN) is a concept 

to let the user do the task and assist when the user seems to fail in doing the task. The 

definition of failing is very indistinct, and many researches implemented this concept 

in many ways. The implemented AaN controllers in [22] is a passive rehabilitation 

controller with non-linear impedance applying very low driving force in case of low 

error (the user is doing the task) and apply exponentially strong driving force in case of 

higher position error from trajectory (the user is failing). 
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2.2.3 Rehabilitation Tasks and Virtual Environments Review 

In active rehabilitation, the patient is needed to be provided with tasks since the 

robot and the patient’s limb are moved by the patient’s intent. However, active 

rehabilitation using robot can be done in reality as in [6], but preparing a stage for 

rehabilitation is labor works and the tasks are monotonous. Utilizing VE in 

rehabilitation will increase in repetition, motivation and focused on training [27]. The 

review of rehabilitation tasks and virtual environments are shown in Table 2.5. 

Table 2.5 Rehabilitation tasks and environments review 

No. Task Type Activity/Game Robot Environment Type 

1 Reaching Shopping T-WREX [12] 2D Activity Based 

Cracking Eggs 

Washing the Arm VE Mixed Reality 

Eating 

Bug Hunt Trackhold [27] 2D Activity Based 

Grab 2D 3D Activity Based 

Grab 3D 

Bells (Ring a bell) BRANDO [28] 3D Game-Based 

Balloons  

(Popping balloons) 

2 Trajectory Follow circular path CAREX [6] Reality Game 

Based Block inserting 

Twirl  

(Moving in a circle) 

Trackhold [27] 2D Game-Based 

3 Free Sponge  

(Wiping screen) 

Washing the Stove T-WREX [12] 2D Activity Based 
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CHAPTER 3  

DESIGN, CONSTRUCTION, AND CONTROL OF UPPER-LIMB 

REHABILITATION ROBOT 

3.1 Hardware Design 

3.1.1 Design Requirements 

In designing a rehabilitation robot, safety is the most concerned topic. For 

safeness of utilizing the robot, the contact between human and robot should be an 

opened contact interface so that the user can pull his/her limb out in case of emergency. 

The proposed robot should meet with requirements: 

1. The interface between robot and human must be an opened contact, which 

the user can pull his/her limb out at any time. 

2. Mechanical working space of the robot should lie inside user motion ranges 

all the time. 

3. The robot must be able to operate in both passive and active rehabilitation. 

4. The robot should be able to provide at least one motion in Figure 2.3. 

5. The robot actuator system should not be strong enough to damage human in 

any case. 

6. The robot must have passive gravity compensation. 

7. The robot must have high backdrivability transmission. 

3.1.2 Kinematic Configuration Design 

Because robot must have passive gravity compensation, the safest way to do is 

disable movements in the vertical direction with bearing support. The robot can be 

either an exoskeleton or end-effector based. An example of an exoskeleton 

configuration that fits the requirements is Planar MEDARM [14]. But an end-effector 

based have advantages that the robot can be easily used with any user without 

adjustment. Because the robot cannot move in a vertical direction and the interface must 

be an opened contact, a 2-DOF end-effector based robot which only moves in the 

horizontal plane is chosen. This design aims for operate in horizontal flexion/extension 

and elbow flexion/extension motions. Because some muscles for horizontal 

flexion/extension are also a part of abduction/adduction and vertical flexion/extension 

muscles, active rehabilitation of this motion may indirectly help in regaining all 

shoulder motion strength. 

There are many kinematic configurations of robots that operate in the horizontal 

plane. The robot can be a two-link serial, a four-link closed chain or a Cartesian. A 2-

DOF Prismatic Revolute manipulator configuration is chosen, since it is compact and 

resemble human workspace. 
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Figure 3.1 Kinematic of upper-limb and robot in the horizontal plane. 

Figure 3.1 shows kinematic of human's upper-limb when moving in a horizontal 

plane at pose for horizontal flexion and extension. Movement of the limb can be 

mapped into a 2-DOF serial revolute joints manipulator. Because human's joints are not 

ideal revolute joint and their CR (center of rotation) keeps changing, the robot's 

kinematic must be designed to match these characteristics. 

A 2-DOF Revolute-Prismatic, with an extra passive revolute joint beneath an 

end-effector, is proposed. This robot configuration can be mapped with a human's 

motion completely. There is no need to adjust the robot to match with the patient's arm 

length. With this configuration, it is possible to design an opened contact interface, by 

placing the patient's forearm on an end-effector. 

Because the robot will be designed for horizontal flexion/extension and elbow 

flexion/extension, from this point onwards, 3-DOF shoulder ball joint is mapped as a 

1-DOF revolute shoulder joint. 

Table 3.1 Hardware Design Specification 

Type End-effector 

Kinematic Configuration 2 DOF Revolute-Prismatic with 1 extra 

passive revolute joint 

DOF (Active/Passive) 2/1 

Passive Gravity Compensation Bearing support 

Human Machine Interface Open Contact 

Transmission Closed-loop cable drive 

Shoulder Revolute 

Joint

Elbow 

Revolute Joint

Hand

Robot 

Prismatic Joint

Robot 

Revolute Joint

Passive 

Revolute Joint
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3.1.3 First Prototype Design – Proof of Concept 

