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Abstract
Stroke leads to significant physical disability, and it is one of the greatest
therapeutic treatment challenges. With the increase in the cases of stroke or
functional disabilities, robotic training therapy has significant roles in the
restoration of the functional recovery. This study presents the design and control
of a novel rehabilitation robotic exoskeleton for the upper limb therapy which
aims to present a solution for physiotherapy exercises with 5 degree-of-freedom.
It can provide a full range of motion exercises for shoulder (adduction/
abduction), elbow (flexion/extension), forearm (pronation/ supination) and for
the wrist joint (flexion/ extension) and (adduction/abduction) movements. This
paper describes the designed steps that are specifically required to carry out joints
position and torque control for passive training therapy mode for different
physical disability impairment. A prototype of this robotic device system has
been developed and validated. The torque tracking assistance of the Linear
Quadratic Gaussian (LQG) controller with integral action has been implemented
under the independent joint control paradigm and experimentally tested on two
active shoulder and elbow joints of a 5-DOF robot prototype. The prototype has
been validated by experiments with the elbow flexion/ extension and abduction/
adduction of the shoulder passive training modes. The controller is successful in
providing excellent performance with 0.011Nm and 0.1999Nm RMS torque
tracking errors for the elbow and shoulder, respectively.
Keywords: Robotic device, Treatment training modes and torque control, Upper
limb rehabilitation.
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1. Introduction
Recently, stroke has become the major causes of disability worldwide [1], which
need social care and medical processes to aid recovery, and it normally consumes
a vast number of resources [2]. This includes both direct and indirect costs. The
direct cost is related to neuro-rehabilitation therapy and robotic home assistance,
and the indirect cost is due to the patient’s limitation in movement [3], or inactivity
of the affected parts [4]. Rehabilitation of robotic devices has proven to have
significant impact on the upper limb rehabilitation recovery. It supports therapists
in providing high intensity and repetitive therapy [5]. Along these lines, patients
can obtain tremendous advantages from neurorehabilitation progress while
dramatically reducing the therapist’s workload [6].
Motivation: robotic devices provide patients’ recovery progress report, which
is accurately and consistently assessed by the motor function of the patients to
enhance their physiological capabilities [7]. In this regard, neurophysiological
robotic aids were extensively investigated to assess the intensity of therapy, and to
reduce cost compared to the conventional treatment [8, 9]. Therefore, the motor
function restoration system is much needed and recommended for stroke patients
[10]. In recent time, there are numbers of different robotic system devices for upper
limb rehabilitation assistance that were showcased [11], only a few were utilized
by stroke patients. They showed promising results that justify a rapid expansion in
the use of the rehabilitation robotic devices over the last decade [12, 13].
Regaining the subject’s functional ability to perform the daily activities require
the contribution of the robot-assisted rehabilitation therapy [14]. Since the therapy
fundamentally inappropriate upper limb shoulder, elbow, and wrist may be critical
factors in limiting recovery [11, 14]. Robotic devices offer more intensive practice
and enhance functional recovery after a stroke [8-15]. In order to gain maximum
benefits of robotic assistance, the patient must be actively engaged during the training
therapy [15]. Thus, several robotic devices have been designed for this purpose
because of the advantages of their assistance to the upper limb rehabilitation therapy
[16, 17]. Based on the design, these devices are composed of external mechanical
linkages attached to the patient at single or multiple joints [17, 18].
literature review: One category of these devices is the single degree of freedom
(DOF) for the upper limb treatment. A study by Galiana et al. [19], introduced one
degree of freedom (DOF) exoskeleton assisted rehabilitation consisting of a soft
actuated device for training therapy. The construction of the device was straight
forward which did not provide full range of most of the required exercises for upper
limb joints [20, 21]. Morbi et al. [22], developed a one-degree-of-freedom forearm
orthosis, which assumes that all forearm orientations are limited to the sagittal plane
and the participant’s elbow (joint) dynamics modelled with nonlinear viscoelastic
properties as an inverted pendulum. The implementation of this device was on a
healthy male patient.
Furthermore, Aguirre-Ollinger et al. [23], developed such a one degree of
freedom exoskeleton system for single-joint control that can assist the patient to
perform knee flexions and extensions (FE) exercises. It allows for adjustments to
be shifted to multipoint exoskeleton control [24, 25]. However, one drawback of
the single degree of freedom is that the robot cannot be implemented in different
movements of the task’s activities. Another flaw is that it is also unable to allow
