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ABSTRACT 

 

The rehabilitation process is the essential healing process to restore the limited range 

of motion of the elbow and increasing of the stiffness of the human arm which is effect 

of the upper extremity bone broken. The purpose of this study is to design and build 

the rehabilitation robot. The rehabilitation robot, which was designed for elbow 

rehabilitation of fracture patient, can measured the limited range of motion of the 

passive and active movement, stiffness of the human arm for passive movement, and 

provide assistance and resistance rehabilitation. 

 

The robot use the microcontroller to control the robot to move the human forearm and 

this microcontroller work with the MATLAB GUI interface to receive the command 

for the user and submit the information via serial port. It means the users can select the 

rehabilitation mode and level of rehabilitation. 

 

The result of this study show that the robot can be used to estimate the gravity term of 

the human arm, the limited range of motion of the human for passive and active 

movement, and the stiffness of the human arm for passive movement. Furthermore, 

the designed robot can provide the assistance and rehabilitation following the level that 

the user select. 

 

Keywords: Rehabilitation robot, Elbow rehabilitation, Range of motion, Passive 

stiffness, MATLAB GUI interface, Assistance rehabilitation, Resistance 

rehabilitation 
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CHAPTER 1  

INTRODUCTION 

 

1.1 Background 

 

 A fracture is the medical term of the broken bone which occur when the physical 

force attacked on the bone is stronger than the bone itself. Furthermore, fractures are 

common orthopedic disease that can happen to everyone and every time. The most common 

fractures are the forearm and elbow fracture. When the forearm and elbow is broken, the 

patient need to receive healing process such as cast immobilization, external fixation, open 

reduction and internal fixation for the bone fracture. Figure 1.1 showed a cast immobilization 

which is the general treatment for the fracture. Cast immobilization is used to decrease active 

and passive mechanical stress, and result in increased joint stiffness and tissue degeneration 

because using cast immobilization to healing the bone spend several week or month in this 

process. Therefore, although the forearm is broken, the movement of the elbow joint is 

affected after the healing process. 

 
Figure 1.1 Cast immobilization  

 

 The elbow motion is essential in function to position the hand in space for upper 

extremity because the elbow is a constrained synovial hinge joint, and it permit flexion and 

extension in the sagittal plane [3]. Moreover, the normal range of motion of elbow joint is 

0° - 145° or 150° as shown in Figure 1.2. In addition, elbow joint fractures is prone to 

stiffness of elbow after fracture healing, and lead to substantial functional impairment [1]. 

Furthermore, the process after healing such as rehabilitation also affect to stiffness of elbow 

or loss of range of motion [2].  

 
Figure 1.2 Range of motion of elbow  

  

 A stiff elbow has been defined as one with loss of extension of greater than 30° and 

flexion of less than 120° [4]. Furthermore, stiff elbow also leads to power of arm is less than 

expect. In order to solve these problem, the rehabilitation process is applied to the fracture 
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patient after healing process. Rehabilitation is the treatment process to restore range of motion 

of a joint, physical sense, and mental ailment that was lost due to an injury, illness, or diseases. 

The rehabilitation can divide to be 2 types that are assistance and resistance rehabilitation. 

Assistance and resistance rehabilitation is the essential treatment that therapist provides for 

patients in order to recover their strength and range of motion. In resistance rehabilitation, the 

light weights or thera-band is used to be resistance work of elbow as shown in Figure 1.3. 

Furthermore, the patient have to spend about one and half hour per day for rehabilitation 

process. Robotics is one possible solution to do rehabilitation because it provide safe and 

intensive rehabilitation to patient. Moreover, it can help the physiotherapist to deal with 

several patient at the same time. 

 
Figure 1.3 Elbow rehabilitation by using light weight dumbbell 

 

 In recent years, there are many studies of rehabilitation robots such as MIT- MANUS, 

ULERD which had the main intension to recover motor functions and the strength of the 

muscle for neuron-disorders patients. In addition, the technologies for orthopedic 

rehabilitation have also been received much attention. For an example, WELL-joint 

(Wearable Elbow Joint) was a musculoskeletal system of the elbow joint in order to help 

motion of the joint [5].  In additional, MACCEPA (Mechanically Adjustable Compliance and 

Controllable Equilibrium Position Actuators) has been developed for orthopedic 

rehabilitation. Stiffness of the spring is the load to resist the human arm movement [6]. There 

are also some studies of rehabilitation robots which is also used the concept of adjusting 

mechanical stiffness of the actuator to adjust the level of assisted or resisted load, but they 

focus on neuron-disorder patient. To demonstrate, AVSER (Active variable stiffness 

exoskeleton robot system) adjust active variable stiffness of elastic actuator (spring) in order 

to adjust level of the load [7]. Furthermore, independent position-stiffness control algorithm 

for elbow exoskeleton robot with cable-based series elastic actuator was designed. This 

studied change mechanical stiffness by using cable actuator [8]. These studied are used the 

concept that the load of motion at elbow vary by change of mechanical stiffness. Additionally, 

BRANDO system was developed as robotic-assisted orthopedic rehabilitation of forearm and 

elbow fracture based on virtual reality system, and vary the load of rehabilitation by using 

graphic unit. In contrast, the torque at elbow is not possible to determine by using virtual 

reality [9]. However, all of these studied are not consider about the limited of range of motion 

of each patient which can lead to pain of patient.  Most of the rehabilitation robots try to 

provide the same rehabilitation processes as therapists provide. To demonstrate, assistance 

mode or passive mode that provides movement for the patient similar to the process that 

therapists move patient’s arm for patients. Resistance mode provides the resistant 

torque/force against patient’s movement. In order to achieve the tasks in each mode, gravity 

compensation is needed for the controller design of rehabilitation robots. 

 Rehabilitation in assistance mode provides movement of the patient’s arm with 

passive movement. For such application, gravity of the robots and human arms compensation 

is required. The rehabilitation process in resistance mode also needs to compensate gravity in 



 

3 

 

order to provide uniform resistance torque. Additionally, the gravity term of the human arm 

can be used to estimate other parameters such as the stiffness of human arm. There are 

commonly used methods for gravity of the robots and human arm estimation, once estimation 

by using the dynamics equation of the system. Each parameter of gravity such as mass, 

distance between the joint and center of mass of robots and human arms were estimated by 

using the information from the CAD model and anthropometric data [10]. CAD model and 

anthropometric data was used as parameters of gravity in [11] where motion capture was used 

to measure kinematic information. Another way to estimate gravity is to impose zero velocity 

in the system in order to eliminate the effects of other loads [12]. Industrial robots also were 

also use in rehabilitation applications [13]. Compensation and estimation of gravity and 

friction were also needed in this type of robots. However, the technique to estimate the gravity 

is the same as comment in [10].  Force/torque sensors were necessary for all start method. 

However, force/torque sensor is expensive and has some noise included in the signal which 

can affect the safety of the patient. Force - sensorless method is proposed to be use instead of 

using traditional force/torque sensors.  

 Generally, force - sensorless techniques are widely in the industrial robots [10] and 

[13] and it is extended for gravity compensation [14]. The force – sensorless methods are also 

applied to rehabilitation applications. Gravity, and friction of robots and human arms were 

estimated by using the relationship between kinematic information and reaction torque of the 

actuators [15]. Pneumatic actuators are also used in rehabilitation applications. The force-

sensorless methods are also applied to the pneumatic actuators by using the relationship 

between position and pressure of the actuators to estimate the gravity of the robots and human 

arm [16]. Pneumatic actuators provide a simpler control structure with elevated force limits. 

However, such pneumatic system lack precise force/position controllability. Reaction Torque 

observer (RTOB) which is a variant of the Disturbance Observer (DOB) could be used to 

estimate reaction torque without using torque/force sensor. Nonlinear disturbance observer is 

used to estimate torque in wrist rehabilitation robot [17]. In [18] and [19], disturbance 

observer have been used to compensate gravity and friction in upper extremity rehabilitation 

robot. Generally, the parameters such as mass, distance between the joint and center of mass, 

of the human arms could be desired using the anthropometric data.  

