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Abstract—Full or partial loss of functionality of the upper 
limbs is usually associated with strokes, spinal cord injury and 
many other similar injuries. Traditional rehabilitation treatment 
however is extremely labor intensive and are usually only 
available at hospital. However a lot of studies have shown that 
through the use of repetitive robotic practice can help the 
patients to recover. In this paper, a 4-bar linkages mechanism is 
designed and constructed as the upper limb rehabilitation 
apparatus which provided a set of motions for upper limb 
rehabilitation and a sensor-less method of assessing the patient 
arm using motor. The concept of using the input electrical 
impedance for monitoring the output mechanical impedance is 
then experimentally tested and justified in experiments. 

Index Terms—Simultaneous sensing cum actuating, dc motor, 
electrical impedance, mechanical impedance, robotic 
rehabilitation, 4-bar mechanism. 

I. INTRODUCTION 
Robotics is well established as a key solution to labor 

intensive tasks among which physical therapy (PT) and 
rehabilitation is a repetitive, labor intensive task which is not 
an exception. The use of robotics in this field have emerged 
into a new field of research called “Robotic Rehabilitation” 
(RR). Prior to RR training and assessment of human motor 
function had remained a challenge for years; this is because of 
the complexity of human brain and the subjective nature of the 
assessment. Subjective methods of assessment such as Fugl-
Meyer [1] were and are still used; they are generally qualitative 
questionnaires to score the performance of subjects. For 
clinical purposes, though, these methods are still widely used 
because of their simplicity. Researchers recently tried to use 
robots for the assessment besides the physical therapy [2]. 
Their robots were basically designed for performing physical 
therapy exercises and because of the capabilities of a robot they 
tried to use the same robot for assessment purposes. Having 
measured forces with respect to displacement, they measured 
stiffness of the arm. However, their method was not a direct, 
real time, and in-situation measurement of the stiffness of the 
arm. On the other hand, a robot might be very complicated and 
expensive; setup and maintenance of it can be very difficult as 
well. Hence, there still remains a room for a more reliable, 

convenient, and efficient tool for the assessment of motor 
function. Furthermore, what the robot measures is also a very 
important issue for the assessment. 

Hogan [3] and Hondori [4] showed that the value of 
mechanical impedance for the upper arm, which is set at the 
elbow joint, is very important. They examined the postulate 
that antagonist muscle’s co-activation is to generate 
mechanical impedance and therefore this is necessary to 
perform some tasks. A typical case with necessity of the 
antagonist activation is performing a dynamically unstable 
task.  Burdet [5] showed that human learns to stabilize unstable 
dynamics by optimizing mechanical impedance.  Darainy [6] 
has reported that the EMG patterns of dynamic learning reveals 
a considerable portion of co-activation in mechanically stable 
tasks.  Therefore, this is not only in case of unstable dynamics 
that the CNS co-contracts the antagonists to control the 
impedance of the limb, but also in case of other tasks, with 
learning the efficient co-activation, it is practically regulating 
and controlling the mechanical impedance of the limb. 

Regarding the importance of mechanical impedance [7–10] 
and incapability of the conventional methods to measure it, this 
research aims to develop a novel method for measuring human 
arm’s mechanical impedance which is usable for the 
assessment of motor function of patients undergoing 
rehabilitation. 

To achieve this goal a compliance-adaptive apparatus for 
upper limb rehabilitation is developed. A 4-bar linkages 
mechanism is designed and fabricated as the upper limb 
rehabilitation apparatus. The 4-bar linkages mechanism is able 
to provide a set of motions for the patients to exercise their 
upper limb. Also a sensor-less method (using transduction 
matrix of the motor) is used for assessing the condition of the 
patient’s arm. 

II. DESIGN OF THE REHABILITATION APPARATUS 

A. 3D Design and Fabrication 
Figure 1 shows the initial design of the 4 bar linkages 

mechanism using SAM software. The initial design was just a 
simple 4-bar linkages design, where link 1 is fixed to the 
ground as shown. Link 2 is the driving link that was turned by 
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the DC motor. This initial design is purposely simple so that it 
can be delivered to clinics with an affordable price.  

 
The design was then change into the one shown in Figure 2 

and Figure 3. In this design, the link 4 of the previous design 
was changed into a coupler. The idea was to design a set of 
couplers which can be detached and fixed to joint 3 and 4 of 
the 4-bar linkages mechanism to achieve different motion 
paths. Each coupler on the plexiglass disc is able to produce a 
motion trajectory.  The coupler was designed in form of a big 
disc with a number of holes drilled around it to represent the 
coupler points. Figure 2 show a partial designed of the 4-bar 
linkages mechanism using Solidworks and Figure 3 and Figure 
4 show the complete fabricated 4-bar linkage mechanism.  