the robot to withstand several joint failures without losing its range of motion [26],
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therefore, it becomes limited to achieve the task activity and robot capacity,
respectively [27].
Another category of upper limb rehabilitation device is the multi DOFs which
consists of a multi-joint’ interaction between the device and the subjects [24, 28,
29]. Currently, multiple-joint exoskeleton is more frequently developed than other
categories of robotic devices, to provide optimal rehabilitation therapy results for
numerous factors [29].
The multi-joint exoskeletons are aiming to support participants by integrating
the capabilities of multi-joint neuro-mechanical pre-evaluation, robot-aided
diagnosis, regaining/improving motor control ability and neuro-mechanical
outcome evaluation [17, 29]. Chen et al. [30], designed a 6-DOF exoskeleton to
adopt deceleration processes using a trench structure instead of using bearings to
improve the system. Sugar et al. [31], developed a robotic device exoskeleton for
upper limb extremity shoulder, elbow and wrist, which was aimed for repetitive
therapy and had 4-DOFs driven by pneumatic. Reinkensmeyer et al. [32], also
introduced the ARM Guide to diagnose and treat upper limb movements’
impairment following injuries, and the device has the ability to provide a means to
implement and evaluate subjects’ active assistance during therapy.
The critical design issues of both single/multiple-joint devices are impeding the
usability of devices in worldwide rehabilitation therapy. Krebs et al. [33, 34],
designed (MIT-MANUS) a robot which could only provide two-dimensional
movements in the horizontal plane. This device can restrict the user to complete the
movement needed in daily life activities. Kobayashi et al. [35], developed a
computer-enhanced device yet the mechanism of the device had limited strength.
Jiang et al. [36], designed upper limb exoskeleton consisting of a 9-DOF flexible
pneumatic, but it cannot reach a comprehensive workspace. While in other
research, an orthotic exoskeleton device presented by Lucas et al. [37] that was
mechanically manipulated to assure independent movements and to be adapted for
different human hand sizes. However, the prototype uses pneumatic actuators
which increases its weight and renders it a non-portable device.
Consequently, the mechanical structure, training modes, ability of motion and
control approaches play important role in classifying the robotics device for upper
limb rehabilitation therapy [38]. Majority of the existed robotic systems can
achieve only one or some of the following exercises modes of the passive, the
active-assisted, and the resistive [32, 39]. In rehabilitation robotic therapy, common
control methods are applied [39]. The approaches are conventional-control ones,
such as proportional integral derivative (PID), impedance control, admittance
control and torque control [40]. Similarly, previous studies showed an important
aspect, which set the devices apart, and the degree of freedom played fundamental
role in designing the kinematic structure of the device to align with the human upper
limb [41].
Yet, the unwanted, parasitic forces and torques can be produced by misaligned
joints [42], which affect the comfortability and the performances of a wearable
device. Junius et al. [43] pointed out that better alignment of an external device
structure demands repeatedly the devices to compensate for misalignment. On the
other hand, some of the shortcomings of these devices are high cost, accessibilities,
as well as the unavailability of these technologies commercially [44]. With an
increase in the number of patients with impaired mobility or disabilities, there is no
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doubt that robot rehabilitation training will have significant roles in the restoration
of the motor functional recovery. The key objective of the robotic device is to assist
the patient to complete the tasks.
Contribution: In our future study, we plan to develop a patient’s ability scale
based on clinical tools for practical implementation. Therefore, a robotic device
needs to be developed and tested for its feasibility in performing the desired motion.
In this paper, five different single-DOF upper limb actuation mechanisms have
been designed and analysed.
This robotic device has the ability to transmit torques, relative angles between
the exoskeleton and the human [45]. It can perform the motion of the shoulder,
elbow, forearm and the wrist exoskeleton prototype. Thus, the developed robotic
exoskeleton and its controller can perform therapeutic passive and active training
modes [46] which help the patients to achieve and guarantee the best functional
recovery. For simplicity, an optimal Linear Quadratic Gaussian torque controller
(LQG) with integral action is used to perform a passive-mode exercise, which is
used for testing the device. In this study, we focus on the testing and validating the
device on elbow flexion/extension and shoulder abduction/ adduction movements.
Paper organization: The organization of this work is as follows. Section 2
describes the mechanical design of the upper limb modules. Section 3 presents the
methods and materials, Section 4 provide the dynamic and control of the robotic
device, while the evaluation and results, and conclusion is drawn in Section 5 and
6 respectively.

