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ABSTRACT 
 
The neurological injury in stroke patients affects the hand sensorimotor function such that the 
muscle weakens for voluntary movements especially in the finger extensor muscles. This 
condition leads to difficulty in the opening and closing of the hands. For some patients, they 
suffer from clenched fist or in other words, their fingers remain flexed under normal 
condition. This paper presents the modeling and control of an automatic finger extensor based 
on iris mechanism for rehabilitation therapy. The objective of this study is to determine the 
transfer function of the automatic finger extensor machine and to control the position of the 
combination of the machine’s poles to achieve the desired opening size so that the patient’s 
fingers can be extended to the required diameter repetitively in the rehabilitation treatment. 
The method involves a simple and fast approach of adopting the second order transfer 
function in the z domain and the implementation of Proportional Integral Derivative (PID) 
controller to control its motor and eventually its poles movement. The effect of the force from 
the human hand grasping the poles during the exercise is considered as a disturbance. The 
System Identification and PID Tuner toolboxes in MATLAB environment are utilized to 
obtain the coefficients of the transfer function and the PID controller gains. The results show 
a good fit of 72.94 % has been achieved for the system identification. From the hardware 
experimental test, it can be seen that the system meets the design requirement under the PID 
controller with steady state errors of 1.7 % and 4 % for the conditions with and without the 
human grasping force (disturbance) respectively. This means that the automatic finger 
extensor machine has successfully extended the normally flexed human fingers to the desired 
diameter under the controller. 

 
Keywords: Clenched Fist, Finger Extensor, IRIS Mechanism, Model Identification, 
Proportional, Integral, Derivative (PID) Control, Rehabilitation Devices 
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1.0 INTRODUCTION 
 
Stroke is the leading cause of neurological disabilities in the world. Many stroke survivors 
suffer from the functional loss of mobility which is often accompanied by muscle weakness, 
impairments in motor coordination and sensory perceptions of the affected parts. This leaves 
the post-stroke patients to deal with life-long disabilities in performing activities of daily 
living, including reaching, grasping and object manipulation [1]. The patients undergo the 
conventional physical rehabilitation to overcome the effects of these impairments and improve 
the quality of their life.  However, conventional rehabilitation treatments have the drawbacks 
of being immensely labour intensive and require weeks and in some cases months of one-on-
one therapy sessions. This proves to be burdensome for the patients, caregivers, therapists and 
the healthcare systems. The conventional therapy is also highly monotonous and very often the 
patients lose their motivation to complete the treatment [2]. 

 
In the last decades, robot-assisted rehabilitation [3]-[6] has gained popularity as a mean 

of restoration of hand functions after neurological injuries due to the ability of the robots to 
provide precisely controlled repetitive movements coupled with assistive or resistive forces. 
In some robots, they provide a better engagement of the patient through immersive virtual 
environments, providing an additional motivation. In view of these advantages, robot-aided 
therapy has evolved with the development of a number of devices, especially for shoulder and 
elbow rehabilitation [7]. However, the efforts towards the design and development of robotic 
devices for the training of distal parts of the upper-limb such as wrist and fingers are rather 
recent [8]. This is attributed to the versatility of the hand function and the wide spectrum of 
post-stroke impairments which render the development of hand rehabilitation devices [7]. 

 
There are 165 devices has been identified in [9] for the restoration of hand function in 

post-stroke patients [9]. Considering, the design principle and the number of joints of the 
upper-limb the device can actuate, hand rehabilitation devices are characterized [7] as (i) 
powered hand exoskeletons, (ii) end-effector based devices, and (iii) entire upper-limb 
solutions. Among the end-effector hand rehabilitation robots, the Rutger’s Master II by [10] 
enables the extension and flexion of four fingers. However, the robot has a small workspace 
and is difficult to put on by patients owing to slippage [11]. The HapticKnob [12], the 
ReHaptic Knob [13] and the Enable Hand are two degree of freedom (DOF) devices training 
for grasping and forearm pronation/supination. Clinical tests carried out with the HapticKnob 
have revealed significant improvements in the distal and proximal subparts of the Fugl-Meyer 
motor assessment in chronic post-stroke patients [7]. Yap et al. [14] has designed a flexible 
rehabilitation glove which is pneumatically actuated by  an airbag on the back of each finger, 
which is driven to stretch the finger [14]. The main purpose of the hand rehabilitation is to 
help stroke and hemiplegic patients to stretch their hands in restoring their muscles and 
prevent spasticity. The device is suitable for the rehabilitation of patients with severe 
hemiplegia, but the pneumatic hand is single-functional, enabling only hand extension. [14].  