 Accordingly, this research proposes the rehabilitation robot which can estimated 

patient performance such as the range of motion of the elbow (ROM), passive stiffness of the 

human arm and the gravity of the human arm without using the anthropometric data. 

Furthermore, the designed robot can provide assistance and resistance rehabilitation. 

 

1.2 Statement of the Problems 

 

1.2.1 The limited of range of motion of each patient is not considered. 

1.2.2 The torque that human apply to move the arm is not possible to measure without 

 using force sensor. 

 

1.3 Objectives of the Research 

 

1.1.1 To design the rehabilitation robot for elbow fracture which can : 

- Evaluate and display the performance of patient such as range of motion, angular 

velocity, stiffness of the human arm for passive movement and torque that the 

human apply to move the arm. 

- Estimate the gravity term of the human arm. 

- Provide assistance rehabilitation with 4 level of angular velocity. 
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- Provide resistance rehabilitation with 4 level of resistance base on normal 

rehabilitation. 

 

1.4 Scope and Limitations 

 

1.4.1 Scope 

 

- To make a rehabilitation robot which removes the conventional mechanism 

 

1.4.2 Limitations 

 

- The designed robot is used in rehabilitation of elbow.  

- Provide rehabilitation only for the fracture patient. 
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CHAPTER 2 

LITERATURE REVIEW 

 

 In order to design the rehabilitation robot for elbow fracture, the investigation into 

biomechanics of elbow, the reaction torque observer (RTOB) are emphasized 

 

2.1 Biomechanics of Elbow 

 

 Anatomically, the elbow joint comprises 3 joints. The humeroulnar joint, 

humeroradial joint, and the proximal radioulnar joint are the articulations that make up the 

elbow complex as shown in Figure 2.1.  

 
Figure 2.1 Articulations of the elbow joint complex 

 

 The elbow is synovial hinge joint because it permit flexion and extension in sagittal 

plane as shown in Figure 2.2. A hinge joint allows relative rotation in the plane of two 

articulating long bones. Furthermore, the normal range of motion of elbow joint is 0° - 120° 

or 145°. 

 
Figure 2.2 The elbow represent by hinge joint 

 

 The elbow complex comprises 3 bones: the distal humerus, proximal ulna, and 

proximal radius. The articulations among these 3 bones dictate elbow movement patterns. It 

is also important to mention that the appropriate strength and function of the upper quarter 

(defined as the cervical spine to the hand, including the scapulothoracic joint) need to be 

addressed when evaluating the elbow specifically. The elbow complex has an intricate 

mechanical articulation between the 3 separate joints of the upper quarter in order to allow 

for function. 

 The muscles that are used to elbow that flex and extend the elbow can divide to be 2 

group.  The flexor group, including the brachialis, biceps brachii, and the brachioradialis, 
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bend the arm by decreasing the angle between the forearm and upper arm. The brachialis is 

the primary flexor of the elbow and is found mainly in the upper arm between the humerus 

and the ulna. Superficial to the brachialis is the long biceps brachii muscle that runs anterior 

to the humerus from the scapula to the radius. The biceps mostly functions as a flexor at the 

elbow, but it is also able to supinate the forearm and turn the palm of the hand anteriorly. 

Although it is found mostly in the forearm, the brachioradialis is the third flexor muscle of 

the elbow, running from the distal end of the humerus to the distal end of the radius. The 

extension group, the triceps brachii and anconeus act as the extensors of the forearm. The 

triceps brachii is a long muscle that runs posterior to the humerus from the scapula to the 

olecranon of the ulna. The anconeus is a much smaller muscle that begins at the distal end 

of the humerus near the elbow and ends at the olecranon. Working together, these two 

muscles increase the angle between the humerus and the ulna and radius, straightening the 

arm until the olecranon locks into the olecranon fossa of the humerus at full extension. 

 
Figure 2.3 The muscle of the elbow joint 

 

2.2  The reaction torque observer (RTOB) 

 

 This research implement the force-sensorless method to the rehabilitation robot. The 

force-sensorless method that is used in this study in the reaction torque observer (RTOB). 

The reaction torque observer is a similar technique to disturbance observer which is used to 

measure the external torque that is the load of the motor. The dynamic equation of a motor 

is expressed by (1). 

     𝐽𝑚�̈� =  𝜏𝑚 − 𝜏𝑙               (1) 

where  

𝐽𝑚  = the motor inertia 

𝜏𝑚   = the generated motor torque  

𝜏𝑙  = the load torque 

     𝜏𝑚 = 𝐾𝑡𝐼𝑎
𝑟𝑒𝑓

            (2) 

where 

𝐾𝑡   = the torque coefficient  

𝐼𝑎
𝑟𝑒𝑓

   = the torque current reference.  

 

Moreover, 𝜏𝑙 can be represented as (3) 

     𝜏𝑙 = 𝜏𝑒𝑥𝑡 + 𝜏𝑓 + 𝐵�̇�                          (3) 

where   

𝐵�̇�   = the viscous friction 

𝜏𝑓   = the static friction  



 

7 

 

Thus,  

            𝜏𝑚 = 𝐽𝑚�̈� + 𝜏𝑒𝑥𝑡 + 𝜏𝑓 + 𝐵�̇�                         (4) 

Then,  

            𝐽𝑚�̈� = 𝐾𝑡𝐼𝑎
𝑟𝑒𝑓

− ( 𝜏𝑒𝑥𝑡 + 𝜏𝑓 + 𝐵�̇�)                (5) 

 

 Parameter 𝐾𝑡 and 𝐽𝑚 are subjected to variations and estimation errors. Thus, these can be 

re-written in term of nominal values and variations as shown in (6) and (7) 

 

      𝐽𝑚 = 𝐽𝑚𝑛 + ∆𝐽𝑚                          (6) 

      𝐾𝑡 = 𝐾𝑡𝑛 + ∆𝐾𝑡                                             (7) 

where 

𝐽𝑚𝑛 = the nominal value of 𝐽𝑚 

𝐾𝑡𝑛 = the nominal value of 𝐾𝑡 
 

Therefore, the total disturbance to the system 𝜏𝑑𝑖𝑠 can represent as (8) 

 

     𝜏𝑑𝑖𝑠 =  𝜏𝑒𝑥𝑡 + 𝜏𝑓 + 𝐵�̇� + ∆𝐽𝑚�̈� − ∆𝐾𝑡𝐼𝑎
𝑟𝑒𝑓

         (8) 

 

The reaction torque observer is shown in Figure.2.4 

 
Figure 2.4 The reaction torque observer with motor 

 

  

 

𝐾𝑡𝐼𝑎
𝑟𝑒𝑓 +

−  

𝐽 

 

 

�̇�
𝜃

𝐾𝑡𝑛 𝐽𝑛 𝑟𝑒 + +

+−

 𝑟𝑒 
 +  𝑟𝑒 

+− 𝐽𝑛 𝑟𝑒 

𝜏 𝑒𝑥𝑡

𝜏𝑙 𝑎𝑑 = 𝜏𝑒𝑥𝑡 + 𝜏𝑓 + 𝐵�̇�

𝜏𝑓 + 𝐵�̇� + ∆𝐽�̈� − ∆𝐾𝑡𝐼𝑎
𝑟𝑒𝑓
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CHAPTER 3 

METHODOLOGY 

 

3.1 Mechanical design 

 

 The rehabilitation robot in this study is used for elbow rehabilitation. Therefore, the 

robot is designed to move the forearm like the normal movement of the forearm around the 

elbow and hold the upper arm to stay with motionless.  The robot consists of 2 assembly. 

The first assembly is used to carry the patient forearm, and the second assembly is used to 

hold the upper arm as shown in Figure 3.1. 