2. Upper limb rehabilitation
The purpose of therapeutic exercises is to improve the functional ability, restoration
of movement, and overall coordination of the upper limb in its daily activities. The
therapy exercises can be performed actively or passively by assistive device or
manually [47, 48]. Therapeutic exercises are very important stages in regaining the
upper limb’s motor function during rehabilitation and physical therapy [49, 50]. In
this study, the exercises for this device are performed for the rehabilitation of the
shoulder, elbow, forearm and the wrist.
The designed robotic device can perform shoulder adduction/abduction, elbow
flexion/extension, forearm pronation/supination and adduction/abduction and
flexion/extension movements for the wrist. The types of the movements of the
human upper limb that are proposed for this prototype can be seen in Fig. 1. These
movements can be implemented to perform therapeutic passive and active training
modes which help the patients to achieve and guarantee the best functional
recovery.

3. Methods and Materials
5-DOF upper limb rehabilitation robot system is designed for therapy exercises.
The structure of the device was designed for the upper limb treatment of the right
hand. The main purpose of the design of this device is to obtain independent
movement in each joint of the upper limb treatment as such, shoulder, and elbow,
forearm and wrist joints. In the following subsection the mechanical design,
actuators and sensors system and range of motion will be discussed further.
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Wrist adduction/ abduction

Elbow flexion/ extension

(e) Shoulder adduction/ abduction
Fig. 1. The robotic device (Wrist, elbow and shoulder) joints movement.

3.1. Mechanical design
This device is suitable to assist and improve the patient’s functional recovery. Most
importantly, the robotic device is adjustable since there are various sizes for human
upper limb according to the height, physique and age. The robot-assisted device is
an upper-limb rehabilitation system with five active joints of (5-DOF) degrees of
freedom at the shoulder, elbow, forearm and wrist joints.
The exoskeleton can provide abduction/ adduction (AA) movement of the
shoulder joint and flexion/ extension (FE) movement of the elbow, pronation/
supination (PS) movement of the forearm and both flexion/ extension (FE), as well
as abduction/ adduction (AA) movement of the wrist joints if it is passively/
actively controlled. Thus, the design allows the possibility of performing several
upper extremity reaching tasks and the activities of daily living (ADL). The
developed prototype of the exoskeleton robotic system architecture is depicted in
Fig. 2 and the robotic rehabilitation prototype components shown in Table 1.

Safety considerations during powered exercises with the robotic device
This study focuses on the torque assistance that is to be applied to the participant
with different motor function disabilities. This includes severe, mild and healthy
participants. This will quantify the functional ability of each patient while ensuring
the accuracy and consistency of the necessary torque assistance to be provided.
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This will help prevent any possible danger in the absence of supervised assistance
or during the active intervention; the torque and mechanical limited sensors are
installed on the robotic device.
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Fig. 2. The architecture of exoskeleton for upper limb rehabilitation.
Table 1. The components of the robotic prototype.
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Name of the component/ function
Hand palm position
Forearm adjustment
DC motor for elbow position
DC motor for shoulder position
Shoulder position adjustment
Panel units
Power switch
Safety switch bottom (bypass)
Machine’s heights adjustment
limit sensors for the range of motion
Load cells
Forearm’s DXM motor
link which supports forearm pronation/ supination
DXM motor for wrist flexion/ extension
DXM motor for wrist abduction/ adduction
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The emergency button (EMG switch) is also incorporated in the rehabilitation
robot. The therapist can press the switch in case of any emergency to prevent
patients’ injuries. This ensures participants’ safety, and it prevents any errors that
may occur during the process. Therefore, the physical parts and limit sensors as the
safety components in the device can be seen in Fig. 3. The safety of the participants
is guaranteed, since the motor rotates within the permitted angles.