The first prototype of a rehabilitation robot is designed according to hardware 

specification in Table 3.1. There are two Brushed DC motors as actuators, using cable 

transmission to reduces backlash and gives high back-drivability. Both motors have a 

rotary encoder attached at their rear and are used as position feedback. The motors are 

stationed to the base, so the inertia is very low. The second motor, controlling prismatic 

motion, transmits its power via a transmission shaft lies inside revolute joint while the 

motor itself is stationary. A linear guide is used as a prismatic joint, with linear block 

mounted to the robot 1st link (revolute joint) and linear rail act as robot 2nd link. The 

cable is tied from one end of the rail, winding around cable pinion and then tied at 

another end of the linear rail. This technique of cable transmission imitates rack and 

pinion configuration. This type of transmission is also used in [10], giving extraordinary 

high backdrivability. The end-effector is an opened armrest, with a revolute passive 

joint and a 6-axis F/T sensor attached below. If the user feels unsafe, he/she can pull 

his/her arm out. Figure 3.4 shows the robot while operating. Note that the design is to 

be used with a pose for horizontal flexion/extension (as in Figure 3.1), but It can also 

be used with partial vertical flexion (and shoulder abduction) pose. At partial vertical 

flexion pose, the motion of the shoulder is a mixed between vertical flexion/extension, 

horizontal flexion/extension, and abduction/abduction. The first prototype 

implementation has been written in [21]. 

Rack

Rack & Pinion Cable Transmission

Mover

Actuate Pinion

Actuate 

Pulley

Passive 

Pulley

Pulley Cable Transmission

Gear & Pinion Cable Transmission

Gear

Actuate Pinion

 

Figure 3.2 Cable transmission types 
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Arm Rest

Force Sensor

Prismatic Joint

Prismatic 

Motor

Revolute 

Joint

 

Figure 3.3 The first prototype, CAD (left), built model (right). 

 

Figure 3.4 Utilization of the first prototype at partial vertical flexion pose 

3.1.4 The Second Prototype Design 

The first prototype is for proving of concept. To complete the research, the robot 

is redesigned with three major changes. 

1. The motor controlling the prismatic joint will be moved from the base into 

the revolute joint bearing. Mounting the motor on the revolute link along 

with revolute joint axis will increase in revolute joint inertia only a little but 

removing transmission axis will drastically decrease prismatic joint friction 

and remove coupling effects. 

2. Change prismatic cable drive transmission from rack and pinion into closed-

loop pulley configuration. This change makes the friction increased as the 

tension is increased. But the advantage is that the moving part is smaller and 

lighter. 
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3. Make the robot compact and portable by design it to be installable to any 

table. 

To make the robot lightweight and portable, all non-standard parts except cable 

drive pinions are designed to be manufactured by FDM 3D printer. The material is 

ABS. The design constraint is both motors are coreless brushed DC motor, with 35 mm 

diameter and 70 mm length (not include encoder), The chosen motors minimize system 

inertia, friction, and highest torque. 

Because the second motor must lie inside the first joint bearing, and this bearing 

must withstand high moment as the end-effector move away from the revolute joint 

axis. A double row angular contact ball bearing with an inner diameter of 50 mm is 

chosen as the first joint bearing. 

Table 3.2 Standard parts used in the second prototype design. 

Type Part 

Number 

Description 

1st joint revolute bearing 3210ATN9 Double row angular contact ball 

bearings, ID/OD = 50/90 mm 

2nd joint linear guide LWLF18-B Linear guide, 240 mm 

Bearing for cable drive pulley F686A-ZZ Ball bearing with a flanged outer 

ring, ID/OD = 6/13 mm 

Passive joint bearing 3203ATN9 Double row angular contact ball 

bearings, ID/OD = 17/40 mm 

1st and 2nd actuators N/A Maxon Coreless Brushed Motor, 

Diameter 35mm, Length 70mm 

1st and 2nd position sensors AEDM-

5810-Z12 

Incremental encoders, 5,000PPR 

(20,000 counts with quadrature 

decoder), attached at the motor rear. 

Stainless sling for cable drive N/A 0.8 mm diameter 

3.1.4.1 Cable Drive Transmission Design 

For the revolute joint, the cable drive transmission is designed as pinion-gear. 

The gear, which is the revolute link, is designed as a smooth arc of 120 degrees. The 

pinion is threaded. Reduction ratio to be chosen is a trade-off between backdrivability, 

position resolution, required torque and transmission thickness. The smallest pinion 

size is a constraint for choosing a reduction ratio. Too small pinion size leads to high 

stress of the stainless cable sling. Chosen pinion size is M14x1 thread. After 

optimization, the gear arc radius is 63.6 mm and the gear radius is 64 mm. This gives 

roughly a reduction ratio of 64:7. The exact reduction ratio is to be measured after 

manufacturing. 

For the prismatic joint, cable drive is designed as closed-loop pulleys. Both 

active and passive pulleys are an M14x1 thread. 
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3.1.4.2 Robot Base Design 

The base of the second's prototype role is 

1. Mounting itself to a table 

2. Mounting the 1st joint bearing at outer ring. 

3. Mounting the 1st joint motor. 

The robot base is designed as three parts to be assembled together. The 1st motor 

is mounted inside the Main Base, shifted from bearing axis according to a chosen 

reduction ratio. The Table Mount part is designed to be changeable without changing 

the Main Base in case it is not fit with some table. The Bearing Lock part is designed 

to press the bearing into the Main Base. 

Main Base

Table Mount Unit

1st Motor

Revolute Pinion

3210ATN9 

Bearing

Bearing Lock

 

Figure 3.5 Robot base design 

3.1.4.3 Revolute Joint Design 

The role of the Revolute joint link is 

1. A part of pinion-gear cable drive transmission, act as a gear. 

2. Mounting the 2nd motor, coaxially with the 1st joint. 

3. Mounting the linear rail for the prismatic joint. 

The revolute joint is designed as three parts, having Revolute Link as the main 

part. 
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The Bearing Locker 1 and 2 are only for binding Revolute Link with the inner 

bearing. The Revolute Link has an arc to act as cable drive gear. It also has mechanical 

stoppers to limit the rotation between 0 and 135 degrees.  