 
Previously an automatic finger extensor machine based on the iris mechanism has been 

developed in Wahyudi Intelligent Systems Engineering (WISE) laboratory, International 
Islamic University Malaysia (IIUM) [5], [15]. The machine’s function is to provide a robotic 
rehabilitation therapy to the patient’s fingers by extending their clenched fist or normally 
flexed fingers repetitively through the opening and closing of the machine’s combined 
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vertical poles, that is actuated by a direct current (DC) motor. The machine consists of four 
layers which are the fixed hollow plate in the first layer, six pieces of blades equipped with 
vertical poles in the second layer, another plate that is connected to the DC motor through a 
sprocket and a chain in the third layer, and finally one more plate that holds the all the layers 
together in the fourth layer [5], [15]. Even though the prototype has been fully developed, a 
simple and fast method of modeling and controlling the mechanism has not been fully 
investigated yet. Since the automatic finger extensor machine contains several layers and 
various elements, the derivation of its mathematical modeling may be tedious and 
complicated. The movement of its poles combination also needs to be controlled under a 
specific control law so that it can extend the patients’ fingers fully to the desired size and 
satisfies the rehabilitation treatment requirement.  

 
This paper presents a simple approach of modeling and controlling the automatic finger 

extensor for rehabilitation therapy based on iris mechanism.  The contribution of this paper is 
in determining the dynamic model of the automatic finger extensor using a second order 
transfer function in the z domain and investigating its control system performance under 
Proportional Integral Derivative (PID) controller, considering the effect of the grasping force 
from the user during the rehabilitation exercise. The control objective is to control the angular 
position of its DC motor rotation and finally the movements of the poles combination in 
providing the desired finger extension in the rehabilitation therapy. The System Identification 
and PID Tuner toolboxes in MATLAB environment are utilized to obtain the modeling 
coefficients and the gains of PID controller parameters. The effect of the force from the 
human hand grasping the poles during the exercise is considered as a disturbance in the 
controller implementation.  

 
The rest of the paper is organized as follows. The methodology implemented in 

determining the transfer function and controlling the automatic finger extensor based on iris 
mechanism, including the system description, structure of the mathematical model chosen 
and PID controller are described in Section 2. Section 3 presents the experimental set up for 
the data acquisition, transfer function determination, controller gain tuning and verification of 
the outcomes. The results are provided and discussed extensively in Section 4. Finally, the 
last section draws the conclusion of this study and provides the recommendation for the 
future work. 

 
2.0 METHODOLOGY 

2.1 System Description 
 
The develop finger extensor prototype for hand rehabilitation is shown as in Figures 1 and 2. 
The design is adopted from the iris mechanism that opens or increases in its diameter as one 
of its layers is rotated. Iris mechanism is widely used in camera shutters, food production, and 
chemicals, pharmaceuticals, minerals, and plastics materials manufacturing. The mechanism 
also finds numerous applications in wastewater treatment and management plants, and dense 
materials flow control [16]. 

 
The proposed automatic finger extensor for hand rehabilitation is made of four layers 

with vertical poles. The first layer is a fixed hollow plate with multiple straight sliders for 
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blades to slide on as the mechanism is turned to open or close. On top of it are a set of six 
blades with isosceles triangular shape and equipped with vertical poles that travel along the 
sliders on the first layer. The patients hold the combination of these poles as shown in Figure 
3, as it expands or shrinks while the machine extends their flexed finger joints during the 
rehabilitation therapy. The third layer of the mechanism is attached to the sprocket that is 
engaged to a direct current (DC) motor by a chain. The fourth layer of the iris mechanism 
holds all the four layers together using nuts and bolts. The size of the inner and outer 
diameters of the fourth layer are same as the first layer. The complete information on the 
construction of the automatic finger extensor machine based on iris mechanism can be found 
in [15].  

 
The automatic finger extensor machine is powered by a 5 V DC voltage supply which is 

provided through the micro-controller board. A DC motor acts as the actuator for the 1-DOF 
automatic finger extensor mechanism. Arduino Mega 2560 microcontroller board is utilized 
in collecting the sensors reading and providing instructions to move the actuator. An encoder 
is attached to the driven sprocket and third layer of the iris mechanism to measure its angular 
displacement and a torque sensor is used to measure the force exerted by the patient 
(environment). 

 
During the rehabilitation therapy, the patients encircle their clenched fist or normally 

flexed fingers around the combination of the poles as in Figure 3. As the motor rotates, the 
driving sprocket attached to it will turn the larger driven sprocket through the chain. The 
driven sprocket will in turn rotate the third  layer of the mechanism and force the blades to 
slide along the sliders in the first layer. This will cause the combination of the poles to imitate 
the opening and closing movements, thus will extend the patients’ fingers and then allow 
them to flex again. This process repeats until the end of the rehabilitation therapy.  

 

 
Figure 1. Automatic finger extensor machine based on iris mechanism with a casing. 
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Figure 2. Inner part of the automatic finger extensor machine based on iris mechanism. 

 

 

Figure 3. Human hand encircling the combination of the vertical poles of the automatic 
finger extensor machine based on iris mechanism. 