Fig. 3. The device’s safety components (Physical and limit sensors).

3.2. Actuators and sensors system
The actuators and sensors of the exoskeletons were selected to drive the robotic
system safely and compliantly. In this system, two types of actuations were chosen
based on the need for the required torque of the exoskeleton to protect the user from
being harmed by the system, and to improve its safety. A higher torque is needed for
the shoulder and elbow. Thus, a back-drivable brushless DC motors are specially
chosen in the exoskeleton to provide higher torque, low noise, low friction, low
backlash, and compact size model [8]. A torque sensor with strain gauge mechanism
and potentiometer for position measurement are attached to these active joints.
The two active (shoulder and elbow) joints of the exoskeleton are actuated with
the DC electrical motor (Maxon RE50, 370955, 200W, 24 V) with a gear ratio of
1:113. On the other hand, the Dynamixel servo motors types DXM 430 for forearm
and wrist joint was selected since it can provide flexibility in the robotic exercises.
It can offer high accuracy and it is also equipped with a real absolute position
encoder. All the five joints are attached to load cells, which are used for the torque
measurements. There is a total of five torques and position sensors incorporated in
the exoskeleton system. In a closed-loop control system, the range of sensor and
the feedback are very essential.
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The potentiometer at the shoulder and elbow is a rotating shaft for measuring
angular displacement, which operates a maximum of 20 units in parallel, and it can
detect the position of the corresponding joint. The encoders at the forearm and wrist
joints are capable of providing exceptional position values and control motion
activity. Five torque sensors are attached to all motor joints, in which the torque
reference at each joint is measured.
In the electrical unit, data acquisition (DAQ) system NI USB-6211 is used,
which acts as an interface between the sensors and the MATLAB/Simulink
software. The block diagram system of the electronic unit is illustrated in Fig. 4.
The physiotherapist is considered as the main source of the participant information.
He/she provides the patients all answers and explanation related to the exercise
therapy. The system consists of two computers, the main one is the PC for running
the algorithms and the second one is the data acquisition (DAQ) system that passes
the information between the sensors and the MATLAB/Simulink.
The robotic device provides a better rehabilitation environment, and it helps the
therapist by reducing their workload to enable them to perform a more consistent
therapy. The therapist explains to the patients, the strategies and tools needed to
manage and/or resolve unhealthy behaviour and thought. The therapists could not
only control the robots directly, but he could also modify the robotic program if the
programming environment is designed to take into account the therapists’ abilities
to program [51]. The therapist can modify the range of the movement and at the
same time monitor the patient’s progress during the exercise therapy.
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Fig. 4. Schematic diagram of the hardware description.

3.3. Range of motions (ROM)
According to the neuro-rehabilitation theory, the optimal range of the motion
(ROM) of the upper limb should be satisfied [52]. This is to allow the patients to
obtain a wide range of functional movements. Each patient has a unique
physiological parameter that can influence the functional and technical
performances of the robotic device. Thus, different ages, heights and physical
appearances of people need to be recorded. Therefore, the data of the desired upper
limb range of movements for this study were configured during the experimental
setup. It details and summarizes can be seen in Table 2.
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Table 2. Upper limb exercise therapy ranges of
motion (ROM) of the proposed Robotic device.
Joint
Shoulder
Elbow
Forearm
Wrist
Wrist

Degrees
of
freedom
abduction/
adduction
flexion/
extension
supination/
pronation
flexion/
extension
abduction/
adduction

Device joint
workspace
(degrees)
⁰
i ⁰
180⁰
0⁰

Human joint
range of motion
(degrees)
⁰
i ⁰
120⁰
0⁰

Device
0⁰-180⁰

Human
140⁰-227⁰

180⁰

0⁰

140⁰

0⁰

0⁰-103⁰

40⁰-110⁰

85⁰

57⁰

85⁰

70⁰

0⁰-16⁰

10⁰-18⁰

90⁰

60⁰

73⁰

65⁰

0⁰-110

45⁰-70⁰

61⁰

-26⁰

45⁰

0⁰

0⁰-80⁰

30⁰-20⁰

Reference values

4. Dynamic and Control of the Robotic Device
In this section, dynamics control model and system identification of the robotic
device will be discussed. In order to achieve a suitable control, an effective dynamic
model and system identification must be obtained.