 
Figure 3.1 CAD model of the rehabilitation robot 

 

 The material of the robot is stainless steel with thickness 2 mm. As shown in Figure 

3.1, the forearm part is connected with the bearing with housing which is connected to the 

upper arm part and is also connected with the shaft motor by using coupling. Additionally, 

the robot use the belt to hold or carry the human arm. Figure 3.2 shown the rehabilitation 

robot in this study. 

 
Figure 3.2 The rehabilitation robot in this study 

 

3.2 Hardware and software 

 

 Figure 3.3 shown the diagram of hardware and software connection of the 

rehabilitation robot. As shown in Figure 3.3, user can select and command the robot via 

MATLAB GUI interface. Then, the program send the command through serial port to the 

microcontroller, and a microcontroller will control the robot of the motor of the robot by sent 

signal to the motor driver to move the robot. Because the motor control of this robot consist 

of the position control and torque control (current control), the current sensor and encoder is 

used to measure position of the motor and the current that apply to the motor as a feedback 

signal for controller. 
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Figure 3.3 The robot’s hardware and software diagram 

 

 3.2.1 DC Motor 

 

  The actuator in this robot is planetary gear DC motor with 24 Volt supply. 

The maximum speed of this motor is 100 RPM, and the maximum torque is 13.6 Nm. 

The power rate of this motor is 78.62 W. Figure 3.4 shown the planetary gear DC 

motor of this robot. Additionally, this model of the motor is connect with the optical 

encoder in order to measure the motion of the shaft of the motor. The resolution of 

the encoder is 500 pulse per round. 

 

 
Figure 3.4 The planetary gear motor for the robot 

 

 3.2.2 Motor Driver board 

   

  In order to command the motor to rotate properly for the each function of the 

 rehabilitation robot, the motor driver is the important hardware to achieve this task. 

 The motor driver which is used in the robot is Cytron 30Amp DC Motor Driver Rev 

 2.0 as shown in Figure 3.5. The motor driver has features as show below:  

  -  Bi-directional control for 1 brushed DC motor. 

            - Motor Voltage: 5V - 25V 30V 

           - Maximum Current: 80A peak (1 second), 30A continuously. 

            - Reverse polarity protection. 

            - 3.3V and 5V logic level input. 

            - Fully NMOS H-Bridge for better efficiency and no heat sink is required. 

            - Speed control PWM frequency up to 20 KHz (Actual output frequency is 

   same as input frequency when external PWM is selected). 

Microcontroller

Computer

Motor Driver

Current Sensor

MATLAB GUI 

INTERFACE

Mechanical Part

Power Supply

Encoder
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            - Onboard PWM generator with switches and potentiometer for standalone 

   operation. 

           - Support both locked-antiphase and sign-magnitude for external PWM  

    operation. 

 
Figure 3.5 Cytron 30Amp DC Motor Driver Rev 2.0 

 

 3.3.3 Current Sensor 

 

  Because this robot based on force-sensorless method, it mean that there are 

 no force sensor in this robot. The force-sensorless method in this research is the 

 reaction torque observer (RTOB) which need the information of the current that 

 apply to the motor. In addition, the robot is used torque control by using current 

 control. Therefore, current sensor is need in this application. The current sensor 

 that is used in this research is ACS711LC Current Sensor Carrier -12.5A to +12.5A 

 as shown in Figure 3.6. The features of the sensor is shown below: 

- Designed for bidirectional input current from -12.5 to 12.5 A (though the 

robust sensor IC can survive up to five times the overcurrent condition). 

- The sensor has an operating voltage of 3 – 5.5 V and an output sensitivity of 

110 mV/A when Vcc is 3.3 V (or 167 mV/A when Vcc is 5 V) 

 
Figure 3.6 ACS711LC Current Sensor 

 

 3.3.4 Microcontroller 

  

 The microcontroller which is used in this research is the STM32 Nucleo-144 

development board with STM32F746ZGT6 MCU as shown in Figure. 3.7. The 

microcontroller features are  

- ARM®32-bit Cortex®-M7 + FPU + Chrom-ART™ Accelerator 

- 1 MB Flash, 320 KB SRAM 

- 216 MHz max CPU frequency 

- USB re-enumeration capability: three different interfaces supported on USB 
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 Virtual Com port 

 Mass storage (USB Disk drive) for drag'n'drop programming 

 Debug port  

- Ethernet 10/100Mbps 

 
Figure 3.7 STM32 Nucleo-144 Board F746ZG 

 

 3.3.5 Software 

 

 The rehabilitation in this study is designed to communicate with user who supposed 

to be therapists in order to command the robot to provide the rehabilitation process to patients 

and show the motion information of the robot. Thus, the MATLAB GUI is selected to be the 

program that interface with user and transfer data between microcontroller and user interface 

program through serial port. Figure 3.8 shown the example of the MATLAB GUI of the 

patient’s performance test mode (Passive movement). 

 
Figure 3.8 The example of the MATLAB GUI for the rehabilitation robot 

 

3.3  Function of the robot 

 

The function of this robot consist of three mode: 

1.) Patient’s performance test mode 

2.) Assistance rehabilitation mode  

3.) Resistance rehabilitation mode  
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test to show Range of 

motion, stiffness of 

human arm

Stiffness of Human Arm
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Figure 3.9 Function of the rehabilitation robot 

 

 3.3.1 Patient’s Performance Test Mode 

  

 The test in this mode is separated to be 2 sections by the type of the human 

arm moving. First is the passive movement which is the movement of the human arm 

when the human did not apply any force to move their arm. The performances which 

are measured in this section are the passive range of motion and the passive stiffness 

of the human arm. Another one is the active movement which is the movement of 

the human arm when the human apply the force to move their arm. In this section, 

the active range of motion and the torque that the human apply to move the human 

arm is the performance that the robot measured. 

 3.3.1.1 Performance Test (Passive movement) 

 The performance that measured in this test is passive range of motion and 

passive stiffness of the human arm. In this test, the human arm is attached to the 

robot, and the robot carries a human arm to move in the same direction of normal 

movement of elbow joint which consist of flexion and extension as shown in Figure 

3.10  

 
Figure 3.10 The human arm attach with the robot for the performance test 

mode 

 

 In order to measure these performance of the patient, the estimation of the 

gravity of the robot and the human arm is the concern topic. Therefore, this study 

proposes the method that is used to estimate the gravity term of the human by using 

the reaction torque observer (RTOB) and the dynamic equation during the movement 

the robot and the human arm is moving. Nonetheless, the gravity term and friction of 

the robot is neglected in this study. This method is applied in the patient’s 

performance test mode (passive movement). Moreover, the motion profile of this 

mode will be the motion profile in Figure 3.11. 
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Figure 3.11 The motion profile of the patient’s performance mode 

 (passive movement) 

 

 3.3.1.1.1 Dynamic model of the rehabilitation robot and human arm 

 The dynamics of the robot and human arm in the situation when the patient’s 

arm is attached to the robot and the human arm move with passive movement that is 

derived by using Newton-Euler formulation can be written as (1). Fig. 3.12 represent 

the free body diagram of the rehabilitation robot and human arm. 

 
Figure 3.12 The free body diagram of the rehabilitation robot and human arm 

in passive movement 

 

From Newton - Euler formulation 

   𝜏𝑚 𝑡 𝑟 −𝑚𝑎 𝑙𝑎 𝑐𝑜 𝜃 − 𝐵𝑝(�̇�) − 𝑆𝑝(𝜃) =  (𝐽𝑎𝑟𝑚 +  𝐽𝑟 𝑏 𝑡)�̈�             (1) 

 where 

 𝜏𝑚 𝑡 𝑟   = the applied torque of the motor that provide to move the patient’s 

        arm 

 𝑚𝑎  = a mass of patient’s arm 

 g   = gravitational acceleration equal to 9.81 𝑚/ 2 

 𝑙𝑎  = a distance between a center of mass and the elbow 

 𝐵𝑝(�̇�)  = a viscosity friction term of the arm of passive movement. 