2nd Motor

Bearing Locker 2

3210ATN9 Bearing

Bearing Locker 1

Revolute Link

Cable way

(Act as gear)

 

Figure 3.6 Revolute link parts before assembled (left), assembled (right). 

 

Figure 3.7 Revolute joint cable transmission 
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3.1.4.4 Prismatic Joint Design 

Differs from the first prototype, the prismatic joint of this design works by 

mounting linear rail on the revolute joint, and the prismatic cable drive is designed 

using the concept of timing belt instead of rack and pinion. The prismatic link, which 

is mounted on the Linear block, is designed to bind the cable and carry Force/Torque 

sensor. 

Revolute Link

Actuated Cable Pulley

Linear Rail

Linear Block

2nd Link

F/T 

Sensor

Pulley 

Block

F686A-ZZ 

Pulley 

Bearing

Passive Pulley

 

Figure 3.8 Prismatic link parts before assembled (left), assembled (right) 

 

Figure 3.9 Pulley mover of prismatic joint 

3.1.4.5 Passive Joint Design 

The passive joint is a non-actuated low friction revolute joint located on the end 

effector used to avoid interference due to differences between human and robot 

kinematics. 
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F/T Sensor

Passive Bearing 

Locker 2

3203ATN9 

Passive Bearing

Passive Bearing 

Locker 1

Arm Rest

 

Figure 3.10 Passive joint parts before assembled (left), assembled (right) 

3.1.4.6 Overall Specification 

 

Figure 3.11 Second prototype design CAD (left), built model (right). 

Table 3.3 Second prototype specification 

Specification Value 

Revolute joint designed approximated reduction ratio 64/7 = 9.142857 

Revolute joint measured reduction ratio 9.207467 

Revolute joint position resolution (degree) 0.001954935 

Revolute joint designed range (degree) 0 to 135 

Prismatic joint designed approximated ratio (mm/rev) 43.982297 

Prismatic joint measured ratio (mm/rev) 44.475535 

Prismatic joint position resolution (mm) 0.002223776762335 

Prismatic joint designed range (mm) 27.875 to 207.875 
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3.2 Controller System Design 

The control system used in this research is Simulink Real-Time, implemented 

on an x86 PC with I/O cards. 

3.2.1 Electronics Design 

Simulink Real-Time
Laptop for Programming 

& Virtual Environment

Ethernet

POWER 

SUPPLY

Digital To 

Analog 

Output

Card

Quadrature 

Encoder 

Counter

Card

F/T Sensor 

Card

Virtual Environment

Monitor

Motor Driver

HDMI

Robot User

 

Figure 3.12 Electronics diagram 

3.2.2 Mathematics of the Robot. 

To derive mathematics of the robot, frames and space must be defined. Because 

this end-effector robot is not able to observe user pose precisely, all mathematics are 

derived with the assumption that the user is at pose for horizontal flexion/extension and 

the shoulder location is fixed. 
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Figure 3.13 Defined frame of the robot 
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Figure 3.14 Defined variable and parameter of the robot 
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There are 3 frames attached to the robot as shown in Figure 3.13. 

1. Base frame (B frame, a stationary frame), located at the shoulder. 

2. Robot frame (R frame, a stationary frame), located at the robot revolute 

joint. 

3. End-effector frame (E frame, a moving frame), located at the end-effector. 

Variables and parameters used in mathematics are shown in Figure 3.14. 

Table 3.4 Defined variables and parameters of the robot. 

Denoted  Definition Value 

𝐿𝑆 Upper arm length (Shoulder to elbow) 250 mm 

𝐿𝐸 Forearm length (Elbow to hand center) 300 mm 

𝐴 Elbow to end-effector length 120 mm 

𝑆𝑋 Robot displacement from the shoulder, in the X direction 110 mm 

𝑆𝑌 Robot displacement from the shoulder, in the Y direction 110 mm 

𝑅𝑅 The reduction ratio of the rotation joint. 9.21 

𝑅𝑃 Nominal cable pinion radius of prismatic joint 7.08 mm 

𝜃 The angular position of robot revolute joint. Variable 

𝑟 Linear position of robot prismatic joint (From robot center to 

end-effector) 

Variable 

Θ Joints position vector (𝜃 and 𝑟) Variable 

𝜃𝑆 Shoulder horizontal flexion angle Variable 

𝜃𝐸  Elbow flexion angle Variable 

𝐸𝑅
𝑋 The position of End-effector in the X direction of R frame Variable 

𝐸𝑅
𝑌 The position of End-effector in the Y direction of R frame Variable 

𝐸𝐵
𝑋 The position of End-effector in the X direction of B frame Variable 

𝐸𝐵
𝑌 The position of End-effector in Y direction of B frame Variable 

𝐻𝐵
𝑋 The position of Hand in the X direction of B frame Variable 

𝐻𝐵
𝑌 The position of Hand in the Y direction of B frame Variable 

𝐹𝑋 Force applied to the arm in the X direction of B frame Variable 

𝐹𝑌 Force applied to the arm in the Y direction of B frame Variable 

𝐹𝐸
𝑋 Force applied to the arm in the X direction of E frame Variable 

𝐹𝐸
𝑌 Force applied to the arm in the X direction of E frame Variable 

𝜏1 Motor 1 (Revolute) torque Variable 

𝜏2 Motor 2 (Prismatic) torque Variable 

𝜏𝑅 Revolute joint torque (CCW) Variable 

𝐹𝑃 Prismatic joint force, Y direction of E frame Variable 

𝜏𝑆 Shoulder torque in Horizontal Flexion motion. Variable 

𝜏𝐸 Elbow torque in Elbow Flexion motion Variable 

The upper arm and forearm length used are measured from the author’s arm. 

