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Abstract  

It is estimated that nearly 16 million people are affected by stroke worldwide every year. Among them, more than 
60% of individuals suffer from upper limb dysfunction. Robotic rehabilitation therapy has been proven to improve 
these individuals' motor ability and positively affect their recovery. In this research, Desktop-Mounted 
Rehabilitation Robot (DMRbot) has been developed. DMRbot is an end-effector type robot with three degrees of 
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freedom, mounted on a desktop. It can provide passive therapeutic exercises to individuals having impaired upper-
limb function. DMRbot has the capability to provide rehabilitative therapy across the whole range of upper-limb 
workspace. Modified Denavit-Hartenberg conventions were used for kinematic, and the iterative Newton-Euler 
method was used to develop the dynamic model of DMRbot. The DMRbot is maneuvered to follow any trajectory 
within its workspace using a linear Proportional-Integral-Derivative (PID) control technique. These trajectories 
are generated such that the resulting robot's motion synergistically promotes rehabilitative exercises for the 
patient. Experimental results show that the DMRbot can provide various passive exercises to the right and left 
upper limbs. In addition, it has shown great promise in delivering multi-joint upper limb motions in 2D and 3D 
planes.  

Keywords  
Robot, Rehabilitation, Upper limb, Right, Left  

 
1. Introduction  
Stroke is one of the most chronic and disabling health disorders, globally affecting around 33 million people each year   
(Murray et al. 2014; Benziger, Roth, and Moran 2016). Stroke frequently reduces upper or lower limb ability, and up 
to 85% of stroke survivors have upper limb weakness. Patients need physical therapy for regaining their daily living 
capabilities (ADL) after a stroke (Hsieh et al. 2017). Rehabilitation is needed in this situation. Traditional rehabilitation 
treatment usually exercises rehabilitation, which means that the patient executes many repetitive body movements 
with the assistance of doctors or professional therapists. Traditionally, stroke patients are typically provided with 
therapies by physical and occupational therapists during their period of hospitalization. In modern neurorehabilitation, 
robotic/assistive devices intervention for upper-limb rehabilitation is one of the fastest-growing fields. Novel 
therapeutic techniques have been introduced to promote upper extremity function, and one such technique is robotic 
rehabilitation. 
Upper limb dysfunctions, including muscle weakness, spasm, changes of muscular tension, and problems related to 
multi-joint coordination, are the most frequent problems after stroke(Bleyenheuft and Gordon 2014; Henderson, 
Korner-Bitensky, and Levin 2007). Therefore, regaining upper extremity functions is the main goal for stroke 
survivors. Passive treatment involves no effort from the patient and is typically used in the early phases of post-stroke 
symptoms when there is no response from the impaired limb(Proietti et al. 2016). Patients with hemiplegia who have 
one-sided paralysis typically need passive therapy(Qassim and Wan Hasan 2020). During the robot-aided passive 
rehabilitation session, a robot manipulates the impaired limb of the subject and provides repeated rehab exercises 
(Schmit, Dewald, and Rymer 2000). The movement's trajectory is carefully designed to avoid any potential injury to 
the patient(Głowiński and Błażejewski 2019). Passive rehabilitation was shown to be effective in reducing spasms 
and stiffness in the affected limbs (Ren et al. 2012). 
In practice, a therapist can take care of one patient at a given time, resulting in high demand for therapists. Due to the 
long-term rehabilitation program and the high cost of rehabilitation therapy in the hospital, most patients have to go 
home for the next step of rehabilitation after some rehabilitation treatments in the hospital (Volpe et al. 2009). 
Moreover, home rehabilitation may also provide patients with a comfortable and convenient living environment, and 
it can further reduce the psychological pressure of the patients. 
 
1.1 Objectives 
In this research, an end effector type Desktop-Mounted Rehabilitation Robot (DMRbot) has been developed with three 
degrees of freedom. It can provide passive therapeutic exercises to those with impaired upper-limb function, allowing 
them to rehabilitate over the whole range of workspace in a minimally feasible design. DMRbot can provide therapy 
at home, reducing travel expenses and the amount of time healthcare providers are required to devote to therapeutic 
sessions. Furthermore, it has showed significant promise in providing multi-joint upper-limb movements in 2D and 
3D planes. 
 