4.1. Joint friction and stiffness torque estimation
The torque stiffness and friction parameters have been estimated experimentally
using a combination of static and dynamic model (𝑞̇ = 0, 𝑞̈ = 0) and (𝑞̇ ≠ 30, 𝑞̈ ≠
0) respectively. The joint-angle sensors are used to measure the actual joint angles
while the torque is measured by the torque sensor. During a static experiment, the
active robotic joints (shoulder and elbow) are gratified and controlled to fixed
positions. Both damping friction and kinetic are recorded as zero. The operation of
each joint is obtained in the current closed loop system. Therefore, the value of the
torque reference is driven by the joints.
The torques of the static friction for shoulder and elbow are evaluated by a
positive and negative ramping signals as shown in Figs. 5(a) and (b) respectively.
The computation of the average signals such as the static friction torque is indicated
in Eq. (1) and Table 3. The stiffness torque is evaluated by driving the joints to
fixed static positions around the zero reference angles utilizing a simple controller
𝑢 = −𝑘𝑝 (𝑞 − 𝑞𝑑 ) where 𝑢 is the voltage, 𝑘𝑝 is the proportional gain and 𝑞𝑑 is
the desired angles. The stiffness torque parameters shown in Fig. 5(c).
Table 3. Parameters model of Joint friction and stiffness torque.
Joint no. Static friction torque
Stiffness
Damping friction
(q)
torque
torque
Elbow
𝑏0 = 𝜏static
𝑏2 = τdynamic
𝑏1 = 𝜏𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠
= 0.27 N m
= 0.00044. ɵ ̇ + 8.3 𝑁𝑚
= 0.00018. ɵ
+ 4.1 𝑁𝑚
shoulder
𝑏0 = 𝜏static
𝑏2 = τdynamic
𝑏1 = 𝜏𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠
= 0.21 N m
0.00031. ɵ ̇ + 7.13 𝑁𝑚
= 0.00011. ɵ
+ 3.3 𝑁𝑚

Journal of Engineering Science and Technology

April 2022, Vol. 17(2)

Design And Control of a Robotic Device for Upper Limb Rehabilitation . . . . 1315

(a)

(b)

(c)

(d)
Fig. 5. Friction and stiffness torque estimation.

Journal of Engineering Science and Technology

April 2022, Vol. 17(2)

1316

S.Y.A. Mounis et al.

For the dynamic experiment, reference trajectory was used to drive the joints
by the controller 𝑢 = −𝑘𝑝 (𝑞 − 𝑞𝑑 ). Once the joints are in motion, static friction
torques is at zero. Thus, the damping friction torque is computed by a regression
analysis of actuating torques versus joint angular velocities after subtracting the
effect of stiffness and gravitational torques as shown in Fig. 5(d), and Table 3 are
significant. The joint stiffness and frictional torques are likely to prevent the model
uncertainties due to the joint frictional effect. The stiffness and frictional torque
model are discussed in the method proposed by [53]:
𝑏0

𝑞 = 0, 𝑞̇ = 0

𝜏𝑓 (𝑞, 𝑞̇ ) = {𝑏1 𝑠𝑔𝑛(𝑞̇ ) + 𝑏2 (𝑞̇ ) 𝑞̇ = 0
𝜏𝑠 (𝑞) 𝑞 ≠ 0, 𝑞̇ = 0

(1)

where 𝜏𝑓 is the torque friction, 𝑏0 is the static friction torque, 𝑞 is the joint angle
position, 𝑞̇ is the joint angular velocity, 𝑏1 𝑠𝑔𝑛(𝑞̇ ) is the coulomb or kinetic
friction torque: a signed function of the joint angle velocity, and 𝑏2 (𝑞̇ ) is the
damping friction torque: a function of the joint velocity. 𝜏𝑠 (𝑞) is the stiffness
torque which is a function of joint angle position. In this study, the torque friction
parameters of the two joints (elbow and shoulder) of the robotic system can be
seen in Table 3.

