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Abstract—In this paper, mechanical design and control of an 
exoskeleton robot for shoulder rehabilitation after stroke are 
presented. Initially, mechanical design of a new 3 degrees of 
freedom (DOF) exoskeleton robot for shoulder joint 
rehabilitation is presented. All robot measurements are based on 
the properties of upper limb of an adult person. A new open 
circular mechanism is proposed for the third joint. Afterwards, 
direct and inverse kinematics, Jacobian matrix, singular points, 
and dynamics of the robot are presented. In order to study the 
ability of the robot to follow the optimized trajectories, sliding 
mode controller (SMC) is proposed to track desired trajectories. 
In most rehabilitation robots, the attention is on robot’s 
mechanical design, so linear controllers are used to control the 
robot. However, rehabilitation robots are non-linear in nature 
and non-linear control methods are required that can reject 
uncertainties and are resistant to parameter changes. SMC is 
robust due to its nonlinear nature, and can reject uncertainties 
and disturbances applying on the system such as patient’s hand 
tremor. The parameters of the SMC are tuned using Genetic 
Algorithm (GA). The main advantage of this robot compared to 
similar systems are being low weight, having a special mechanism 
for third joint that solves the known issues associated with long 
wiring and closed mechanisms, allowing translational degrees of 
freedom of the shoulder, ease of use, comfort for the patient and 
the tracking performance of the controllers.  

Keywords—exoskeleton robots; upper-limb rehabilitation; 
Sliding Mode Controller (SMC); PID controller; trajectory tracking  

I. INTRODUCTION  
16.3 million people in the world become afflicted by stroke 

each year. Stroke is the second leading cause of death and the 
first reason for permanent impairment in adults [1]. Stroke is 
increasing in the world and it is estimated that the number of 
people with stroke reach 23 million in the year 2030 [2]. 
Efforts and hours are spent on rehabilitation after stroke to 
improve performance, reduce disability, and take measures to 
promote an independent life in stroke patients. According to 
studies, upper-limb is more prone to injury after stroke [3]. 
Among the upper-limb joints, shoulder joint is the most mobile 
joint. Due to mobility and complexity of shoulder joint, this 
joint is more prone to injury. For the mentioned reasons, 
shoulder rehabilitation after stroke is a necessity and is of 
highest priority. The most common approach for rehabilitation 
after stroke is physiotherapy. This method is labor-intensive, 
time-consuming, and costly. On the other hand, training 
sessions are shorter than required for an optimum outcome. For 

these reasons, robot-aided rehabilitation came into being. 
Using robots as a means for rehabilitation is relatively a new 
phenomenon. Many studies confirmed the efficacy of robot-
aided rehabilitation in stroke patients compared to conventional 
therapies [4-6]. Robot-assisted therapy is more intensive, 
longer, and more repeatable. In addition, robot-aided 
rehabilitation provides numerical values of patient progress 
during rehabilitation.  

From the viewpoint of the mechanical structure, 
rehabilitation robots can be classified into two categories: End-
effector based robots and Exoskeleton-type robots. 
Exoskeleton-type robots offer some advantages that make them 
more suitable for rehabilitation needs. Since an exoskeleton 
robot is fastened to the patient’s arm and has contacts with the 
limb on several points, several groups of muscles can be 
utilized to perform the rehabilitation exercise. On the other 
hand, using this type of robots, rehabilitation exercises can be 
completed with more accuracy; joint angles and contact forces 
can be measured precisely and thus can be controlled more 
accurately.  