2. Literature Review 
Rehabilitation robots can reduce the burden on therapists by substituting human intervention and providing ideal 
therapies that fulfill the following main principles of stroke rehabilitation: repetition, high intensity, and task 
specificity. To explore a new approach for enhancing the efficiency of stroke rehabilitation, robot-assisted 
rehabilitation devices have been proposed in the past few decades to provide intensive and repetitive robot-assisted 
rehabilitation (Gandolfi et al. 2019; Gandolfi et al. 2018; Lauretti et al. 2017). Assistive upper limb robotic devices 
usually consist of two types: exoskeleton and end effector. Exoskeleton robots need to mimic the joint anatomical 
configuration of the human upper limb, needing higher degrees of freedom and to provide a wide range of therapeutic 

Proceedings of the International Conference on Industrial & Mechanical Engineering and Operations Management 
Dhaka, Bangladesh, December 26-27, 2021

© IEOM Society International 338



exercise of the upper limb(Rahman et al. 2015; Kim and Deshpande 2017). Among the few exoskeleton robots, 
SREx(Brahmi et al. 2021), CABexo(Xiao et al. 2017), ETS-MARSE(Rahman et al. 2015). However, most exoskeleton 
robots are often expensive, bulky, complex in structure, and lack portability. On the other hand, end-effector type 
robots are compact, lightweight, simple in structure, easily controllable. One of the main advantages of using end 
effector-type devices is that typically they are simpler to design and build than exoskeletons. Furthermore, the end 
effector type devices are easier to integrate with the patient considering the single-point contact between the two 
entities; thus, they are the more popular assistive devices(Cramer et al. 2019). The end-effector type therapeutic robots 
such as BFIAMT(Chang et al. 2007), H-man(Campolo et al. 2014), and InMotion WRIST(Karges and Smallfield 
2009) are simple in structure, easily controllable.  
Home rehabilitation may give patients a more pleasant and convenient living environment and a reduction in 
psychological stress. Making use of fuzzy logic, Su et al.(Su, Chiang, and Huang 2014) created a Kinect-enabled 
rehabilitation system that may be used at home without the need for a rehabilitative physician's supervision. Brokaw 
and Brewer(Brokaw and Brewer 2013) discussed the creation and physician evaluation of a home-based therapy 
system based on Kinect. The concepts of commercial games were combined with the demands of rehabilitation. 
Borghese et al.(Borghese et al. 2013) created a rehabilitation system using an intelligent gaming engine, and the 
system's trial findings revealed that it was suited for at-home rehabilitation. Villeneuve et al.(Villeneuve et al. 2017) 
used an inertial sensor to examine specific reduced human upper limb kinematics for home health care. The 
effectiveness of upper limb home-based telerehabilitation is equivalent to treatment administered in clinical settings, 
according to Cramer et al.(Flegal et al. 2007). Many ADL tasks, such as forking and spooning, twisting doorknobs, 
and manipulating small items, need fine motor control of the patient's hand and are better suited for home-based 
therapy. When combined with home-based exercises, patients engaging in community-based rehabilitation programs 
displayed improved motor function, daily activity, and social activity, according to Ru et al.(Ru et al. 2017) and Dean 
et al.(Dean et al. 2018). It is crucial to have appropriate movement quality during rehabilitation activities to maximize 
functional recovery after a stroke(Regenhardt et al. 2020). Furthermore, giving personalized feedback on the quality 
of exercise motions can boost motivation, enhance long-term adherence to an exercise plan, and improve 
clinical/home-based results(Billinger et al. 2014). 
 
3. Overview of the DMRbot 
The structural design of DMRbot, a three-dimensional SolidWorks model, is shown in Figure 1a, designed to make it 
a minimum viable solution for a useful robot-aided rehabilitation therapy device. This DMRbot mainly consists of the 
base and three links (link-1, link-2, and link-3). The joints of DMRBot are powered by Brushless DC motors (Maxon 
EC-45 and Maxon EC-90) coupled with harmonic drives (a gear ratio of 100:1 for all motor). The DMRbot was 
developed with carbon fiber and aluminum to make the robot light in weight. The rehabilitation robot system is 
composed of three processing units. The first is a PC unit where the top-level commands are transmitted to the end-
effector robot using the LabVIEW interface. In addition to selecting the type of physiotherapy exercises and 
rehabilitation protocols to be performed, the performance of the end-effector robot is also assessed at the PC level; 
that is, it is responsible for receiving all feedback collected by the robot. The other two processing units are parts of a 
National Instruments PXI and input/output board with a Field Programmable Gate Array (FPGA). One of those is a 
board responsible for managing the end-effector system and executing the top-level command algorithms. In this case, 
the joint position is measured via Hall-sensors, where input/output tasks are executed at the level of this FPGA.   
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(a)                                                       (b) 
 

Figure 1. (a) CAD model of DMRbot, (b) Desktop-mounted robot 
 

4. Kinematic Modeling of DMRbot 
Forward Kinematics: The position and orientation of the DMRbot end-effector relative to the joint angles are obtained 
from the forward kinematics of the robot. For the forward kinematics analysis of the DMRbot, modified Denavit-
Hartenberg (DH){John, 1989 #43} parameters are used. To describe the location of each robot link relative to its 
neighbors, a coordinate frame (link frame) is attached to each link of the robot.  
In order to do the kinematic analysis of this serial link end-effector type robot using these modified Denavit-
Hartenberg (DH) parameters, the following link frames assignment for DMRbot is prepared in Figure 2. 
 