 𝑆𝑝(𝜃)  = the passive stiffness term of human arm 

 𝐽𝑎𝑟𝑚  = a mass moment of inertia of patient’s arm 

 𝐽𝑟 𝑏 𝑡  = a mass moment of inertia of the robot 
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 3.3.1.1.2 The human arm gravity term estimation 

 The angular position of the robot is controlled to move following the motion 

profile in Fig.3.11. Additionally, the range of motion in the test is set to 0 to 120 

degrees which are the normal range of motion of normal people. As shown in the 

Fig.3.11, the angular position profile is divided into 5 periods. In order to estimate 

the gravity of the human arm term, the external torque or the load of the motor in the 

period 4 is considered. 

   This study proposes the method to estimate the gravity term of human arm 

 (forearm) by using the RTOB. The RTOB is used to measure the external torque 

 of the motor or the load of the motor. It mean that the external torque of the motor 

during this mode will be  

             𝜏𝑅𝑇𝑂𝐵 = 𝑚𝑎 𝑙𝑎 𝑐𝑜 𝜃 + 𝐵𝑝(�̇�) + 𝑆𝑝(𝜃) +  (𝐽𝑎𝑟𝑚 +  𝐽𝑟 𝑏 𝑡)�̈�               (2) 

  Because the fourth period is the situation when the robot is stop at 30° , there 

 are  no  friction and affect of the moment of inertia term. Consider the external torque 

 in the period 4,   

            𝜏𝑅𝑇𝑂𝐵 = 𝑚𝑎 𝑙𝑎 cos( 𝜃)                (3) 

  The gravity term can estimate by using (3), thus 

                                    𝑚𝑎 𝑙𝑎 = 
𝜏𝑅𝑇𝑂𝐵

  𝑠( 𝜃) 
                    (4) 

 

  3.3.1.1.3 Measured Performance 

  The measured performance in this test is passive range of motion and passive 

 stiffness of the human arm. Figure 3.13 is the flow chart of operation of the robot in 

 this mode.  

 
Figure 3.13 The flow chart of operation of the robot in patient’s performance test 

mode (passive movement) 

 

  The range of motion is measured by the maximum and the minimum 

 angular position that the robot and human arm move during the test. Furthermore, 

 stiffness of the human arm can be estimated by using the RTOB. Figure 3.14 shown 

 the motion profile and the period that is used to estimate the stiffness of the human 

 arm. Equation (2) shown the external torque (the load torque of the motor) 

 during the test in this mode. In this study, the viscosity friction of the human arm, 

 and the inertia  term of the human arm and a  robot are neglected. Therefore, the 

 RTOB  torque will be 

   𝜏𝑅𝑇𝑂𝐵 =  𝑚𝑎 𝑙𝑎 𝑐𝑜 𝜃 + 𝑆𝑝(𝜃)    (5) 

 Then, the stiffness of the human arm at each angle can be written as 

         𝑆𝑝 =
𝑑(𝜏𝑅𝑇𝑂𝐵 − 𝑚𝑎𝑔𝑙𝑎 cos(𝜃))

𝑑𝜃
              (6) 
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Figure 3.14 The motion profile and the period that is used to estimate the stiffness of 

the human arm 

 

  3.3.1.1.4 Control Block Diagram 

  In the passive movement, the motion of the robot is controlled by control the 

 position of the robot to move following the motion profile in Figure 3.11. The 

 position control block diagram of this mode is showed in Figure 3.15. The motor is 

 also controlled by using pulse width modulation (PWM) technique with 20 kHz 

 PWM  frequency, and the sampling time is 0.0001 second. 

 
Figure 3.15 The position control block diagram of the robot 

 

  3.3.1.1.5 MATLAB GUI interface of measure patient performance  

     mode: passive movement  

  As shown in Figure 3.16, the program demonstrate angular position (deg), 

 angular velocity (deg/s) during the test. After the STAT/STOP button is clicked, the 

 robot and the human arm is moving when it reach the limit range of motion of the 

 patient or the patient feel hurt at some position in flexion direction, the therapist will 

 click Reach Limit the button to stop the robot and continue test with extension 

 direction. After finish the test, click START/STOP button again to stop the test. Then 

 click Show Performance button to show passive range of motion, passive stiffness 

 of the human arm and the gravity term of the human arm. 

 

Find stiffness of 

flexion movement

Find stiffness of 

extension movement
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Figure 3.16 MATLAB GUI interface of the patient’s performance test mode (passive 

movement) 

 

 3.3.1.2 Patient’s Performance Test (Active movement) 

  The performance in this test is the active range of motion of the elbow. In this 

 test, the human arm is attached to the robot, and the robot provide the resisted 

 constant torque following the command in Figure.3.17, and a human need to 

 apply the force to move in the same movement of normal movement of elbow joint.  

 

Figure 3.17 The resistance torque command for patient’s performance test mode 

(active movement) 

 3.3.1.2.1 Dynamic model of the rehabilitation robot and human arm 

 The dynamics of the robot and human arm in the situation when the patient’s 

arm is attached to the robot and the human arm move with active movement that is 

derived by using Newton-Euler formulation can be written as (7). Fig. 3.18 represent 

the free body diagram of the rehabilitation robot and human arm. 

From Newton - Euler formulation 

      −𝜏𝑚 𝑡 𝑟 + 𝜏𝑚𝑢𝑠 𝑙𝑒 −𝑚𝑎 𝑙𝑎 𝑐𝑜 𝜃𝑚 − 𝑆𝑎(𝜃𝑚) − 𝐵𝑎(�̇�𝑚) = (𝐽𝑟 𝑏 𝑡 + 𝐽𝑎𝑟𝑚)�̈�𝑚     (7) 

 where 

 𝜏𝑚 𝑡 𝑟   = the resisted torque of the motor 

  𝜏𝑚𝑢𝑠 𝑙𝑒  = the applied torque of the human arm  

 𝑚𝑎  = a mass of patient’s arm 

 g   = gravitational acceleration equal to 9.81 𝑚/ 2 

 𝑙𝑎  = a distance between a center of mass and the elbow 
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 𝐵𝑎(�̇�𝑚)   = a viscosity friction term of the arm of active movement. 

 𝑆𝑎(𝜃𝑚)  = the active stiffness term of human arm 

 𝐽𝑎𝑟𝑚  = a mass moment of inertia of patient’s arm 

 𝐽𝑟 𝑏 𝑡  = a mass moment of inertia of the robot 

 

 

Figure 3.18 The free body diagram of the rehabilitation robot and human arm in 

active movement 

  3.3.1.2.2 Control Block Diagram 

  In the passive movement, the  resisted torque that the robot provide is 

 controlled by control the torque of the motor. The torque control block diagram of 

 this mode is showed in Figure 3.19. The motor is also controlled by using pulse width 

 modulation (PWM) technique with 20 kHz PWM frequency, and the sampling time 

 is 0.0001 second. 

 
Figure 3.19 The torque control block diagram of the robot 

 

  3.3.1.2.3 MATLAB GUI interface of measure patient performance  

     mode: active movement  

  As shown in Figure 3.20, the program show angular position (deg), angular 

 velocity (deg/s), and the torque that human apply to move the human arm at each  

 position (Nm). Click the STAT/STOP button to start the test. Then, the robot will 

 provide the resistance torque following the command in Figure 3.17 in negative sign 

 of resistance torque. When the robot and human arm is moving reach the limit range 

 of motion of the patient or the patient feel hurt at some position, the therapist will 

 click “Reach Limit” the button to stop the robot and continue test with extension 

 direction by resistance torque in the positive region in Figure 3.17. After finish the 

 test, click “Show Performance” button in order to show the active performance of 

 the patient that is the active range of motion. 
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Figure 3.20 MATLAB GUI interface of measure patient performance mode: active 

movement 

 

  3.3.1.2.4 Measured Performance 

  The measured performance in this test is active range of motion. Figure 3.21 

is the flow chart of operation of the robot in  this mode.  
 