 Researchers around the world have developed some robots 
for rehabilitation of upper-limb after stroke. Stienen et al. 
developed a system called Dampace in 2007 [7]. Dampace is a 
passive exoskeleton robot with brakes in three rotation axes of 
the shoulder and one rotation axis of the elbow. Sanchez et al. 
developed T-WREX system in 2006 [8]. T-WREX system 
includes an arm orthosis, a grip sensor that detects hand grip 
pressure and software that simulates training. T-WREX is 
actually developed to be a 3D input device to interact with 
virtual environments. This system can be used in home or in 
clinic. Frisoli et al. in 2007 introduced the exoskeleton robotic 
system L-Exos [9] that is a force feedback exoskeleton robot 
for right hand. The main advantage of this robot is distant 
placement of high-torque actuators that considerably reduce the 
weight of the robot. Control scheme used is impedance control. 
In 2003, Nef et al. initiated ARMin project. ARMin I [10] is 
designed, developed, and tested from 2003 to 2006. It has 4 
degrees of freedom (DOF) for shoulder movement and 
flexion/extension of the elbow. The robot had a semi-
exoskeleton structure. After ARMin I, ARMin II [11] was 
introduced with a complete exoskeleton structure and 2 
additional DOFs was added to it. ARMin III [12] is a further 
improved and commercial version of the ARMin II, which is 
more robust and reliable. Control strategy applied on ARMin 
III is impedance control, which enables the robot to respond to 
patient’s efforts. A comprehensive review of the literature and 
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robots built for rehabilitation purposes with their advantages 
and disadvantages are discussed in [13].  

Although systems and robots built to date showed the 
application of robots in rehabilitation, they are not capable of 
exercising the human limb in its full range of motion (ROM) 
and this limits their applicability and efficacy. Exoskeleton 
robots have some advantages that make them suitable for 
rehabilitation, however they are mostly used as haptic or force 
devices for virtual reality applications.  

In this paper, mechanical design, simulation and control of 
an exoskeleton robot are presented for robot-aided shoulder 
rehabilitation after stroke. Initially, mechanical design and 
simulation of robot are presented and kinematics and dynamics 
of the robot are derived. Next, control scheme is demonstrated 
and applied on the robot and finally simulation results that 
show the efficiency of the proposed control scheme in tracking 
arm trajectories are given. The main advantages of this robot 
compared to the similar systems are being low weight, its 
unique mechanism for the third joint that solves the difficulties 
associated with long wirings and discomfort associated with 
closed mechanisms, translational DOFs that solves the 
common issues in exoskeleton robots that the robot’s joints 
should be perfectly aligned with the arm’s joints, ease of use, 
more comfort for the patient, using nonlinear control instead of 
linear one to increase accuracy and the tracking performance of 
its controller. 

II. MECHANICAL DESIGN OF ROBOT 

A. Mechanical design of robot in SolidWorks  
After studying the properties of upper-limb of an adult 

person such as mass, moments of inertia and lengths of 
different segments [14-15], robot parameters such as the link 
lengths, mass of each link and their moments of inertia are 
estimated and an exoskeleton robot for shoulder rehabilitation 
is designed. Fig.1. depicts the designed robot in SolidWorks 
with a model of human limb that is designed using the data 
provided in [14-15]. The Shoulder Rehabilitation System 
(SRS) has three DOFs for shoulder flexion/extension, 
adduction/abduction, and internal/external rotation. Fig.2. 
demonstrates the robot’s DOFs and different parts. Actuator 1 
provides Flexion/extension of the shoulder and actuator 2 
provides adduction/ abduction of the shoulder. Link 1 holds the 
actuator 1 from one side and from another side is fastened to a 
base (Fig.2.). As can be seen from Fig.2., link 2 that holds 
actuator 2 is L-shaped to freely accommodate the shoulder 
joint. The rotation axes of actuator 1 and actuator 2 are 
coincident in one point, which is the shoulder center of rotation 
(the point shown in Fig.2.). In order to place the center of 
rotation of the shoulder in the shown point, a wheelchair with 
an adjustable height is recommended. Shoulder joint not only 
has rotational DOFs, but it also has translational DOFs. This is 
not a problem since translational movements are allowed in the 
design. To provide internal/ external rotation of the shoulder, 
actuator cannot be directly aligned with the axis of rotation of 
the arm, for this will lead to injury. Most robots use gear 
mechanism with closed circular configuration that causes 
discomfort and pressure on the patient’s arm. Instead, one can 
use cable system, but using this system has the disadvantage of 

shutdown if disconnection occurs that takes long time to detect 
due to long wirings. For the mentioned reasons, in this robot, a 
new open circular mechanism is proposed for the third joint 
and power transmission is achieved by a gear coupled with the 
shaft of actuator 3. Fig.3. shows the proposed mechanism for 
power transmission from actuator to provide shoulder internal/ 
external rotation. Fig.4. depicts the details of this mechanism.   