 
 
 
 
To obtain the DH parameters, it is assumed that the coordinate frames (i.e., the link-frames which map from one axes 
of rotation to the successive one) coincide with the corresponding joint axes of rotation, i.e., frame {1} coincides with 
joint 1, frame {2} with joint 2, frame {3} coincide with joint 3 and finally, frame {4 or tip} define the end-effector 
position of the DMRbot. The frame {0} defines the base frame (world frame) of the robot. The DH parameters 
corresponding to the link-frame assignment in Figure 2 are summarized in Table 1. 
 

Table 1 Modified Denavit-Hartenberg parameters 

Joint (i) 𝜶𝜶𝒊𝒊−𝟏𝟏 𝒂𝒂𝒊𝒊−𝟏𝟏 𝒅𝒅𝒊𝒊 θ𝒊𝒊 Variable 

1 0 0 𝐿𝐿1 θ𝟏𝟏 𝜃𝜃1 

2 -90 0 0 θ𝟐𝟐 𝜃𝜃2′ = 𝜃𝜃2 − 𝜋𝜋/2; 𝜃𝜃2" = 𝜃𝜃2′ − 𝜋𝜋 

3 0 𝐿𝐿2 0 θ𝟑𝟑 θ𝟑𝟑 

4 or Tip 0 𝐿𝐿𝑡𝑡𝑡𝑡𝑡𝑡 0 0 None 

Where, αi-1 is the link twist, ai-1 corresponds to link length, di stands for link offset, and θi is the joint angle of the 

DMRbot. 

Figure 2 Coordinate frame assignment for 3DoF DMRbot 
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The general form of a link transformation that relates frame {i} relative to the frame {i-1} is:  

𝑇𝑇𝑖𝑖𝑖𝑖−1 = � 𝑅𝑅𝑖𝑖𝑖𝑖−1 3×3 𝑃𝑃𝑖𝑖𝑖𝑖−1 3×1

01×3 1

� (1) 

 
Where, 𝑅𝑅𝑖𝑖𝑖𝑖−1  is the rotation matrix that represents the frame {𝑖𝑖} relative to frame {𝑖𝑖 − 1} and can be articulated as 
follows: 

𝑅𝑅𝑖𝑖𝑖𝑖−1 = �
cos 𝜃𝜃𝑖𝑖 −sin𝜃𝜃𝑖𝑖 0

sin𝜃𝜃𝑖𝑖 cos𝛼𝛼𝑖𝑖−1 cos𝜃𝜃𝑖𝑖 cos𝛼𝛼𝑖𝑖−1 − sin𝛼𝛼𝑖𝑖−1
sin 𝜃𝜃𝑖𝑖 sin𝛼𝛼𝑖𝑖−1 cos 𝜃𝜃𝑖𝑖 sin𝛼𝛼𝑖𝑖−1 cos𝛼𝛼𝑖𝑖−1

� (2) 

and, 𝑃𝑃𝑖𝑖𝑖𝑖−1  is the vector that locates the origin of the frame {𝑖𝑖} relative to frame {𝑖𝑖 − 1} and can be expressed as the 
following: 

𝑃𝑃𝑖𝑖𝑖𝑖−1 = [𝑎𝑎𝑖𝑖−1 −𝑠𝑠𝑠𝑠𝑠𝑠(𝛼𝛼𝑖𝑖−1)𝑑𝑑𝑖𝑖 𝑐𝑐𝑐𝑐𝑐𝑐(𝛼𝛼𝑖𝑖−1)𝑑𝑑𝑖𝑖]𝑇𝑇 (3) 

Using equations (1), (2), and (3), the individual homogeneous transfer matrix that relates two successive frames of the 

DMRbot can be found as equation (4-7): 

𝑇𝑇10 = �

cos (𝜃𝜃1) −sin (𝜃𝜃1) 0 0
sin (𝜃𝜃1) cos (𝜃𝜃1) 0 0

0 0 1 𝐿𝐿1
0 0 0 1

� (4) 