4.2. System identification
System identification is considered as a quick representative approach to obtain a
dynamic model to transfer the function of joints of a multi-body robotic system Eq.
(2). It is particularly useful in some situations where the representation of the
system dynamically is not available [54].
𝑇𝐹 = 𝑘

𝜔2 𝑛
𝑠^2+2𝜁𝜔𝑛 𝑠+𝜔2 𝑛

(2)

Measuring both input and output signals of the system are essential steps in the
system identification procedure to obtain the system transfer function. However,
obtaining a nominal model or transfer function can be particularly challenging [55].
Time and frequency domain based are practical approaches that can be used to
obtain a desired model of the exoskeleton system, but this depends on how well the
measured data reflects the behaviour of the exoskeleton system used. In this study,
the sine-by-sine method is applied using a periodic band limited input excitation
signal given by
𝑖(𝑡) = 𝑖0 𝑠𝑖𝑛(𝑤𝑓 𝑡)

(3)

where 𝑖 is the motor current, 𝑖0 is the signal amplitude selected in the range [-0.5A
0.5A] of rated motor current [56], 𝑤𝑓 is the fundamental frequency selected in the
range [4π 8π] rad/s based on the overall model sampling time and 𝑡 is the model
sampling time. The simulated and measured responses for the different sine-wave
input depicted in Fig. 6. The bold red line indicates the best fit. While the other lines
are given according to their percentage of fitting in Table 4.
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Fig. 6. Simulated and measured responses for different sine wave input.
Table 4. Joint parameters measured data.
Line Color
Gray

Signal
Amplitude
0.1

Signal
Frequency
4π

Red

0.22

4π

Light Blue

0.15

4π

Orange

0.21

4π

Purple

0.18

4π

Yellow

0.20

4π

Light
Purple
Light
Green
Orange

0.14

4π

0.21

4π

0.21

4π

Type of the
Model
Transfer
Function Models
State Space
Models
State Space
Models
Transfer
Function Models
Transfer
Function Models
State Space
Models
Transfer
Function Models
Polynomial
Models
State Space
Models

Best
Fitting
50.93
69.30
57.94
60.45
58.03
52.64
63.45
58.37
57.62

4.3. The LQG with integral action design
The linear quadratic Gaussian (LQG) controller with integral action is used as lowlevel torque controllers to guarantee the desired torque (𝜏𝑑 ) is provided on the
elbow and shoulder joint which is implemented by a 2-DOF. The controller of the
torque works by regulating the motor currents to achieve the desired torques (𝜏𝑑 ).
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The descriptions of the state space equations are given by the complete system and
output equations as follows:
𝜏̇ = 𝐴𝜏 + 𝐵𝜏𝑢 + 𝑤

(4)

𝑦 = 𝐶𝜏 + 𝑣

(5)

where the states matrices are given by A, B, and C. The 𝜏= [𝐼, 𝐼 ]̇ is a 2 ×1 vector of
states of the motor-joint-link of the prototype. 𝐼 and 𝐼 ̇ are the current of the motor
and the derivative of the current respectively. The control input to the motor is 𝜏𝑢 and
the output current of the motor is 𝑦 (𝜏𝑎 actual output torque). The disturbance input
and measurement noises are given by 𝑤 and 𝑣 respectively, which are assumed white
Gaussian noises with zero mean and covariance matrices 𝑊 and 𝑉 i. e .
𝑇

𝐸 (𝑤𝑤 𝑇 ) = 𝑊, 𝐸 (𝑣𝑣 𝑇 ) = 𝑉

(6)