 
Figure 3.21 The flow chart of operation of the robot in patient’s performance test 

mode (active movement) 

 

  The range of motion is measured by the maximum and the minimum 

 angular position that the robot and human arm move during the test. Furthermore, 

 stiffness of the human arm can be estimated by using the dynamic equation of the 

 robot and human arm (6). In order to estimate the torque that human apply to move 

 the arm, the friction and inertia term is neglected. Therefore, the torque that human 

 apply to flex the arm in this mode will be: 

   𝜏ℎ𝑢𝑚𝑎𝑛,𝑓 =  𝜏𝑚 𝑡 𝑟 +𝑚𝑎 𝑙𝑎 𝑐𝑜 𝜃       (8) 

 Moreover, the torque that human apply to extend the arm in this mode will be: 

    𝜏ℎ𝑢𝑚𝑎𝑛,𝑒 =  𝜏𝑚 𝑡 𝑟 −𝑚𝑎 𝑙𝑎 𝑐𝑜 𝜃              (9) 
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 3.3.2 Assistance Rehabilitation Mode 

   

  The assistance rehabilitation mode provide the assistance rehabilitation by 

 the robot is moving in the same direction of the human arm with the range of motion 

 which is measured from patient’s performance test mode (passive movement). The 

 robot  have 4 level of angular velocity of the human arm movement during a 

 rehabilitation  which are 10 deg/s, 15 deg/s, 20 deg/s, and 25 deg/s. The user can 

 select the level of the angular velocity and assign the number of repeated 

 rehabilitation each time, but the number of repeated rehabilitation is not over 10 

 round at each time. In order to provide the assistance rehabilitation, the position 

 control of the robot following the block diagram in Figure.3.15 is used for this mode. 

 Furthermore, Figure 3.22 shown the MATLAB GUI interface of this mode. For this 

 mode, the user need to select the level of the angular velocity and the number of 

 repeated rehabilitation. Then, click the “confirm” button, and START/STOP button 

 to start a rehabilitation. After finish the rehabilitation, users need to click 

 START/STOP button again to stop the rehabilitation before begin the next 

 rehabilitation. Figure 3.23 shown the flow chart of operation of the robot in assistance 

 rehabilitation. 

 
Figure 3.22 MATLAB GUI interface of the assistance rehabilitation mode 

 

 
Figure 3.23 The flow chart of operation of the robot in assistance rehabilitation 
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 3.3.3 Resistance Rehabilitation Mode 

   

  The resistance rehabilitation mode provide the resistance rehabilitation by 

 the robot will provide the resisted torque to against the human arm movement. The 

 robot have 4 level of resisted torque. Generally, the lightweight dumbbell is 

 used to apply the resistance rehabilitation. Therefore, the robot will provide the 

 resistance load that have the same dynamics as the lightweight dumbbell with 0.5, 

 0.7, 0.9, and 1.3 kg as show in Figure 3.24. 

 
Figure 3.24 The free body diagram of the rehabilitation robot when provide the 

resistance torque 

 

 From Figure 3.23, the resistance load can be written as 

    𝜏𝑟𝑒𝑠𝑖𝑠 =  𝑚𝑎 𝑙𝑑𝑐𝑜 𝜃    (10) 

 where 

 𝜏𝑟𝑒𝑠𝑖𝑠   = the resistance torque that the robot provide 

 𝑚𝑎 = the load mass of dumbbell 

 g  = gravitational acceleration equal to 9.81 𝑚/ 2 

  𝑙𝑑 = a distance between a center of mass of dumbbell and the position of elbow 

 

  Because this study neglect the mass of the robot, the resistance torque will be 

 the torque in (10). In this study, the position that put the dumbbell is the center of 

 mass of the forearm part of the robot. Therefore, the value of 𝑙𝑑 is 0.10329 m. 

 Furthermore, the load torque of the flexion movement will the negative value because 

 the flexion movement of the robot will move counterclockwise. In contrast, the load 

 torque of the extension movement will the positive value. Similar to the assistance 

 rehabilitation mode, the user can select the level of the load. In order to provide 

 different level of the resistance rehabilitation, the torque control of the robot 

 following the block diagram in Figure.3.19 is used in this mode. Furthermore, the 

 gravity term of the human arm and the robot, friction term and inertia term is not 

 consider as a load for the patient to do the rehabilitation, and  the robot is not 

 compensated the gravity term of the human arm. For this mode, the user need to 

 select the level of the resistance torque. Then, click the confirm button, and 

 START/STOP button to start a rehabilitation. After finish the rehabilitation, users 

 need to click START/STOP button again to stop the rehabilitation before begin 

 the next rehabilitation. The robot will provide the resistance torque that have the 

 negative value until the position of the robot reach the maximum angular position of 

 the limit range of motion that measure in the patient’s performance test mode (Active 

 mode). After that the robot will provide the resistance torque that have the  positive 

 value until the position reach minimum angular position of limit range of motion. 
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 Moreover, the MATLAB GUI interface program will show the torque that human 

 apply to move the arm during the rehabilitation, angular position, and the resistance 

 torque which the robot provide. 

 

 
Figure 3.25 MATLAB GUI interface of the resistance rehabilitation mode 

 

 
Figure 3.26 The flow chart of operation of the robot in resistance rehabilitation 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1 Gravity of human arm term estimation  

  

 This study proposes the method to estimate the gravity term of the human arm by 

using the RTOB to measure the external torque of the motor or the load toque of the motor 

with equation (4). The two experiments have done to evaluate accuracy of this method. First, 

the dummy load which are the difference size of bottle of water. Figure 4.1 a.) and Figure 

4.1 b.) are used to be the load of the robot instead of the human arm. Second experiment, the 

human arm is used to be the load of the robot. Furthermore, the experiments have done 10 

times for each experiment. 

   
Figure 4.1 a.) The dummy load (0.714 kg) b.) The dummy load (1.026 kg) 

 

 4.1.1 The gravity of the dummy load (0.714 kg) estimation 

 As shown in the Figure 4.1 a.), the dummy load is a bottle of water. The robot with 

the dummy load move following the motion profile in Figure 3.11. The mass of the load 

(𝑚𝑙) is 0.714 kg, and the distance between the center of mass of the load and the joint of the 

robot (𝑙𝑙) is 0.12 m. Therefore, the gravity term (𝑚𝑙 𝑙𝑙)of the load equal to 0.8405 Nm. 

Figure 4.2 shown the external torque of the RTOB in this experiment. 

 
Figure 4.2 The external torque of the RTOB in gravity of the dummy load (0.714 kg) 

estimation experiment 

 

  From equation (4), the gravity term of the dummy load (0.714 kg) in this experiment 

equal to  𝑚𝑙 𝑙𝑙 = 
𝜏𝑅𝑇𝑂𝐵_𝑝𝑒𝑟𝑖𝑜𝑑4

  𝑠( 𝜃) 
  . The average of the gravity term of the dummy load is 

0.81717 Nm. The standard deviation of this term is 0.04238 Nm. Additionally, the error or 

the difference between the gravity terms that is estimated by using the proposed method and 

the real gravity term is 0.0233 Nm or 2.7721% 
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 4.1.2 The gravity of the dummy load (1.026 kg) estimation 

 In order to evaluate the performance of the estimation method, the difference weight 

and size of dummy load from 4.1.1 is used in this experiment. The dummy load in this 

experiment is a bigger size of bottle of water in 4.1.1. The mass of this dummy load is 1.026 

kg, and the distance between the center of mass of the load and the joint of the robot (𝑙𝑙) is 

0.17 m. Therefore, the gravity term of the dummy load (𝑚𝑙 𝑙𝑙) equal to 1.7104 Nm. The 

experiment is done in the same way as 4.1.1 that is the dummy load is attached to the robot, 

and moving following the motion profile in Figure 3.8. Figure 4.3 shown the external torque 

of the RTOB in this experiment. 