𝑇𝑇21 = �

sin (𝜃𝜃2) cos (𝜃𝜃2) 0 0
0 0 1 0

cos (𝜃𝜃2) −1.0sin (𝜃𝜃2) 0 0
0 0 0 1

� (5) 

𝑇𝑇32 = �

cos (𝜃𝜃3) −sin (𝜃𝜃3) 0 𝐿𝐿2
sin (𝜃𝜃3) cos (𝜃𝜃3) 0 0

0 0 1 0
0 0 0 1

� (6) 

𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡
3 = �

1 0 0 𝐿𝐿tip
0 1 0 0
0 0 1 0
0 0 0 1

� (7) 

The homogenous transformation matrix that relates frame {4 𝑜𝑜𝑜𝑜 𝑇𝑇𝑇𝑇𝑇𝑇} to frame {0} can be obtained by multiplying 
individual transformation matrices that result in the generic form of equation (8) and the position of tip with respect 
to base frame can be found using equation (9). 
  

𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡
0 = �

sin(𝜃𝜃2 + 𝜃𝜃3) cos(𝜃𝜃1) cos(𝜃𝜃2 + 𝜃𝜃3) cos(𝜃𝜃1) − sin(𝜃𝜃1) cos(𝜃𝜃1)𝜎𝜎1
sin(𝜃𝜃2 + 𝜃𝜃3) sin(𝜃𝜃1) cos(𝜃𝜃2 + 𝜃𝜃3) sin(𝜃𝜃1) cos(𝜃𝜃1) sin(𝜃𝜃1)𝜎𝜎1

cos(𝜃𝜃2 + 𝜃𝜃3) − sin(𝜃𝜃2 + 𝜃𝜃3) 0 𝐿𝐿1 + L𝑡𝑡𝑡𝑡𝑡𝑡 cos(𝜃𝜃2 + 𝜃𝜃3) + 𝐿𝐿2 cos(𝜃𝜃2)
0 0 0 1.0

� 

𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒,𝜎𝜎1 = L𝑡𝑡𝑡𝑡𝑡𝑡sin(𝜃𝜃2 + 𝜃𝜃3) + 𝐿𝐿2sin(𝜃𝜃2) 

(8) 
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𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡
0 = �

𝑃𝑃𝑥𝑥
𝑃𝑃𝑌𝑌
𝑃𝑃𝑍𝑍
� =  

⎝

⎜
⎛
𝑐𝑐𝑐𝑐𝑐𝑐 (𝜃𝜃1) �𝐿𝐿𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠 (𝜃𝜃2 + 𝜃𝜃3) + 𝐿𝐿2𝑠𝑠𝑠𝑠𝑠𝑠 (𝜃𝜃2)�

𝑠𝑠𝑠𝑠𝑠𝑠 (𝜃𝜃1) �𝐿𝐿𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠 (𝜃𝜃2 + 𝜃𝜃3) + 𝐿𝐿2𝑠𝑠𝑠𝑠𝑠𝑠 (𝜃𝜃2)�
𝐿𝐿1 + 𝐿𝐿𝑡𝑡𝑡𝑡𝑡𝑡 𝑐𝑐𝑐𝑐𝑐𝑐 (𝜃𝜃2 + 𝜃𝜃3) + 𝐿𝐿2𝑐𝑐𝑐𝑐𝑐𝑐 (𝜃𝜃2) ⎠

⎟
⎞ (9) 

 
 
5. Control 
A Proportional Integral Derivative (PID) control technique has been used for initial testing and control of the 
developed DMRbot (Pignolo et al. 2012). The joint torque commands are expressed by Equation (10): 

𝜏𝜏 = 𝐾𝐾𝑃𝑃(𝜃𝜃𝑑𝑑 − 𝜃𝜃) + 𝐾𝐾𝑉𝑉�𝜃̇𝜃𝑑𝑑 − 𝜃̇𝜃� + 𝐾𝐾𝐼𝐼 �(𝜃𝜃𝑑𝑑 − 𝜃𝜃) 𝑑𝑑𝑑𝑑 (10) 

Where,  

𝜃𝜃𝑑𝑑 ,𝜃𝜃 ∈ ℝ3𝑥𝑥1 are the vectors of desired and measured joint angles, 

𝜃𝜃𝑑̇𝑑 ,  𝜃̇𝜃 ∈ ℝ3𝑥𝑥1are the vectors of desired and measured joint velocities, 

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

𝜏𝜏 ∈ ℝ3 is the generalized torque vector. 