 
Fig.1. Robot designed in SolidWorks with a model of human limb 

 
Fig.2. DOFs and different parts of the robot 

 
Fig.3. Open circular mechanism proposed for shoulder internal/ 

external rotation 
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Fig.4. Details of the open circular mechanism for shoulder internal/ external 

rotation 

A challenge in rehabilitation robots is the adaptability of 
the robot with patients with different sizes. In the designed 
robot, to this end, the links are designed to be variable in 
lengths. Another challenge is the ROM of the joints of the 
robot. They are designed according to [14] and are based on 
the ROM of the human arm joints. These limitations should be 
met, since exceeding them may cause serious injuries to the 
patient’s limb.  

B. Selecting actuators  
Considering the parameters of the upper limb and robot, 

maximum applied torque on each joint is estimated and 
actuators are chosen based on this worst torque. Chosen 

actuators should be of low noise and of long life. On the other 
hand, they should have a relatively high power to weight ratio. 
This is a very important issue in rehabilitation robotics since 
the robot should be of lightweight and should be backdrivable 
and it is clear that much of the weight of the robot is due to its 
actuators.   

C. The properties of the designed robot  
TABLE I briefly summarizes the properties of the robot 

III. KINEMATICS AND DYNAMICS OF THE ROBOT  

A. Direct kinematics of the robot  
Fig.5. depicts coordinate assignment according to DH 

convention [16]. DH parameters of the robot are provided in 
TABLE II. ia , id , iα  and iθ  are link length, link offset, link 

twist and joint angle, respectively. 0z , 1z  and 2z are three 

rotation axes of the three DOFs of the shoulder. 0z  , 1z  and  

2z  are related to shoulder flexion/ extension, abduction/ 
adduction and internal/ external rotation, respectively. Using 
TABLE II, transformation matrices can be derived as (1). 

1 1 2 2 3 3

1 1 2 2 3 3

1 2

c 0 -s 0 c 0 s 0 c -s 0 0
s 0 c 0 s 0 -c 0 s c 0 0
0 -1 0 d 0 1 0 0 0 0 1 d
0 0 0 1 0 0 0 1 0 0 0 1

, ,0 1 2
1 2 3T = T = T =

   (1)         

TABLE I.  PROPERTIES OF THE ROBOT AT A GLANCE  

Center of mass ( m ) expressed in the 
base coordinate frame 

Moments of inertial ( 2.k gr m  ) with 
respect to center of mass and expressed 
in the center of mass coordinate frame 

Segment 
weight 

( k gr ) 

Segment 
length 
( m ) 

Body segment 

zy  xzzI  yyI  xxI  

0.174 -  0.0096  0.193 -  0.0559  0.0511  0.0934  
3.8  
  
  

0.21  
Shoulder joint(from point 1 
in Figure 2 to shoulder joint 

placement) 

0.337 -  0.00471  0.111 -  0.0164  0.0148  0.0728  3.6  0.12  
Arm (from shoulder joint 
placement to point 2 in 

Figure 2) 
0.447- 0.044 -  0.0067- 0.0719 0.0621 0.0175 4.5  0.035  Limb and limb holder 

 

TABLE II.  DH PARAMETERS OF THE ROBOT 

 

Joint i ia  
id  

iα  
iθ  

1 0 1d  
2
π−  

1θ  

2 0 0 
2
π  

2θ  

3 0 2d  0 3θ  
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Fig.5. Coordinate assignment according to DH convention 

In addition, homogenous transformation matrix that relates the 
end-effector coordinates to base coordinates is derived as (2). 

0 0 1 2
3 1 2 3T = T T T =   

1 2 3 1 3 1 2 3 1 3 1 2 2 1 2

1 2 3 1 3 1 2 3 1 3 1 2 2 1 2

2 3 2 3 2 1 2 2

c c c - s s -c c s - s c c s d c s
s c c + c s -s c s + c c s s d s s

-s c s s c d + d c
0 0 0 1

   (2) 

In which 1 20.21( ), 0.12( )d m d m= =  . ic  and is  are cos( )iθ  
and  sin( )iθ  , respectively. 