 
Figure 4.3 The external torque of the RTOB in gravity of the dummy load (1.026 kg) 

estimation experiment 

 

  From equation (4), the gravity term of the dummy load (1.026 kg) in this experiment 

equal to  𝑚𝑙 𝑙𝑙 = 
𝜏𝑅𝑇𝑂𝐵_𝑝𝑒𝑟𝑖𝑜𝑑4

  𝑠( 𝜃) 
  . The average of the gravity term of the dummy load is 

1.7104 Nm. The standard deviation of this term is 0.0305 Nm. Additionally, the error or the 

difference between the gravity terms that is estimated by using the proposed method and the 

real gravity term is 0.0206 Nm or 1.2077 % 

 

 4.1.3 The gravity of the human arm estimation 

 The human arm is attached to the robot, and the robot also move following the motion 

profile in Figure 3.8. The gravity term of the human arm (𝑚𝑎 𝑙𝑎) from anthropometric data 

is 1.714 Nm (𝑚𝑎 = 1.276 kg, 𝑙𝑎 = 0.137 m, g = 9.81 m/ 2). Figure 4.4 shown the external 

torque of the RTOB in this experiment. 

 
Figure 4.4 The external torque of the RTOB in gravity of the human arm estimation 

experiment 

 

 The gravity term of human arm is estimated in the same way as the first experiment. 

Thus, the gravity term of human arm (𝑚𝑎 𝑙𝑎) equal to  
𝜏𝑅𝑇𝑂𝐵_𝑝𝑒𝑟𝑖𝑜𝑑4

  𝑠( 𝜃) 
 .  The average of the 

gravity term of the human arm is 1.53606 Nm. The standard deviation of this term is 0.0432 

Nm. Additionally, the error or the difference between the gravity terms that is estimated by 
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using the proposed method and the gravity term that estimate by using anthropometric data 

is 0.17794 Nm or 10.3815 % 

 

4.2 The human arm performance measurement 

  

 The rehabilitation robot can measure the patient performance that is the limited range 

of motion of the elbow and stiffness of the human arm for passive movement. The normal 

person was enrolled in the experiment. The subject did not show neurologic symptoms, signs 

or spasticity either. 

  

 4.2.1 Passive performance measurement  

  

 The passive performance measurement that is measured in this mode is the passive 

range of motion and the passive stiffness of elbow. In order to measure the subject 

performance, the human is attached to the robot, and move following the motion profile in 

Figure 4.5. The initial range of motion of that the robot move is 0 – 120 degree which is the 

range of motion of the normal people. However, if the range of motion is less than the initial 

range of motion of the robot, the therapist can click the button reach the limited on the 

MATLAB GUI interface program to stop the robot and set that angle to be the maximum 

angle and the minimum angle of the range of motion that the robot will move in the assistance 

rehabilitation mode. Furthermore, the passive stiffness of the human arm is measured by 

using (6). 

 
Figure 4.5 The motion profile for patient’s performance test mode (passive 

movement) 

 

  4.2.1.1. Passive range of motion 

 In order to evaluate the function of the robot, the experiment to measure the passive 

range of motion of the human arm is divided into 4 cases. First, the minimum angular 

position is zero, and the maximum angular position is less than 120 degree in this case the 

angular position is 82.08 degree. Figure 4.6 shown the command angular position (deg), the 

actual angular position of the robot and human arm, and the angular velocity (deg/s) of the 

patient’s performance test mode in case the range of motion equal to  0° – 82.08°. 



 

25 

 

 
Figure 4.6 The motion information of the robot and human arm in case the range of 

motion equal to 0° – 82.08° 
 

 Second, the maximum angular position is 120, and the minimum angular position is 

more than 0 degree in this case the angular position is 29.94 degree. Figure 4.7 shown the 

command angular position (deg), the actual angular position of the robot and human arm, 

and the angular velocity (deg/s) of the patient’s performance test mode in case the range of 

motion equal to 29.94° – 120.133°. 

 
Figure 4.7 The motion information of the robot and human arm in case the range of 

motion equal to 29.94° – 120.09° 
 

 Third, the maximum angular position is less than 120 degree in this case the angular 

position is 106.809 degree, and the minimum angular position is more than 0 degree in this 

case the angular position is 17.52 degree. Figure 4.8 shown the command angular position 

(deg), the actual angular position of the robot and human arm, and the angular velocity 

(deg/s) of the patient’s performance test mode in case the range of motion equal to 17.52° – 

106.809°. 
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Figure 4.8 The motion information of the robot and human arm in case the range of 

motion equal to 17.52° – 106.809° 
  

 Last, the range of motion is the initial range of motion that is 0 degree to 120 degree, 

and Figure 4.9 shown the command angular position (deg), the actual angular position of the 

robot and human arm, and the angular velocity (deg/s) of the patient’s performance test mode  

in case the range of motion equal to 0° – 120°. 

 
Figure 4.9 The motion information of the robot and human arm in case the range of 

motion equal to 0.424° – 119.83° 
 

  4.2.1.2. Passive stiffness of the human arm 

 The passive stiffness of the human arm measurement have done by the experiment 

that the human arm is attached to the robot, and move following the motion profile in Figure 

3.14. In this experiment, the passive range of motion is set to 0 degree – 120 degree. The 

stiffness of the human arm is estimated by using (6). Figure 4.10 shown the RTOB torque 

exclude human arm gravity term for flexion and extension movement and the stiffness of the 

human arm when the human arm flex and extend passively for first experiment. Additionally, 

Figure 4.11 shown the passive stiffness information for second experiment. 
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Figure 4.10 The passive stiffness information (first experiment) 

 

 
Figure 4.11 The passive stiffness information (second experiment) 

 

 Another experiment of stiffness of the human arm measurement is similar to the 

previous experiment, but the human will apply resistance force at some angle. Because when 

the elbow or the forearm have problems, it can be check by using stiffness information to 

define which angles have the problems. This information can help the doctor and therapist 

provide proper rehabilitation treatment for each patient. Figure 4.12 shown the RTOB torque 

exclude human arm gravity term for flexion and extension movement and the stiffness of the 

human arm when the human arm flex and extend passively of the experiment that the human 

apply resistance force at some angle. 
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Figure 4.12 The passive stiffness information (resistance experiment) 

 

 4.2.2 Active performance measurement  

 

 In this mode, the robot will provide the resistance torque following the command in 

Figure 3.17. Figure 4.13 shown the command resistance torque in this mode, the angular 

position of the robot and the human arm (deg), the comparison of the resistance torque 

command and the actual resistance torque that robot provide. Moreover, another 

performance that the robot shown in this mode is the torque that the human apply to move 

the human arm by using (8) and (9) 

 

 
Figure 4.13 The active movement performance information 

 

 As shown in Figure 4.13, the actual torque that the robot provide include with noise 

because the feedback torque signal is the signal from current sensor which include the noise. 