Because incremental encoders mounted at the rear of the motors are used as 

position sensors, the measured position is in joint space frame [𝜃, 𝑟]. All other variables 

can be derived using forward kinematic. 
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The equations of forward kinematic are 

 𝐸𝑅
𝑋 = 𝑟cos𝜃 (3.1) 

 𝐸𝑅
𝑌 = 𝑟sin𝜃 (3.2) 

 𝐸𝐵
𝑋 = 𝐸𝑅

𝑋 + 𝑆𝑋 (3.3) 

 𝐸𝐵
𝑌 = 𝐸𝑅

𝑌 + 𝑆𝑌 (3.4) 

 𝜃𝐸 = acos (
𝐸𝑋

2𝐵 + 𝐸𝑌
2𝐵 − 𝐿𝑆

2 − 𝐴2

2𝐿𝑆𝐴
) (3.5) 

 𝜃𝑆 = atan2( 𝐸𝐵
𝑌, 𝐸𝐵

𝑋) − atan2(𝐴sin𝜃𝐸 , 𝐿𝑆 + 𝐴cos𝜃𝐸) (3.6) 

 𝐻𝐵
𝑋 = 𝐿𝑆cos𝜃𝑆 + 𝐿𝐸cos(𝜃𝑆 + 𝜃𝐸) (3.7) 

 𝐻𝐵
𝑌 = 𝐿𝑆sin𝜃𝑆 + 𝐿𝐸sin(𝜃𝑆 + 𝜃𝐸) (3.8) 

The equations (3.1) - (3.8) defined forward kinematic of the whole system (from 

joint positions toward hand positions). The inverse kinematic, from hand positions to 

joint positions, can be derived by following equations. 

 
𝜃𝐸 = acos (

𝐻𝑋
2𝐵 + 𝐻𝑌

2𝐵 − 𝐿𝑆
2 − 𝐿𝐸

2

2𝐿𝑆𝐿𝐸
) 

(3.9) 

 𝜃𝑆 = atan2( 𝐻𝐵
𝑌, 𝐻𝐵

𝑋) − atan2(𝐿𝐸sin𝜃𝐸 , 𝐿1 + 𝐿𝐸cos𝜃𝐸) (3.10) 

 𝐸𝐵
𝑋 = 𝐿𝑆cos𝜃1 + 𝐴cos(𝜃𝑆 + 𝜃𝐸) (3.11) 

 𝐸𝐵
𝑌 = 𝐿𝑆sin𝜃𝑆 + 𝐴sin(𝜃𝑆 + 𝜃𝐸) (3.12) 

 𝐸𝑅
𝑋 = 𝐸𝐵

𝑋 − 𝑆𝑋 (3.13) 

 𝐸𝑅
𝑌 = 𝐸𝐵

𝑌 − 𝑆𝑌 (3.14) 

 
𝑟 = √ 𝐸𝑋

2𝑅 + 𝐸𝑌
2𝑅  

(3.15) 

 𝜃 = atan2( 𝐸𝑅
𝑌, 𝐸𝑅

𝑋) (3.16) 

 

For force and torque calculation, since the nature of rehabilitation is very slow, 

force and torque from inertia which includes Coriolis and Centripetal are neglected and 

only calculate with massless assumption. If the user wishes to move faster, the user will 

experience resisting inertia and friction from both the robot and his/her arm. 
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Due to Revolute-Prismatic configuration, with the robot mass neglected, force 

exerts on the arm at the end-effector in E frame are decoupled from each other as shown 

in the following equations. 

 
𝐹𝐸

𝑋 = −
𝜏𝑅

𝑟
= −

𝑅𝑅𝜏1

𝑟
 

(3.17) 

 𝐹𝐸
𝑌 = 𝐹𝑃 =

𝜏2

𝑅𝑃
 (3.18) 

 
𝐹 = [

𝐹𝑋

𝐹𝑌
] = 𝑅𝐸

𝐵 𝐹𝐸 =  [
cos𝜃 −sin𝜃
sin𝜃 cos𝜃

] [
𝐹𝐸

𝑋

𝐹𝐸
𝑌

] 
(3.19) 

 

  B 

 B 

L1

A

θ2 

θ1 

FX

FY

τS

τE

Shoulder Ground

 

Figure 3.15 Free body diagram of the arm. 

From the free body diagram, force the robot applied to the arm is a function of 

shoulder and elbow torques exerted by a human. 

 𝜏𝐸 = 𝐴(𝐹𝑋 sin(𝜃𝑆 + 𝜃𝐸) − 𝐹𝑌 cos(𝜃𝑆 + 𝜃𝐸)) (3.20) 

 𝜏𝑆 = 𝜏𝐸 + 𝐿𝑆(𝐹𝑋 sin(𝜃𝑆) − 𝐹𝑌 cos(𝜃𝑆)) (3.21) 
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And the inverse function is 

 
𝐹𝑇1 =

(𝜏𝑆 − 𝜏𝐸)

𝐿𝑆
 

(3.22) 

 
𝐹𝑇2 =

𝐹𝑇1 cos 𝜃𝐸 − 𝜏𝐸

sin 𝜃𝐸
 

(3.23) 

 𝐹𝑋 = 𝐹𝑇1 sin 𝜃𝑆 − 𝐹𝑇2 cos 𝜃𝑆 (3.24) 

 𝐹𝑌 = −𝐹𝑇1 cos 𝜃𝑆 − 𝐹𝑇2 sin 𝜃𝑆 (3.25) 

3.2.3 Control Laws 

3.2.3.1 Position Controller 

The position controller is used mainly for passive rehabilitation. The position 

controller is designed as an independent joint control. The position controller uses 

reference hand position in the task space cartesian frame as a command and drive out 

motors torque. The encoders are used as feedback signals. 