Given the above plant, the LQG torque controller with output-states feedback
and integral action is therefore designed as [57].
𝜏̂̇ = 𝐴𝜏 + 𝐵𝜏𝑢 + 𝐿 (𝑦 − 𝐶𝜏̂ )
(7)
where the Kalman gain 𝐿 is calculated to stabilize the output observation error (𝑦 −
𝐶𝜏̂ ), and the 𝜏𝑢 control input given as
𝜏𝑢 = −𝑘[𝜏̂ , 𝜏𝑖 ]𝑇 = −𝑘𝜏 𝜏̂ − 𝑘𝑖 𝜏𝑖

(8)

where the optimal gain matrix 𝐾 = [ 𝑘𝜏 , 𝑘𝑖 ] is the 1 ×2, and 𝜏̂ is the Kalman
estimate of the system states, while 𝜏𝑖 is the integrator states given by
𝜏𝑖̇ = 𝜏𝑑 − 𝑦 − 𝜏𝑓 = 𝜏𝑑 − 𝐶𝜏 − 𝜏𝑓

(9)

where 𝜏𝑓 is the torque friction as described in Eq. (1).
To determining the Kalman gain 𝐿 an algebraic Riccati equation is given as:
̅ )𝑅 −1
𝐿 = (𝑃𝐶 𝑇 + 𝑁

(10)

where 𝑃 is the state covariance matrix given by:
𝑃 = 𝐸[(𝜏 − 𝜏̂ )(𝜏 − 𝜏̂ )𝑇 ]

(11)

𝑅̅ = 𝑅 + 𝐻𝑁 + 𝑁 𝐻 + (𝐻𝑄𝐻)

(12)

̅ = 𝐺((𝑄𝐻)𝑇 + 𝑁)
𝑁

(13)

𝑇

𝑇

𝑇

where 𝑅 is the covariance matrix of the measuring noise, 𝐻 is the eigenvectors, and
𝑄 is covariance matrix of the disturbances.
The optimal gain matrix 𝐾 is obtained at the point where the feedback law
minimizes the quadratic cost function given by
∞

𝐽(𝑢) = ∫0 {𝑥 𝑇 𝑄𝑥 + 2𝑥 𝑇 𝑁𝑢 + 𝑢𝑇 𝑅𝑢}𝑑𝑡

(14)

where 𝑧 = [𝜏̂ , 𝜏𝑖 ]𝑇 .
The overall proposed control strategy with the LQG representing a baseline
low-level controller as shown in Fig. 7.

Journal of Engineering Science and Technology

April 2022, Vol. 17(2)

Design And Control of a Robotic Device for Upper Limb Rehabilitation . . . . 1319

Fig. 7. Optimal LQG controller with integral action.

5. Evaluation and Results
Robot-assisted exercise for upper limb rehabilitation therapy has shown clear
improvement of task scores and strength. However, daily practices of these
exercises cannot reflect the progress of patient’s recovery. Disabilities level should
be known, which is important element for functional recovery stages. Patients with
different level of disabilities should adopt different pieces of training program. The
mode of the exercises is a significant factor influencing the rehabilitation process.
Therefore, rehabilitation modes of training can be divided into three periods of
treatment, which are flaccid paralysis period (rapid onset of weakness), spasm
period (can be painful) and functional recovery period (a period from 3 to 6 months
after stroke).
In each period of treatment, muscle tension and restrain movement will make
different change that contributes to the improvement of the limb functionality
during the exercises therapy. In this study, passive training modes are implemented
to test the feasibility of the robotic rehabilitation device to perform the desired
motions in therapy exercise and its ability to implement any controller in a realtime application. This study obtained the consent and ethical approval from the
IIUM’s Research Ethics Committee (IREC), and the approval ID number is IREC
2018-256.
The first passive training mode results for the robotic device is illustrated in Fig.
8, that utilized the controller paradigm shown in Fig 7. Therefore, the performance
of the tracking torque controller for the elbow flexion/ extension is depicted in Fig.
8(a) and the motion within the RMS error of 0.0107 Nm as indicated in Table 5.
The range of motion (ROM) and angular position of the subject’s elbow while
performing passive flexion and extension movement can be seen in Fig. 8(b).
Table 5. RMS errors of elbow and shoulder passive motion trajectory.
Passive Exercises
Mode
Elbow:
flexion/extension
Shoulder:
abduction/adduction