 

4.3 The assistance rehabilitation mode 

 

 In assistance rehabilitation mode, the robot provide the assistance rehabilitation for 

the human by using the range of motion that measured from the patient’s performance test 

mode (passive movement) to be the limited of movement of the robot. Moreover, the user 

can select the level of the angular velocity and assign the number of repeated rehabilitation 
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each time, but the number of repeated rehabilitation is not over 10 round at each time. The 

experiment to evaluate the performance of the robot in this mode is used the range of motion 

of first three case in Section 4.2.1.1. First case, the range of motion is 0° – 82.08°, the angular 

velocity is 25 deg/s, and the rehabilitation repeated 3 times. Figure. 4.14 shown the command 

angular position (deg), the actual angular position of the robot and human arm, and the 

angular velocity (deg/s) of the assistance rehabilitation in case the range of motion equal to  

0° – 82.08° 

 
Figure 4.14 The motion information of the robot and human arm in case the range of 

motion equal to 0° – 82.04° (assistance rehabilitation mode) 

 

 Second case, the range of motion is 30.82 ° – 120°, the angular velocity is 10 deg/s, 

and the rehabilitation repeated 1 times. Figure. 4.15 shown the command angular position 

(deg), the actual angular position of the robot and human arm, and the angular velocity 

(deg/s) of the assistance rehabilitation in case the range of motion equal to  30.82° – 120° 

 
Figure 4.15 The motion information of the robot and human arm in case the range of 

motion equal to 30.82° – 120° (assistance rehabilitation mode) 

 

 Last case, the range of motion is 17.52° – 106.809°, the angular velocity is 20 deg/s, 

and the rehabilitation repeated 2 times. Figure. 4.16 shown the command angular position 

(deg), the actual angular position of the robot and human arm, and the angular velocity 

(deg/s) of the assistance rehabilitation in case the range of motion equal to  17.52° – 106.809° 
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Figure 4.16 The motion information of the robot and human arm in case the range of 

motion equal to 17.79° – 106 ° (assistance rehabilitation mode) 

 

4.4 The resistance rehabilitation mode 

 

 In general, the elastic band and the lightweight dumbbell is used in the resistance 

rehabilitation for fracture patients in order to increase the muscle strength and the range of 

motion of patient’s active motion. Normally, the resistance rehabilitation process is similar 

to the exercise training of the normal persons who need to increase the muscle strength, but 

the resistance load of the rehabilitation is less than the exercise of normal people. The robot 

in this study provides 4 level of resistance torque. Furthermore, the provided resistance 

torque have the same dynamics as the rehabilitation using the dumbbell to be the resistance 

load as shown in Figure 3.23 and (10).  

  

 4.4.1 Simulation result 

 

  In this mode, the robot need to provide the resistance torque to be the load of 

 the human arm for resistance rehabilitation. The information in this section is the 

 simulation result that use the Simulink function form MATLAB program. Figure 

 4.17 shown the command of the resistance torque of 0.5 kg dumbbell load, angular 

 position of the robot and the human arm, and the comparison of the command 

 resistance and the simulation resistance torque. Moreover, Figure 4.18 shown the 

 command of the resistance torque of 0.7 kg dumbbell load, angular position of the 

 robot and the human arm, and the comparison of the command resistance and the 

 simulation resistance torque. Furthermore, Figure 4.19 and Figure 4.20 shown the 

 simulated information for 0.9 kg dumbbell load and 1.3 kg dumbbell load 

 respectively. 
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Figure 4.17 The resistance torque simulated information for resistance rehabilitation 

mode (0.5 kg dumbbell load) 

 

 
Figure 4.18 The resistance torque simulated information for resistance rehabilitation 

mode (0.7 kg dumbbell load) 

 

 
Figure 4.19 The resistance torque simulated information for resistance rehabilitation 

mode (0.9 kg dumbbell load) 
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Figure 4.20 The resistance torque simulated information for resistance rehabilitation 

mode (1.3 kg dumbbell load) 

 

 4.4.2 Experiment result 

 

  The performance of the robot this mode is evaluated by compare the 

 resistance command with the actual resistance torque that the robot provide for all 

 level of the rehabilitation. First, the lowest resistance torque (0.5 kg) is selected to 

 provide the resistance torque. Figure 4.21 shown the command of the resistance 

 torque of 0.5 kg dumbbell load, angular position of the robot and the human arm, and 

 the comparison of the command resistance and the actual resistance torque.  

 
Figure 4.21 The resistance torque information for resistance rehabilitation mode (0.5 

kg dumbbell load) 

 

  Second, the second level of resistance torque (0.7 kg) is selected to provide 

 the resistance torque. Figure 4.22 shown the resistance torque of 0.7 kg dumbbell 

 load, angular position of the robot and the human arm, and the comparison of the 

 command resistance and the actual resistance torque. 
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Figure 4.22 The resistance torque information for resistance rehabilitation mode (0.7 

kg dumbbell load) 

 

  Third, the third level of resistance torque (0.9 kg) is selected to provide the 

 resistance torque. In addition, Figure 4.23 shown the resistance torque of 0.9 kg 

 dumbbell load, angular position of the robot and the human arm, and the comparison 

 of the command resistance and the actual resistance torque. 

 
Figure 4.23 The resistance torque information for resistance rehabilitation mode (0.9 

kg dumbbell load) 

 

  Last, the third level of resistance torque (1.3 kg) is selected to provide the 

 resistance torque. Additionally, Figure 4.24 shown the resistance torque of 1.3 kg 

 dumbbell load, angular position of the robot and the human arm, and the comparison 

 of the command resistance and the actual resistance torque. 
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Figure 4.24 The resistance torque information for resistance rehabilitation mode (1.3 

kg dumbbell load) 

 

 As shown in Figure 4.21, Figure 4.22, Figure 4.23, and Figure 4.24, the actual torque 

that the robot provide also include with noise because the feedback torque signal is the signal 

from current sensor which include the noise. However, the current that receive from current 

sensor during this mode is not calibrated with the multimeter or other instrument. 

Furthermore, Figure 4.25 shown the torque of RTOB in this case assume that this torque is 

the torque that human apply to move the arm of each load(Nm) versus angular position of 

the robot and human arm (deg). The torque of RTOB should be cosine function. The trend 

of the RTOB torque for flexion movement is similar to cosine function. However, the trend 

of the torque for extension movement is not similar to cosine function because of effect of 

the friction and gravity term of the human arm. Moreover, it can be the effect of the resistance 

and inductance which is not consider during the torque of the motor is controlled. 

 
Figure 4.25 The torque of RTOB of each load for resistance rehabilitation mode 
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CHAPTER 5 

CONCLUSION AND RECOMMENDATIONS 

 

5.1  Conclusion 

 

 5.1.1 Gravity of human arm term estimation 

  

 The rehabilitation robot can be used to estimate the gravity term of the human arm 

(𝑚𝑎 𝑙𝑎) by using the RTOB. As shown in section 4.1, the gravity estimation error of two 

dummy loads that are the bottles of water with 0.714 kg and 1.026 kg load equal to 2.7721% 

and 1.2077% respectively. However, the gravity estimation of the human arm equal to 

10.3815 %. Because the dc motor that is used in this robot is the planetary gear DC motor, 

the motor can hold the robot at some angle without apply voltage to the motor. The gravity 

of the robot cannot used the proposed method to estimate. Therefore, the gravity of the robot 

is neglected in this study. 

 

 5.1.2 The human performance measurement 

 

  5.1.2.1 Passive performance measurement 

  The performance of the human arm that is measured during the passive 

 movement is the limited range of motion and the stiffness of the human arm. The 

 limited range of motion for the passive movement can be measured by using the robot 

 with MATLAB GUI interface program to click when the robot and the human arm 

 reach the limited range of motion of the patient. Furthermore, the angular position 

 and angular velocity of the robot are shown as the graph on the interface program. 

 However, the data is transfer via serial port through MATLAB program that have 

 delay. Thus, the angular position and angular velocity that shown on the interface 

 program have the delay when compare with the real angular position that the robot 

 and the human arm move. The stiffness of the human arm for the passive movement 

 can be measured by using the robot and the RTOB as shown Figure 4.10, 4.11. 

 

  5.1.2.2 Active performance measurement 

  The limit range of motion for active movement of the human is measured in 

 this mode. The robot provide the resistance torque and the patients are asked 

 to move the arm until they feel hurt. The MATLAB GUI interface shown the angular 

 position, the resistance torque and the torque that human apply to move the arm 

 during the test. After the test, the limited range of motion for active movement that 

 measure in this test is shown after click “Show Performance” button. 