Inverse 

Kinematic

B
Href Θref + PD

-

τ

Θ

 Θerror
Σ

 

Figure 3.16 Position controller diagram. 

The position controller converts the reference position from the task space 

cartesian frame into reference joint position. From the joint positions, closed-loop PD 

controllers are used. Because both motors are identical, PD gains are chosen the same 

for both motors. The PD gains are tuned at the 2nd motor to maximum stable stiffness, 

then transform into corresponding 1st motor gains such that the impedances at the 

motors are the same. The stiffness of gains is limited by noise from derivatives and 

sampling rates, which is 1kHz. From an experiment, the 2nd prototype robot is very fast 

and can vibrate up to 0.5kHz, due to low inductance and low inertia of coreless brushed 

DC motor. 

3.2.3.2 Force Controller 

Intent-based assistive active rehabilitation needs to sense user intent to move. 

The user intent can be measured by the Force/Torque sensor. The 1st prototype has been 

implemented with this type of rehabilitation [21]. The concept is to store force 

generated by user intent and use it to assist motion. The controller in [21] uses an 

integral controller, which will assist until stopping intent is observed. This controller is 

called a force amplifier because the side effect is minimizing interaction force between 

the robot and the user. Utilizing integral controller result in integral of force over time 

will be bounded. However, the energy provided by the robot is not constrained. This 
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mode assistance concept is to absorb force at low velocity (low power is absorbed) and 

releases assistance force at higher velocity (high power is released). 

The intent based assistive implemented on the 2nd prototype will be based on 

force amplifier implemented before. The major change is to decrease assistance force 

if the user shows no intent. This change is done by using a time delay with a 

proportional controller instead of an integral controller. With this controller, the user 

must show small intention all the time while moving. The assistance concept will be 

almost the same as integral control, but the assistance force is asymptotically bounded. 

-
P

Friction Compensator

τ

E
F

Σ
+

+

Time Delay  

Figure 3.17 Force controller diagram 

3.2.3.3 Friction Compensator 

To increase the performance of the controllers, the robot friction needs to be 

compensated. Simplified friction dynamic is composed of Coulomb and Viscous 

friction, which are functions of velocity. Because velocity used to estimate is derived 

from encoders, which introduces noise, using this derived velocity to estimate friction 

will create very large noise. To solve this problem, a low pass filter is used for friction 

estimator. Deadband is used to filter out low velocity, and saturation is used to limit 

velocity to unit vectors. Since robot joints friction are decoupled to dedicate motors, 

friction compensation can be calculated separately for each motor and encoder. 

τ

Θ

KC

KV

Other Controllers

+
+

++Deadband

+ Saturation
Σ Σ

 

Figure 3.18 Friction compensator diagram 

The KV, viscous gain, and KC, coulomb gain, are chosen at half the unstable 

gains. The more accurate these gains are, the higher the performance. But higher gains 

than actual gains will leads to instability. 

3.2.4 Electromyography Measurement Unit Design 

In this research, four muscles sEMG will be observed. Because the real voltage 

of sEMG is very low and need a high gain amplifier, the measurement unit must be 

totally isolated from every power source.  
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Simulink Real-Time

Node32s

UART to 

RS232

RS232UART

HC-05 Bluetooth

HC-05 Bluetooth

Bluetooth

UART

Myoware 

Muscle 

Sensor V4

Analog 

Voltage

Power

Battery powered electronics

Li-po Battery

 

Figure 3.19 sEMG measurement unit diagram 

The sEMG measurement unit utilizes Myoware Muscle Sensor v4 for 

amplifying sEMG signals from muscles. The unit read signal values and send to 

Simulink Real-Time system via Bluetooth. 

Since there are more than one muscles responsible for each motion, each of the 

observed muscles are chosen only one muscle per motion. 

The four observed muscles are  

1. Pectoralis Major, primary muscle for shoulder horizontal flexion. 

2. Deltoid Posterior, primary muscle for shoulder horizontal extension. 

3. Biceps Brachii, primary muscle for elbow flexion. 

4. Triceps Lateral, primary muscle for elbow extension. 

Pectoralis Major

Biceps Bracchi

Deltoid Posterior

Triceps Lateral

 

Figure 3.20 Installed position of sEMG sensors. 
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3.3 Virtual Environment Design 

To operate the robot efficiently, a virtual environment is needed. From reviews 

in the second chapter, mostly rehabilitation task is reaching task. The virtual 

environment can be either an activity or game-based. However, a game based has 

advantages that difficulty can be adjusted. 

A game based virtual environment is proposed as a simple pick and place game, 

aimed to train the user in reaching task. The game objective is simple, the user needs to 

select a ball in a game, and then reach out his/her hand to pick it. The user can pick up 

the ball by hovering his/her arm over the ball for 2 seconds. If the user's hand is correctly 

above the ball, the white circle will slowly turn red and switch to blue when 2 seconds 

is reached. The user will be able to tell that the ball is grabbed when in-game fingers 

are flexed. After grabbing a ball, the user needs to bring the ball to the blue circle, which 

is close to the user body. When the grabbed ball touches the blue circle, the hand will 

release, and the ball disappears, the user needs to reselect other balls. 

sEMG 
Strength

Command buttons Dropdown mode list

Workspace

Drop target

Trace

Ball
G-Force-Meter display style 

Force applied to hand

End-effector

 

Figure 3.21 Proposed Virtual Environment for rehabilitation. 

Not only giving tasks to the user, the virtual environment also has UI which can 

display and switch between operation modes.  