It can see in Figures 4 that a handle is used for the user to 
grip on while the 4 bar linkages mechanism is turning, the 
handle can be detached and positioned at other holes for 
different motion paths. A roller is used to supporting the driven 
link. And a direct current motor is used to turn the driving link.  

 
Fig. 1.  Screen shot of a mechanism design session 

 
Fig. 2.  design of the 4 bar linkages mechanism 

B. The Rehabilitation Apparatus 
The rehabilitation apparatus is developed to provide 

continuous motion exercises for the patient’s limbs. The 
objectives are to prevent the patient’s joints from becoming 
stiff due to the lack of exercising and to strengthen their upper 
limbs muscles. The motor was used as an actuator for turning 
the 4-bar linkage mechanism as well as a sensor for assessing 
the condition of the patient’s limbs. When the patient tries to 

apply force to resist the motion of 4-bar linkages mechanism, 
the motor will experience a larger resistance force, hence a 
corresponding change in the output impedance value. 

 
Fig. 3.  mechanism after fabrication and assembly 

 
Fig. 4.  DC motor (sensor cum actuator) shown below the mechanism and 

handle shown on top of the mechanism 

Figure 5 show the how the rehabilitation apparatus is 
modeled. From the figure it can be seen that the electrical 
impedance, Ze, at the input port of the motor can be obtained 
by using Equation 1. And the output mechanical impedance, 
Zm, at the output port of the 4-bar linkage mechanism can be 
obtained by Equation 2. 

 
Fig. 5.  Transduction Matrix of the motor and mechanism 

i
EZe =   

(1) 
 

v
FZm =  

 
(2) 

The output mechanical impedance at the output port of the 
4-bar linkage mechanism is actually the resistance force 
(output impedance) applied by the patient’s limbs. 

C. Kinematic and Dynamic Analysis Using SAM 5.0 
Before proceeding to fabrication of the 4-bar linkage 

mechanism,  the software SAM 5.0 (Simulation and Analysis 
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of Mechanisms version 5.0) was used to analyze the 
mechanism. Figure 1 show a screen shot of a mechanism 
design session. In the right side of the screen in Figure 1 a 4-
bar linkage mechanism with a coupler is shown. In SAM, links 
are represented by lines with a node at each end, the triangle 
shapes are used to represent fixed joint to the ground. The 
crescent-like shape which is in contact with node 5 is the path 
on which node 5 moves. The red dot at link 2, 3 and 4 is the 
location of the centre of mass of the link. Other properties of 
link that can be input into the program are the mass and the 
inertia of the link. The turquoise color arrow at node 1 
represents the direction of the driving link 1, the type of motion 
and speed of driving link can also be input into the program. 
Left screen of Figure 1 shows the type of analysis that is 
obtained from this program. SAM can be used to perform 
motion and force analysis of the 4-bar linkages mechanism. 
The mathematical foundation of the analysis kernel is finite 
element approach. 

III. OBTAINING THE TRANSDUCTION MATRIX 

A. Transduction Matrix of the DC Motor 
Transduction Matrix (TM )as its name suggests shows the 

transformation between electrical input and mechanical output 
of an electromagnetic actuator i.e. a DC motor. As Equation 3 
shows there is a relation between mechanical and electrical 
signals of the DC motor. 
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In this section an experimental procedure is performed 
which consists of a set of readings in different conditions. The 
reading are taken from the voltage and current signals of the 
motor and while simultaneously torque and angular velocity 
are read as well. By measuring all of the 4 variables while the 
motor is subjected to changes in load, the Transduction Matrix 
can be calibrated using least squares method. 
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Once the TM is obtained, the mechanical signals can be 
obtained from measured electrical signals according to 
Equation 4. 