B.  Jacobian matrix of the robot  
In robotics, Jacobian matrix gives the relation between end-

effector velocity and joint velocities: 

e = J(q)q                                                                          (3) 

e  is a 6 1×  matrix consisting of linear and angular velocities 
of end-effector and q  is a 3 1×  matrix consisting of joint 
velocities. J  is a 6 3×  matrix demonstrating Jacobian matrix 
of the robot. The Jacobian of the robot is calculated as follows: 

0 3 0 1 3 1 2 3 2

0 1 2

z ×(P - P ) z ×(P - P ) z ×(P - P )
J =

z z z           (4) 

1z  and 2z  are the first three elements of the third column of 
matrices 0

1T  and 0
2T  respectively. 1P  , 2P  and 3P  are the first 

three elements of the fourth column of matrices 0
1T  , 0

2T  and 
0
3T  respectively. Thus, the robot’s Jacobian matrix can be 

calculated as follows: 

J =  
2 1 2 2 1 2

2 1 2 2 1 2

2 2

1 1 2

1 1 2

2

-d s s d c c 0
d c s d s c 0

0 -d s 0
0 -s c s
0 c s s
1 0 c

                                               (5) 

Robot Jacobian is once calculated by hand and is then 
accredited again using Matlab.  

C. Inverse kinematics of the robot 
Obtaining inverse kinematics is more difficult than direct 

kinematics since nonlinear equations must be solved. In 
addition, deriving a definitive answer is usually impossible and 
sometimes there are multiple solutions. On the other hand, 
there are infinite solutions for redundant manipulators. If 
Jacobian matrix of the robot is square, one can write:  

-1
eq = J (q)                                                                        (6) 

In this case, joint angles can be easily derived by integration of 
the above equation. However, if Jacobian matrix is not square, 
Pseudo-inverse should be used to derive inverse kinematics. In 
this case, one can write: 

†
eq = J                                                                            (7) 

†J  is the right pseudo-inverse of J  and can be defined as 
follows: 

† T T -1J = J (JJ )                                                                   (8) 

D. Singular points of the robot  
The robot is in its singular state when 2 0θ =  , i.e. rotation 

of axis of the first joint, 0z , and rotation axis of the third joint, 

2z  , are aligned.  

E. Robot dynamics  
Robot dynamics describe robot motion considering the 

forces and torques causing that motion. To obtain robot 
dynamics, generalized d’Alembert method [17] is used. This 
approach provides more efficient equations for control 
purposes than Newton-Euler [15] and Lagrange [15] 
approaches. Generally, robot dynamic equations can be stated 
as follows:   

= D(q)q + H(q,q) + G(q)                                           (9) 

D(q)  is a 3 3×  inertia matrix, H(q,q)  is a 3 1×  matrix 
related to Centrifugal and Coriolis terms, G(q)  is a 3 1×  
matrix related to gravitational terms.  is a 3 1×  matrix 
attributing to joint torques. q , q  and q  are 3 1×  matrices 
related to position, velocity and acceleration of joints, 
respectively. Dynamic equations of the SRS are determined 
and are comprehensively derived in [18]. The interested reader 
may refer to [18] for complete derivation of dynamic 
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equations. In order to design controllers, dynamic equations 
should be expressed as state space model as follows: 

x = f(x) + g(x)                                                             (24) 

(( )Tx = q q  is the state vector of the system and f(x)  and 
g(x)  are defined as follows: 

-1

q
f(x) =

-D (q)(H(q,q) + G(q))
                               (25) 

n×n
-1

O
g(x) =

D (q)
                                                             (26) 

Robot dynamic equations are derived once by hand and then 
are accredited using Matlab and Simulink. 

IV. CONTROLLER DESIGN  
Control schemes used in rehabilitation robots are designed 

for two main reasons: (1) passive rehabilitation in which the 
patient is still and the robot moves the upper-limb through a 
predefined trajectory and (2) active rehabilitation in which the 
robot responds to patient’s efforts. In this paper, the focus is on 
the first type of control. After studying the literature, we 
concluded that focus of the research on rehabilitation robots 
was mostly placed on mechanical design of these robots and 
designing suitable control systems still needs improvement. 
For passive rehabilitation, linear controllers such as PD and 
PID are mostly used. Due to nonlinear nature of robot’s 
dynamics, there is need for nonlinear controllers. For this 
reason, in this paper, sliding mode controller (SMC) is 
proposed to control the robot and parameters of the controller 
are optimized using Genetic Algorithm (GA).  