There are 4 sEMG gauges displays on the left side of the game. The interaction 

forces the robot is pushing the user's arm is displayed at the bottom left, next to sEMG 

gauges. The interaction force is displayed similar way G-force sensor does. The 
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estimated arm pose is also displayed in the game, and the user can move it like his/her 

own arm. The robot pose is shown in the game as a transparent blue bar as robot link 

and a transparent pink ball as end-effector. The trace of hand center movement is also 

shown in the game as small pink balls, but the user can disable it. When a target ball 

(blue) is selected, the game shows a transparent cyan linear path between hand center 

and the ball, but the user can disable this option. 

There are 6 buttons in the game which control both the game and the robot. 

RESET: Restart the robotic system. 

NEW: Start a new game, bring back all disappear balls. 

BALL: Select a ball, click once and one of the balls will change its color into 

cyan. Clicking the button again will select another ball. When the button is not clicked 

for 3 seconds, the selected cyan ball will turn blue which means it is a selected target. 

GUIDE: Turn on or turn off transparent cyan guide path to the selected ball. 

TRACE: Turn on or off the trace of hand center. 

TUNNEL: Turn on or off force-field tunnel, as in [6], toward the target. Not 

implemented in this research. 

3.4 Rehabilitation Modes Design 

There are 4 rehabilitation modes proposed at the moment, which are composed 

of controllers proposed in the previous section. The rehabilitation modes can be selected 

from the drop-down list at the top right corner of the VE. 

1. Passive: This is a passive rehabilitation. When the target ball is selected, the 

robot will generate a straight reference hand trajectory from the current 

position to the ball position with 1st order interpolation (constant velocity 

profile). Then the robot moves the user hand along the trajectory. After the 

ball is grabbed, the robot will bring the user hand toward blue circle target 

and stop until the next ball is selected. 

2. Power off: This is an active non-assist rehabilitation. The robot motors will 

not be driven, and the robot only provides bearing gravity support while the 

user moves his/her limb at will. 

3. Slippery: This is an active non-assist rehabilitation. Different from the 

previous mode is that the robot provides friction compensation so that the 

user will experience less resist force. 

4. Force Amplifier: This is an intent-based active assist rehabilitation. The 

robot will apply assistance force when the user show moves intent. 

Only 4 rehabilitation modes are implemented in this research, but the VE is built 

such that the other modes can be implemented in the future. The other modes are 

1. Assistive: This is a task-based active assist rehabilitation. The robot will 

apply constant assist force in the target direction. 

2. Assist as needed: This is a task-based active assist rehabilitation concept 

which will let the user do the task and assist only when there is a need.  
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3. Resistive: This is a task-based active assist (resist) rehabilitation. The robot 

will apply constant resist force in the target direction. 
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CHAPTER 4  

EVALUATION 

The previous chapters describe the design of the rehabilitation robot system, 

controllers, and rehabilitation modes. This chapter will provide the results of the 

evaluation with 2 volunteered healthy subjects with all 4 proposed rehabilitation modes, 

3 sets per subject. The evaluations were done by the subject do the task with all the 4 

modes before redoing a new set. The real-time pose, interaction force (the force the 

robot applies to the arm at the end-effector, from F/T sensor), sEMG signals and other 

variables will be recorded and used to evaluate the system. 

4.1 Evaluation Setup 

Robot

sEMG 

System

Wireless mouse

 

Figure 4.1 Evaluation Setup 

The evaluation is done by having the robot install on the table side and have the 

subjects sit next to it. The sEMG measurement unit is installed to the subjects, 

measuring signals of Pectoralis Major, Deltoid Posterior, Biceps Brachii and Triceps 

Lateral. The VE monitor is set in front of the subjects with comfort distance. The 

operator then setup the VE and choose rehabilitation modes. During rehabilitation, the 

subjects choose the target ball by a wireless controller in his/her health hand. The task 

is to reach the target ball and bring the ball back, a total of 6 balls. Each subject playing 

the game for 3 sets, each set consists of 4 modes concluding a total 12 runs for each 

subject. 

The position of the balls can be set. For this demonstration, the balls are 

distributed in a circular arc around the shoulder to cover most reachable space of the 

hand as in Figure 4.2. 
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Figure 4.2 Balls and drop target placement 

Table 4.1 Balls and drop target parameter 

Target Angle θ (degree) Radius R (mm) 

Ball 1 (b1) 45.837 480 

Ball 2 (b2) 58.251 458 

Ball 3 (b3) 70.665 437 

Ball 4 (b4) 83.079 415 

Ball 5 (b5) 95.493 393 

Ball 6 (b6) 107.91 372 

Drop Target (T) 94.570 251 

4.2 Evaluated Criterions. 

To prove the reliability of the proposed rehabilitation system, the results from 

both subjects should not differ much. They should appear similarly and leads to the 

same conclusion. 

Table 4.2 Criterions for evaluation. 

Mode Criterion Evaluate on 

Passive Small position error. Robot actuator strength. 

Position controller. 

Power off Small interaction force. Robot’s backdrivability. 

Slippery Interaction force is smaller than 

Power off. 

Friction compensator. 

Force Amplifier The robot assists the subjects. Force amplifier controller. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

35 

4.3 Evaluation Result 

Only the data from the first set of the subject A will be shown in graphical 

figures. In the first set, the subject A choose the balls in the order <1, 3, 5, 6, 2, 4> in 

every modes. 

4.3.1 Result of the Passive Mode Evaluations 

 The passive mode has been evaluated with 30 mm/s hand velocity. The robot is 

able to drag the subject’s arm along a straight-line trajectory as in Figure 4.3. In the 

first set of the subject A, the subject chooses the 1st ball as the first target. This makes 

the reference trajectory line cut through the workspace border, which is a non-convex 

workspace. When this happens, the controller drags the subject’s arm along the 

workspace boundary instead. The robot’s joints did not contact mechanical stoppers 

since there are soft joint limit controllers implemented in the system. However, the 

position controller does not know of the soft joint limit controller, which is the reason 

that the position error in Figure 4.4 becomes large. In the other cases, the position 

controller is able to drag the arm along reference trajectory with position error at the 

end-effector less than 6 mm. The position error in XE (axial) is larger than the position 

error in YE (radial). The robot system can drive each motor up to 1.5 A, but the robot 

uses less than 0.4 A during the evaluation as in Figure 4.5. 