⎭
⎬
⎫

⎩
⎨
⎧

×⎥
⎦

⎤
⎢
⎣

⎡
=

⎭
⎬
⎫

⎩
⎨
⎧

−

I
E

TT
TTT 1

2221

1211

ω
 

 
(5) 

Figure 6 shows the experimental setup that is used to 
determine the TM of the motor. In this experiment a DC power 
supply is used to provide power to the motor while a voltage 
probe, a current probe, torque meter, and tachometer are used 
to measure the input voltage, input current, output torque and 
output angular velocity of the motor respectively. These signals 
will then be fed into the dynamic signal analyzer for processing 

and analyzing purposes. Weights (lumped mass) are used to 
increasing the load applied to the motor. Changing the loads 
and recording data, will provide the elements to log into the 
non-square matrices of Equation 4. Using Matlab the TM was 
computed based on 10 different loads. The transduction matrix 
is shown in Equation 6. 
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In order to validate the transduction matrix obtained above, 
a second set of readings were obtained from a set of second 
tests. Then the new data are used with the transduction matrix 
to compute torque and angular velocity from voltage and 
current. Figure 7 top shows the comparison between the 
measured torque and the calculated torque and Figure 7 bottom 
shows the comparison between the measured angular velocity 
and calculated angular velocity respectively. 

 
Fig. 6.  Experimental setup for determining motor transduction matrix. 

Overall, the discrepancies between the calculated and 
measured values are negligible therefore the transduction 
matrix obtained will be used for the computation of torque and 
angular velocity from the voltage and current. 

 

B. Transformation Matrix of the 4-Bar Linkage Mechanism 
To be able to obtain the force and velocity at the handle 

where the subject interact with the mechanism from the 
electrical signals of the motor, we also need to obtain the 
transformation matrix of the mechanism itself. From these 20 
set of simulations in SAM 5.0, the matrix of the 4-bar linkage 
mechanism for each degree of position (θ) of the driving link 
can be obtained using equation 7.  

As Equation 7 shows, the transformation matrix transforms 
the torque and angular velocity to force and velocity. To obtain 
the matrix least squares approximation is used. Figures 8 show 
the elements of the transformation matrix with respect to the 
angular position θ. Note that in Figure 8 3rd panel from top, 
which shows the values of A21, the numbers are nearly zero. 
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Fig. 7.  Measured vs. calculated values of torque. 

The transformation matrix is then used to obtain the force 
and velocity from torque and angular velocity according to 
Equation 8. 
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Finally, the force and velocity can be computed based on 
voltage and current of the motor as shown in Equation 9. 

⎭
⎬
⎫

⎩
⎨
⎧

×⎥
⎦

⎤
⎢
⎣

⎡
×⎥

⎦

⎤
⎢
⎣

⎡
=

⎭
⎬
⎫

⎩
⎨
⎧

−−

I
E

TT
TT

AA
AA

v
F 1

2221

1211
1

2221

1211  
 

(9) 

When the mechanism is run by itself without an external 
load, the impedance is obtained by both theoretical and 
experimental procedure. For the theoretical one, the value of 
impedance is obtained using Equation 2, by dividing force over 
velocity both of which simulated in SAM 5.0. 

For the experimental measurement of the mechanical 
impedance, the measurement of electrical voltage and current 
led to the use of the transduction matrix to obtain torque and 
angular velocity which are then inputted to the transformation 
matrix of the 4-bar linkage mechanism to obtain force and 
velocity. Finally, force and velocity are introduced to Equation 
2 to obtain the mechanical impedance. 

Figure 9 compares the simulated mechanical impedance to 
the mechanical impedance obtained from the measurements. 
Both graphs are plotted against the angular position θ. As can 
be seen, there is a very good agreement between the two graphs 
(theoretical and experimental). This accuracy supports the use 

of the system together with the measurement method for 
measuring the impedance of human arm that may be added to 
the system when a human subject holds the handle of the 4-bar 
linkage during motion. 
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Fig. 8.  A11, A12, A21, A22 versus θ (x-axes) 

IV. DISCUSSION AND COLNCLUSION 
In this paper, an upper limb rehabilitation apparatus was 

designed and developed to create different continuous motion 
trajectories through the turning of 4 bar linkages mechanism by 
a direct current motor. The transduction matrix of the motor 
was then obtained experimentally by measuring inputs (voltage 
and current) signals and the output (torque and angular 
velocity) signals. The concept of using the input electrical 
impedance for monitoring the output mechanical impedance 
was also proven to work for the obtained transduction matrix in 
one of the experiments. Overall, the idea of using the motor as 
a sensor cum actuator for assessing the strength of the user 
hand proved feasible.  

The comprehensive future goal of this work is to be part of 
a wider scope of affordable [11], [12] home-based robotic [13], 
[14] and non-robotic rehabilitation [15] setting for monitoring 
[16] and training [17], [18]of stroke patients. 
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Fig. 9.  Mechanical impedance obtained from SAM 5.0 simulation (top panel) 

versus the impedance obtained from the experimental measurements 
(bottom panel) 
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