A. Sliding mode control of SRS  
Sliding mode controller is a robust state feedback controller 

for nonlinear systems that its structure can be adapted to obtain 
an optimum performance [19]. When designing sliding mode 
controller, it is assumed that the controller can be switched 
immediately from one structure to the other. However, 
immediate switching is not possible in practice due to 
computational delay and limitation in actuators’ performances; 
this leads to chattering. To solve this issue, high order sliding 
mode controller or boundary layers are common that the first 
solution leads to increased computational burden and the 
second one leads to increased steady state error. 

 Next, sliding mode controller is stated for the robot’s 
multivariable system. To achieve this end, robot’s dynamics is 
rewritten as follows:  

( ) [ ]
( ) ( )

1( ) ( ) ( , ) ( )t t

t t

−= − −

=

q D q H q q G q

y q
                          (27) 

TT Tq q  is state vector of the system, ( )t R∈y  is the 

output vector system, ( )t  is the control input.   

Control objective: the output ( )tq  should track the bounded 

reference input ( )d tq . 

In order to design control input we suppose that the system 
states ( ), ( )t tq q are measurable.  

Error equations for the above system can be defined as follows: 

( ) ( ) ( )
( ) ( ) ( )

d

d

t t t

t t t

− =

− =

q q q

q q q
                                                       (28) 

For every DOF, sliding surface can be defined as follows: 

1, ,

i i i i i

d
s

dt
i n

λ λ= + = −

=

q q q                                       (29) 

n is number of DOFs of the system, iλ s are constant and 
positive values. The vector comprising n sliding surfaces is 
defined as follows: 

[ ]1 2
T

ns s s=S                                               (30) 

To keep S at zero, control input should exist so that: 

1
2

Td
dt

η≤ −S S S                                                     (31) 

η is a positive constant. The above condition is known as 
Sliding Condition and this means that Euclidian distance from 
sliding surface through all state trajectories is decreasing [18].  

 If above condition is met, starting from non-zero initial 
conditions, states tend to time-variant sliding surface in finite 
time. After placing on the sliding surface, tracking error is 
exponentially tends to zero [19]. This is schematically depicted 
in Fig.6. Control input ( )t  is designed so that the output can 
track the desired trajectory. On the other hand, tracking error 
and all its derivatives should tend to zero. Sliding surface and 
its derivative for robot’s system is as (32). 

[ ]1( ) ( ) ( , ) ( ) d

d
dt

t−

= + = +

= + = − − − +

S q q q

S q q D q H q q G q q q

                       (32) 

 
Fig.6. schematic representation of sliding mode for a second order system 
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In sliding phase in which ( ) 0t =S  and ( ) 0t =S , ( )t  is 
designed on the sliding surface to protect system. In the 
approaching phase that  ( ) 0t ≠S , ( )t is designed such that the 

reaching condition ( ) ( ). 0t t <S S  is met.  

Therefore, control input can be derived as follows: 

( )( ) ( ) . ( ) ( , ) ( )dt sign= − − + +D q q q K S H q q G q       (33) 

K should be defined such that the following sliding condition 
is met: 

η≤ −SS S                                                                       (34) 

In the above inequality, feedback control law is designed so 
that the sliding condition is met. In order to compensate 
inaccuracy in modeling and disturbances, control signal is 
discontinuous around S  and implementing it on a practical 
system has improper response and causes chattering in system 
states [19]. Generally, chattering is unwanted that causes not 
only increased control effort, but also stimulates un-modeled 
high frequency dynamics of the system [19]. 