 During passive mode, the subjects were asked to rest the arm. However, there 

are changes in sEMG signals as in Figure 4.6. The sEMG sensor observing Pectoralis 

major picks up large rhythmic noise with frequency resemble the heartbeat as shown in 

Figure 4.7. However, this rhythmic noise has a constant amplitude. The observed sEMG 

during passive mode seems to pick up signals in conditions as in Table 4.3. 

Speed: 30 mm/s

Reference Trajectory

 

Figure 4.3 Movement trace during task performance in passive mode. 
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End-effector position error during passive mode.

Subject A, Set 1.

 

Figure 4.4 Position errors during passive mode evaluation. 

 

Motor current during passive mode.

Subject A, Set 1.

 

Figure 4.5 Motors current during passive mode evaluation. 
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#4

#5 #6

#2

Data from passive mode evaluation.

Subject A, Set 1.

Ball #1

#3

 

Figure 4.6 Data obtained during passive mode, subject A, set 1. 
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Rhythmic noise in sEMG signal of

Pectoralis major.

 

Figure 4.7 Rhythmic noise in sEMG signal. 

Table 4.3 Observed sEMG characteristics in passive mode. 

 High sEMG conditions in passive mode. 

Muscle Shoulder joint Elbow joint 

Angle Velocity Acceleration Angle Velocity Acceleration 

Pectoralis 

major 

Low - Large 

negative 

- - - 

Deltoid 

posterior 

High - Large 

negative 

- - - 

Biceps 

brachii 

- - - Low - Large 

positive 

Triceps 

lateral 

- - - Low Negative - 

From Figure 4.6, the robot still applies force on the arm even there is no motion 

as the subject is asked to rest the arm. It seems that there is a static force relates to a 

pose. This static force is an internal force generated from the human arm and seems to 

be varying largely with hand position. The interaction force is converted into static 

shoulder and elbow torques using equations (3.20)-(3.21). Figure 4.8 and Figure 4.9 

shows the calculated shoulder and elbow torques. It seems that when the subject has no 

movement intent, there still be joint passive torques relate to respective joints angle. 

The relation seems to be negatively proportional which makes the joint angle 

asymptotically stable around normal pose. 
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Figure 4.8 Shoulder torque during the passive mode. 

 

Figure 4.9 Elbow torque during the passive mode. 
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4.3.2 Results of the Power Off Mode Evaluations. 

During power off mode evaluation, the robot only provides gravity 

compensation while the subjects do the tasks. In the first set of the subject A, the 

subjects experience interaction force in horizontal plane 1.17 N RMS (Table 4.4). The 

subjects are able to do the tasks with maximum hand velocity up to 200 mm/s as shown 

in Figure 4.10. The energy loss in dragging the robot is 1733 mJ (Table 4.6). The robot’s 

assisted energy is work done to the subject arm at the end-effector, calculated from the 

interaction force and the motion of the end-effector. The negative assisted power means 

the robot is absorbing energy from the subject’s arm. The robot-assisted power is 

mostly negative. The robot-assisted power is only positive when there is a braking 

action (sees Figure 4.11). The positive robot-assisted power does not generally means 

the robot is assisting the subject. The positive assisted power when braking means the 

robot is resisting braking action. It seems to be an effect from the robot inertia. 

 

Figure 4.10 Hand velocity during power off mode evaluation. 

The robot assisted power during power off mode.

Subject A, Set 1

 

Figure 4.11 Robot-assisted power during power off mode evaluation. 
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Data from power off mode evaluation.

Subject A, Set 1.

#4
#5 #6

#2
Ball #1

#3

 

Figure 4.12 Data obtained during power off mode, subject A, set 1. 
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Table 4.4 Interaction force and time comparison. 

Set Set 1, Subject A Set 2, Subject A Set 3, Subject A 

 Force 

RMS 

(N) 

Time 

(s) 

Force 

RMS 

(N) 

Time 

(s) 

Force 

RMS 

(N) 

Time 

(s) 

Passive 1.39 113.19 1.47 119.19 1.03 109.34 

Power off 1.17 69.70 1.13 79.66 1.23 77.66 

Slippery 0.88 58.74 0.86 70.62 0.86 71.35 

Force amplifier 0.22 61.24 0.26 65.66 0.26 70.01 

Table 4.5 Total moving time during evaluation. 

Total moving time (seconds), (Hand velocity > 15 mm/s) 

Mode Subject A Subject B 

Set 1 Set 2 Set 3 Set 1 Set 2 Set 3 

Passive 88.65 88.67 89.06 88.51 88.53 88.55 

Power off 33.92 40.11 42.37 42.22 38.26 39.76 

Slippery 29.74 33.77 36.14 36.71 35.09 27.82 

Force amplifier 29.11 35.56 38.03 35.38 32.53 28.53 

Table 4.6 Robot-assisted energy during active modes evaluations. 

Robot-assisted energy (mJ) 

Mode Subject A Subject B 

Set 1 Set 2 Set 3 Set 1 Set 2 Set 3 

Power off -1733 -1503 -1670 -1856 -1840 -1819 

Slippery -1131 -1177 -1197 -1398 -1429 -1253 

Force amplifier -243 -278 -302 -329 -323 -354 

 During the power off mode evaluation, the sEMG signals of 4 muscles are also 

observed as shown in Figure 4.12. However, the sEMG signal conditions are different 

than those in the passive mode. The sEMG signals of 4 muscles seem to have 

characteristics as shown in Table 4.7. 