 

 5.1.3 The assistance rehabilitation mode 

 

 As shown in section 4.3, the robot can provide the assistance rehabilitation following 

the limited range of motion that measure in the patient’s performance test mode. In addition, 

the robot can also provide the rehabilitation with the angular velocity and repeat the 

rehabilitation with the number which user apply to the program. 
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 5.1.4 The resistance rehabilitation mode 

  

 The robot provide the resistance rehabilitation with 4 level following the dynamics 

of the rehabilitation that use the light weight dumbbell as a load. As shown in section 4.4, 

the robot can provide the resistance torque that have the dynamics of the light weight as 

shown in Figure 4.21 – 4.24. However, the resistance torque that the robot provide include 

with some noise because the signal of the current that use to be the feedback for torque 

control include with noise. 

 

5.2  Recommendation 

 

 The rehabilitation robot in this study work with the MATLAB GUI interface in order 

to command the robot to provide assistance and resistance rehabilitation. Furthermore, the 

interface program shown the motion information of the robot and human arm as the graph. 

However, the interface program supposed to show the information real time, but the 

MATLAB GUI interface program shown the data about 10 second. Therefore, the interface 

program may need to change to the program that can operate and show the information via 

serial port with better performance than MATLAB GUI, but it must can transfer the data 

from the microcontroller to the interface program. In addition, the mechanic design of the 

forearm part is designed by refer the anthropometric data of Asian people. However, this 

part is a little bit short when the male patient used this robot. It may need to increase the 

length of this part by consider the anthropometric data of other region. Moreover, the 

stiffness of the human arm for active movement is another parameter that the doctor and 

therapist consider to diagnose condition of patients. However, the muscle torque that human 

apply to move the arm is need to estimate with high accuracy in order to estimate the stiffness 

of the human arm for active movement. This will be the robot more useful for the 

rehabilitation process. Additionally, the robot in the resistance rehabilitation mode operate 

by control the torque of the motor by using feedback current signal from the current sensor. 

However, the feedback current signal that receive from the sensor in this mode is not 

calibrated with the digital - multimeter. Although the sensor is calibrated with the digital - 

multimeter before evaluation of the performance of resistance rehabilitation mode by 

applying the constant command and compare the signal from the sensor and the value that 

the digital - multimeter measured, the signal that is received from a current sensor is not 

accurate and not suit for the long term using because of the quality of the current sensor. 

Therefore, the current sensor should be change to be the current sensor that has better quality 

in order to improve the performance of the robot. Furthermore, the elbow of human have 

more than one degree of freedom, but the robot in this study provide only one degree of 

freedom for elbow movement. Thus, it will be better if the robot can provide the 

rehabilitation process for all of elbow movement. 

 

 

 

 

 



 

37 

 

REFERENCES 

 

[1] MacDermid, J. C., Vincent, J. I., Kieffer, L., Kieffer, A., Demaiter, J., & MacIntosh, S. 

(2012). A Survey of Practice Patterns for Rehabilitation Post Elbow Fracture. The Open 

Orthopaedics Journal, 6, 429–439.  

 

[2] Geraldo Motta Filh, Marcus Vinicius Galvão, POST-TRAUMATIC STIFFNESS OF 

THE ELBOW, Revista Brasileira de Ortopedia (English Edition), Volume 45, Issue 4, 

July–August 2010, Pages 347-354. 

 

[3] Tozeren, A. (1999). Human body dynamics: classical mechanics and human 

movement. United States of America: Springer. 

 

[4] Nandi, S., Maschke, S., Evans, P. J., & Lawton, J. N. (2009). The Stiff Elbow. Hand 

(New York, N.Y.), 4(4), 368–379.  

 

[5] T. Morizono, T. Komiya and M. Higashi, "Study on a wearable elbow joint capable of 

mechanical adjustment of stiffness," RO-MAN 2009 - The 18th IEEE International 

Symposium on Robot and Human Interactive Communication, Toyama, 2009, pp. 552-

557.  

 

[6] I. Vanderniepen, R. Van Ham, M. Van Damme, R. Versluys and D. Lefeber, 

"Orthopaedic rehabilitation: A powered elbow orthosis using compliant actuation," 

2009 IEEE International Conference on Rehabilitation Robotics, Kyoto International 

Conference Center, 2009, pp. 172-177. doi: 10.1109/ICORR.2009.5209483 

 

[7] R. J. Wang and H. P. Huang, "AVSER — Active variable stiffness exoskeleton robot 

system: Design and application for safe active-passive elbow rehabilitation," 2012 

IEEE/ASME International Conference on Advanced Intelligent Mechatronics (AIM), 

Kachsiung, 2012, pp. 220-225.doi: 10.1109/AIM.2012.6266034 

 

[8] F. Parivash and M. Bamdad, "Independent position-stiffness control for elbow 

rehabilitation robot with cable-based series elastic actuator," 2015 22nd Iranian 

Conference on Biomedical Engineering (ICBME), Tehran, 2015, pp. 346-351. doi: 

10.1109/ICBME.2015.7404168 

 

[9] M. A. Padilla-Castañeda et al., "A virtual reality system for robotic-assisted orthopedic 

rehabilitation of forearm and elbow fractures," 2013 IEEE/RSJ International Conference 

on Intelligent Robots and Systems, Tokyo, 2013, pp. 1506-1511.      

 

[10] M.Guidali, U.Keller, V.Klamroth-Marganska, T. Nef,R Riener, “Estimating the 

patient’s contribution during robot-assisted therapy”, Journal of Rehabilitation Research 

& Development. 2013; 50(3):379–94. 



 

38 

 

[11] K. Ayusawa, G. Venture, E. Yoshida, Y. Nakamura, “Identification of human body 

dynamics for evaluating assistive devices”, In IROS’2015 Full day Workshop Cognitive 

Mobility Assistance Robots: Scientific Advances and Perspectives.  

 

[12] S. Moubarak, M. T. Pham, R. Moreau and T. Redarce, "Gravity compensation of an 

upper extremity exoskeleton," 2010 Annual International Conference of the IEEE 

Engineering in Medicine and Biology, Buenos Aires, 2010, pp. 4489-4493. 

 

[13] K.Timotej,M. Marko, “An analysis of static and dynamic joint torques in elbow 

flexion-extension movements”, Simulation Modelling Practice and Theory, Volume 11, 

Issues 3–4, 15 July 2003, Pages 297-311. 

 

[14] S. Morante, J.G. Victores, S. Martínez, C. Balaguer, “Force-Sensorless Friction and 

Gravity Compensation for Robots”, In Robot 2015: Second Iberian Robotics 

Conference, 2016, pp. 57-68. Springer International Publishing. 

 

[15] K. T. Song, Y. C. Liao and Y. L. Jian, "Sensorless assistive torque design for a lower 

extremity exoskeleton," Control, Automation and Systems (ICCAS), 2014 14th International 

Conference on, Seoul, 2014, pp. 793-797. 

 

[16] A. Wilkening and O. Ivlev, "Estimation of mass parameters for cooperative human 

and soft-robots as basis for assistive control of rehabilitation devices," Robotics in Alpe-

Adria-Danube Region (RAAD), 2014 23rd International Conference on, Smolenice, 

2014, pp. 1-6. 

 

[17] M.Saadatzi, L. C. David, and C. Ozkan, "Torque Estimation in a Wrist Rehabilitation 

Robot Using a Nonlinear Disturbance Observer." ASME 2015 Dynamic Systems and 

Control Conference. American Society of Mechanical Engineers, 2015. 

 

[18] B. Ugurlu, M. Nishimura, K. Hyodo, M. Kawanishi and T. Narikiyo, "Proof of 

Concept for Robot-Aided Upper Limb Rehabilitation Using Disturbance Observers," in 

IEEE Transactions on Human-Machine Systems, vol. 45, no. 1, pp. 110-118, Feb. 2015. 

 

[19] B. Ugurlu, M. Nishimura, K. Hyodo, M. Kawanishi and T. Narikiyo, "A framework 

for sensorless torque estimation and control in wearable exoskeletons," 2012 12th IEEE 

International Workshop on Advanced Motion Control (AMC), Sarajevo, 2012, pp. 1-7. 

 

 

 

 

 

 

 

 

 

 