To reduce chattering, control input can become smoother by 
defining a boundary layer around sliding surface. Generally, 
outside sliding surface, the control signal is computed as (33), 
however inside the limit, calculation of control signal is 
different. For example, instead of sgn( )S , /S φ  can be used 
that φ  is the thickness of sliding surface. Thus, control signal 
can be computed as follows: 

( )( ) ( ) . ( ) ( , ) ( )d
St D q q q K sat H q q G qτ ϕ= − Λ − + +   (35) 

Fig.7. depicts the block diagram of SRS with sliding mode 
controller. 

      Next, simulation results using sliding mode controller are 
presented. First, system response using simple sliding mode 
controller will be given and then this response will be 
improved using a boundary layer. Control parameters are 
optimized using Genetic Algorithm (GA). For GA, cost 

function is considered as 2

1
cos

n

i
i

t e
=

=  where ie  is the tracking 

error for each joints. After optimization,  [ ]10 10 10diag=  
and [ ]200 200 200diag=K  are derived. Desired trajectory is 
considered as: 

dq =  
1 sin( )
2

1 cos( ) 1
2

1 sin( )
2

t

t

t

+

                                                              (36) 

Desired trajectory is designed such that contains no singular 
points. Fig.8. depicts tracking of desired trajectory using the 
closed loop system. Fig.9. and Fig.10. show control input and 
tracking error, respectively. 
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Fig.8. Simulation results using sliding mode controller for desired trajectory 

tracking for each joint 
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Fig.9. Control inputs using sliding mode controller 
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Fig.10. Tracking error using sliding mode controller 

As can be seen from Fig.10., the tracking error tends to zero 
which is one of the main advantages of using this control 
approach. The disadvantage of this controller is chattering and 
this is obvious in Fig.9. Paying close attention to Fig.9., one 
can clearly see that the variation of input signal is sharp and no 
actuator is capable of implementing it in practice. Boundary 
layer method is suggested for chattering reduction. Next, 
simulation results using sliding mode controller with boundary 
layer are presented. To this end, boundary condition is 
considered as 0.5ϕ = . As can be seen from the simulation 
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results, although tracking error is increased compared to SMC 
without boundary layer, but control signal is smoother and 
using this signal as a control input is theoretically and 
practically acceptable. 
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Fig.11. Simulation results using sliding mode controller with boundary layer 
for desired trajectory tracking 

0 2 4 6 8 10 12 14 16 18 20
-1

0

1

2
Torque 1 vs. Time

Time(s)

T
or

qu
e1

(N
.m

)

0 2 4 6 8 10 12 14 16 18 20
0

20

40

Torque 2 vs. Time

Time(s)

T
or

qu
e2

(N
.m

)

0 2 4 6 8 10 12 14 16 18 20
-20

-10
0

10

Torque 3 vs. Time

Time(s)

T
or

qu
e3

(N
.m

)

 
Fig.12. control inputs using SMC with boundary layer for each joint 
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Fig.13. tracking error of SMC with boundary layer for each joint 

B. Conclusions and Discussion  
In this paper, mechanical design, modeling and control of a 
new 3-DOF exoskeleton robot for use in shoulder rehabilitation 
was presented. Shoulder joint has three DOFs including 
shoulder flexion/ extension, adduction/ abduction and internal/ 
external rotation that the proposed robot can efficiently provide 
them. Human shoulder not only has rotational DOFs, but also it 
has translational DOFs. This is not an issue in this robot since 
translational movement of the shoulder is allowed and this 
solves a common issue in exoskeleton robots that demands the 
rotation axes of the human limb to be aligned with the rotation 
axes of robot joints. To avoid long wiring, which is very 
common in rehabilitation robots, an open circular mechanism 
for the third joint is proposed to provide internal/ external 
rotation. Tracking performance of the robot was shown using 
Sliding Mode Controller (SMC). Desired trajectories are 
defined in joint space to decrease computational burden. In 
most rehabilitation robots, the most emphasis is placed on the 
robot’s mechanical design and linear controllers are used for 
control. However, rehabilitation robots are nonlinear and need 
nonlinear control methods that are able to reject uncertainties, 
and are robust to parameter variations. SMC is robust due to 
being nonlinear and can reject uncertainties and disturbances 
such as patient’s hand tremor.      
 

 

 

 

 
Fig.7. Block diagram of SRS with sliding mode controller 
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