Table 4.7 Observed sEMG characteristics in power off mode. 

 High sEMG conditions in passive mode. 

Muscle Shoulder joint Elbow joint 

Angle Velocity Acceleration Angle Velocity Acceleration 

Pectoralis 

major 

Low - Positive - - - 

Deltoid 

posterior 

High - Negative - - - 

Biceps 

brachii 

- - - Low - Positive 

Triceps 

lateral 

- - - Low - Negative 
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4.3.3 Results of the Slippery Mode Evaluation. 

 During the slippery mode evaluation of the subject A’s 1st set, the subject did 

the task with hand movement velocity up to 240 mm/s (sees Figure 4.13). The total time 

and moving time is less than the power off mode (sees Table 4.4 and Table 4.5). The 

energy loss during the task is 1131 mJ (Table 4.6), which is less than the power off 

mode. The robot-assisted power is only positive when the subject does braking. This 

positive assisted power is larger than the power off mode. 

 

 

Figure 4.13 Hand velocity during slippery mode evaluation. 

The robot assisted power during Slippery mode.

Subject A, Set 1

 

Figure 4.14 Robot-assisted power during slippery mode evaluation. 
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4.3.4 Results of Force Amplifier Mode. 

 During the force amplifier mode evaluation of the subject A’s first set, the 

subject’s maximum hand velocity exceeds 240 mm/s (Figure 4.15). The total time and 

moving time is not significantly different from the slippery mode (Table 4.4 and Table 

4.5). The energy loss during the task is 243 mJ (Table 4.6), which is significantly less 

than the slippery mode. In some trajectory, the robot-assisted power is largely positive 

at acceleration and moving phase. It seems that the force amplifier controller assists the 

subject in doing the task as designed. 

 

Figure 4.15 Hand velocity during force amplifier mode evaluation. 

The robot assisted power during force amplifier mode.

Subject A, Set 1

 

Figure 4.16 Robot-assisted power during force amplifier mode evaluation. 
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CHAPTER 5  

CONCLUSION AND DISCUSSION 

5.1 Conclusion 

 This research presents a 2-DOF upper-limb rehabilitation robot system with a 

VE. The theoretical backgrounds and literature reviews relate to this research are 

summarized in Chapter 2. Chapter 3 describe designing of the rehabilitation robot 

system, which includes the mechanical hardware, electronics hardware, controller 

software and the Virtual Environment (VE) game. Chapter 4 shows the result of 

evaluating the rehabilitation robot system with 2 healthy subjects.  

 The designed rehabilitation robot has been evaluated with 2 healthy subjects, 

and the results demonstrate effective performance in all of 4 proposed modes. 

 The passive mode evaluation is to evaluate the position controlling 

performance. The position error at the end-effector in passive mode is less than 6 mm, 

and less than 30% maximum driving torque is used. 

 The power off mode evaluations indicates that the robot has very high 

backdrivability. The energy loss in the task is less than 2000mJ, while the maximum 

interaction force is less than 2.5 N.   

 The slippery mode evaluations indicate that the friction compensator is able to 

reduce energy loss averagely 27.2% 

 The force amplifier mode evaluations indicate that the designed force amplifier 

controller is able to assist the subject motion without knowing the task. The controller 

assists the motion by reducing interaction force, reducing energy loss and apply 

assistance force during the motion. The force amplifier is able to reduce energy loss 

averagely 75.9% from the slippery mode and 82.4% from the power off mode. 

5.2 Discussion 

 From the passive mode evaluations, it was found that there is a static force even 

the subjects have no intention. The static force seems to bring the subject's arm to 

certain poses. This means that the subjects need to exert force to hold poses other than 

the static poses. This static force seems to be very large which may make the subjects 

not able to do the task if their limbs are weakened. The resistance force from the robot’s 

imperfect backdrivability is very low comparing to this static force. If this static force 

is compensated, it should be easier to do the tasks. 

 From the slippery mode, it appears that the robot resists braking intention of the 

subjects while acceleration resistance is lowered. This is an effect of the robot inertia 

with very low friction. This effect seems to be decreased by the side effect of the force 

amplifier controller. This force amplifier minimizes the interaction force between the 

robot and the user in a horizontal plane and makes the user feel the robot only gives 

gravity compensation. 
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 The force amplifier mode evaluations show that the controller continuously 

decreases resistance force but only assist when the subjects do fast acceleration. This 

assistance energy can be increased by increasing time delay and proportional gain. But 

increasing time delay will decrease the capability of the controller when the motion is 

fast (fast acceleration and braking). If the user moves too fast when the time delay is 

high, the user will feel that the robot is resisting his/her intention. In the end, the 

controller should be tuned to match the speed capability of the user. Before the 

evaluations, the subject A tested the force amplifier mode and asked the author to 

decrease the assistance. The controllers evaluated on the subject A and the subject B 

are the same. 

5.3 Suggestions 

In the author’s opinion, a patient with weakened upper-limb may need static 

force compensation more than the force amplifier. The force amplifier controller can 

be redesigned into a force controller which can be implemented with static force 

compensation. The static force compensation can be designed by finding a relation 

between static force and poses. 

For this research, an x86 desktop PC and industrial motor driver are used to 

control the robot. The only reasons for using a large desktop PC are being the fastest 

way to prove controller concept and it can read the F/T sensor. If the F/T sensor is not 

needed and controller concepts are done, a custom-made controller, motor driver and 

power supply can be embedded inside the robot. Doing so will make the system more 

compact as the only interface out is an Ethernet port for communication with VE. An 

example of a controller that can control this robot is a controller used in [10], which is 

capable of 10 kHz sampling rate. 
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