E is an error vector, and its derivative 𝐸̇𝐸 given by equation (11)(12): 

𝐸𝐸 = 𝜃𝜃𝑑𝑑 − 𝜃𝜃 (11) 

𝐸̇𝐸 = 𝜃𝜃𝑑̇𝑑 − 𝜃̇𝜃 (12) 

Therefore, this Equation (10) has been reformulated as an error equation (13): 

𝜏𝜏 = 𝐾𝐾𝑃𝑃𝐸𝐸 + 𝐾𝐾𝑉𝑉𝐸̇𝐸 + 𝐾𝐾𝐼𝐼 �𝐸𝐸 𝑑𝑑𝑑𝑑 (13) 

By decoupling relation (13), the individual torque command for each joint is given by Equation (14). 

𝜏𝜏𝑖𝑖 = 𝐾𝐾𝑃𝑃𝑖𝑖𝑒𝑒𝑖𝑖 + 𝐾𝐾𝑉𝑉𝑖𝑖𝑒𝑒𝚤̇𝚤 + 𝐾𝐾𝐼𝐼𝑖𝑖 � 𝑒𝑒𝑖𝑖 𝑑𝑑𝑑𝑑 (14) 

 
6. Experiments and Results 
The experimental setup for the DMRbot system consists of the robot and its control system set up in a desktop-mounted 
configuration. The robot was configured for vertical configuration for right-handed and left-handed use of the 
experiment, as shown in Figure 1b (right hand). For the exercises in the vertical configuration of the robot, we 
considered test subject-A (age: 40 years; height: 5ft 4 in; Weight: 132 lbs.).  A joint-based trajectory was used during 
initial testing to test the PID control algorithms' performance to provide passive arm movement two different exercises 
with the DMRbot. The trajectory is an estimated motion therapy to stimulate the user's elbow flexion-extension 
motion. However, it is later observed that in an end-effector type robot, like the DMRbot, where the user's arm is not 
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constrained, this trajectory results in multi-joints (i.e., shoulder, elbow, and wrist joints) motion of the arm. The subject 
sat on a chair shown in Figure 1b and operated a desktop-mounted device through pre-defined passive exercises to 
rehabilitate the upper limbs. The subject first remained stationary during the study while the device accomplished the 
necessary movements for the rehab exercises. It is repetitive motion exercises, focusing on motor rehabilitation's 
massed practice/repetitive practice principle. This type of exercise can increase the dosage or duration of the therapy 
to a patient, increasing the recovery speed.  
 

 
The schematic diagram of the joint base trajectory tracking exercises is given in Figure 3a; the exercise began at point-
O with an elbow joint at 90° and then followed path OA to reach Target-1. This exercise aims to reach different targets 
one after another, which involve movement of the entire upper limb's joints. As shown in Figures 3a and 4a the exercise 
follows the path OA-AO-OB-BO to reach targets at two locations. The experimental results for multi joints are 

Figure 3.  (a) Trajectory tracking experiments reaching different targets in 3D plane (b) Joint base 
trajectory 

(a) 

(b) 
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depicted in Figures 3b and 4b. To further evaluate the performance of the DMRbot, repetitive joint base movements 
were performed at different trajectories. The results demonstrate the excellent tracking performance of the controller. 
In this case, the maximum tracking error observed was around 3°. The experimental results presented in figure 2b and 
figure 3b show that the PID controller can run the robot at decently low tracking error and provide multi-joint upper 
limb exercises.  
 

 
 

Figure 4.  (a) Trajectory tracking experiments reaching different targets in 3D plane (b) Joint base trajectory 

(a) 

(b) 
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6. Conclusion 
The upper extremity rehabilitation requires long-term, periodic training and assessment, yet many patients cannot 
afford the expensive treatment. It is necessary to design an effective, low-cost, and reasonable home rehabilitation and 
evaluation system. In this paper, we present a DMRbot, a type of end-effector robot with three degrees of freedom 
that can be used passively to provide therapeutic exercises to individuals with impaired upper-limb function. The 
kinematic model of DMRbot was developed using modified Denavit-Hartenberg conventions. A linear Proportional-
Integral-Derivative (PID) control approach is used to guide the DMRbot along any desired path. Finally, the robot's 
ability to provide robot-assisted rehabilitation therapy following the principles of motor rehabilitation was evaluated 
by one healthy individual acting as the test subject, designing and completing various passive exercises. Experimental 
results show that the DMRbot can efficiently provide multi-joint rehabilitation therapy. Future works will include 
developing a control strategy to provide active-assisted rehabilitation therapy with the DMRbot. 
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