RMS Tracking
Errors
0.0107Nm

RMS Tracking Errors (Percent
of Max. Torque: Nm) (%)

0.1999Nm

0.6664Nm

0.02675Nm

The second results are for the shoulder abduction and adduction movements
control obtained within the RMS error of 0.1999 Nm as shown in Figs. 9(a) and
(b). When it comes to the passive exercise modes, the robotic device takes charge
of the movement of the subject’s upper limb effortlessly and passively following
the pre-defined reference torque trajectory.
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The combined experimental results for the elbow flexion/ extension and
shoulder adduction/ abduction movement under passive exercise are shown in
Figs. 10 and 11 respectively. As seen in these figures, the torque and position
differences within the right scale belong to torque and left scale to position data,
respectively. The torque is in reverse with the position in elbow and shoulder
movement. When the value in the torque sensor positives, it indicates the elbow
extension and shoulder adduction movement. When the value in the torque sensor
drops below zero (negatives), it shows the elbow flexion and shoulder abduction
movement. In our future study, torque assistance and position control algorithm
will be used to assist the patient with less ability to move the upper limb to
achieve the desired motion.

(a)

(b)
Fig. 8. (a) The motor tracking torques during the passive training
of the elbow joint flexion and extension (FE) movements, (b) The
optimal trajectory, elb w’s position of experiment result.
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(a)

(b)
Fig. 9. (a) presents the motor tracking torques during the passive
training of the shoulder joint (adduction/abduction) movements,
(b) shows the optimal trajectory, and s
lde ’s position of an
experiment result in adduction and abduction movements.

Fig. 10. Elbow flexion and extension movement exercises
(torque (Nm) and position (degree) data are shown together).
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Fig. 11. Shoulder adduction and abduction movement exercises
(torque (Nm) and position (degree) data are shown together).
These results confirm the feasibility of the robot rehabilitation device, and to
produce the desired motion for upper limb rehabilitation. The experiment validates
that, the proposed rehabilitation robot can be used for a simple controller with high
accuracy. Therefore, the device is expected to be used for further research with a
more advanced controller.
The advantages of this robotic system have been illustrated by satisfying
multiple control scenarios as shown in Figs. 10 and 11. This newly designed and
implemented system will contribute to efficient, safe, adjustable, and simple
constructive robotic device for rehabilitation exercises’ therapy. Based on the
experiment, we found out that improvements on the mechanical structure and
further optimization are needed for the proposed system to achieve the switch
between right and left-hand training.

6. Conclusion
In this study, the structure of the device was designed for the upper limb treatment
of the right hand. The robotic device can perform a large workspace compare to
that human upper limb can reach. Furthermore, a structure with multi-joints is used
to unify the transmission ratio of each DOFs. This robotic device has the ability to
achieve full motion adduction/abduction of the shoulder, flexion/extension motion
of the elbow, flexion/extension and adduction/abduction of the wrist movement.
The experimental test with torque tracking assistance of the LQG controller
with integral action was employed under an independent joint control paradigm. It
is confirmed that the proposed system is capable of performing low-level
controller, and it can track the desired torque trajectory. Therefore, the findings of
this study are capable of supporting our future study. The preliminary results were
successfully achieved for the passive exercise modes. Future study will focus on
quantifying the patients’ functional ability, and mapping clinical scales for more
practical implementation.
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Nomenclatures
𝑏1 𝑠𝑔𝑛(𝑞̇ )
𝑏2 (𝑞̇ )
𝑖
𝑖0
q
𝑞̇
𝑤𝑓

Kinetic friction torque
Damping friction torque
Motor current
Signal amplitude
Joint angle position
Joint angular velocity
Fundamental frequency

Greek Symbols
Actual output torque
𝜏𝑎
Desired torque
𝜏𝑑
Torque friction
𝜏𝑓
Integrator states
𝜏𝑖
𝜏𝑠 (𝑞)
Stiffness torque
Control input
𝜏𝑢
Abbreviations
ADL
DAQ
DOF
LQG
RMS
ROM

Activities of Daily Living
Data Acquisition
Degree of Freedom
Linear Quadratic Gaussian
Root Mean Square
Range of Motion
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