 
 

2.2 Structure of the Mathematical Model 
 

The input and output data of the system are captured to determine the transfer function of the 
physical hardware. The system identification is performed using System Identification 
Toolbox in MATLAB. The input and output data need to be varied and rich so that the 
obtained coefficients will lead to reliable and good responses. The external mode of the 
Arduino Mega 2560 microcontroller used in the hardware requires a discrete block diagram 
to run the program. After several trials, a second order transfer function in the z domain has 

Driving sprocket First layer 

Combination of poles 
Fingers encircling the poles 
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been chosen to represent the dynamics of the system where,  
 

                                                                    𝐺𝐺(𝑧𝑧) = 𝑎𝑎2𝑧𝑧2+𝑎𝑎1𝑧𝑧1+𝑎𝑎0
𝑏𝑏2𝑧𝑧2+𝑏𝑏1𝑧𝑧1+𝑏𝑏0

                                                             (1) 
 
𝐺𝐺(𝑧𝑧) is the open loop transfer function of the system, 𝑎𝑎2,𝑎𝑎1 and 𝑎𝑎0 are the coefficients of 
𝑧𝑧2, 𝑧𝑧1 and 𝑧𝑧0 respectively for the numerator and 𝑏𝑏2, 𝑏𝑏1 and 𝑏𝑏0 are the coefficients of 
𝑧𝑧2, 𝑧𝑧1 and 𝑧𝑧0 respectively for the denominator of the identified transfer function.  

2.3 PID Controller 
 
The control objective in this work is to control the angular position of the motor that will in 
turn move the third layer of the iris mechanism and leads the blades to slide along the sliders 
situated on the first layer of the iris mechanism. This will cause the vertical poles on the 
blades to move together and their combination will make an opening or closing movements, 
that will extend the clenched fist or normally flexed patients’ fingers and then allowing them 
to flex again repeatedly. The controller design specifications include a steady state error less 
than 5 %, percentage overshoot less than 30 % and maximum setting time of 3s for a 
sufficient operation of the automatic finger extensor.  
 

The PID Tuner Toolbox in MATLAB is used for the controller implementation of the 
hardware. The transfer function obtained from the System Identification toolbox is imported 
to the Tuner Toolbox, where the PID controller gains are auto-tuned so that the best 
combination of the controller gains can be obtained. There are several options for the 
controller implementation which are Proportional (P), Proportional Integral (PI), Proportional 
Integral Derivative (PID), and Proportional Integral Derivative with Filter (PIDF) options. 
PIDF has been chosen in this study due to its efficient response and ability to achieve the 
steady state in the shortest possible time compared to P, PI and PID. Unlike PID, PIDF has an 
additional coefficient N, the first order filter coefficient for the derivative term as is stated by 
the equation 

 

( ) 1. . . 11 1 . .
1

p s i d

s

NC z K T K K
z N T

z

= + +
− +

−  
(2) 

 
in the z domain.  C(z) s the controller transfer function, Kp, Ki and Kd are the proportional, 
integral and derivative gains of the controller respectively, and Ts is the sampling time. 
 

In this study, the effect of the force from the normally flexed patients’ hand is 
considered as a disturbance. In the beginning, the closed loop control system is implemented 
without the human hand encircling the poles of the automatic finger extensor machine to 
observe its feasibility in performing the hand opening and closing movements as specified in 
the design requirement. Then the effect of the force exerted by the normally flexed patients’ 
fingers or clenched fist is considered by adding a disturbance block that represents the force 
from the patients’ fingers grasping the poles as shown in Figure 4. 
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Figure 4. Closed loop block diagram of the proposed automatic finger extensor machine based 

on iris mechanism with disturbance (force exerted by the clenched fist or normally flexed 
finger) 

 
3.0 EXPERIMENTAL SETUP 
 
The experimental setup for the system identification and position control of the automatic 
finger extensor for hand rehabilitation system is shown in Figure 5. The encoder and motor of 
the automatic finger extensor prototype are connected to the Arduino microcontroller board 
which is then connected to the laptop through a USB cable for the Arduino programming and 
MATLAB toolboxes utilization. 
 

 
 

Figure 5. Experimental set up for the data acquisition and controller implementation 

Arduino 
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4.0 RESULTS AND DISCUSSIONS 
 
4.1 System Identification 
 
The input, which is the voltage supplied to the automatic finger extensor machine, and the 
output, which is the position response of the motor rotor measured by the encoder have been 
recorded from the hardware experimental test. The data collected have been imported into the 
System Identification Toolbox in MATLAB with a sampling time of 0.02 seconds as shown 
in Figure 6. The model structure has been chosen as a second order transfer function in the 
discrete time domain. The resulting model identified has been obtained as  
 

                                           𝐺𝐺(𝑧𝑧) = −0.0001830450480299350𝑧𝑧2

𝑧𝑧2−1.994157495183289𝑧𝑧+0.994584449250213
                                 (3) 

 
The resulted transfer function has been tested using the same input to evaluate its 

effectiveness in capturing the dynamics of the actual system, where it should approximate a 
good fit for the original output. Figure 7 shows the comparison between the measured and the 
simulated responses from the identified transfer function governed by Equation (3). From the 
figure, it can be seen that the transfer function produces a good fit of 72.94 %. The cross-
correlation plot between the input and the residuals is shown in Figure 8. This plot verifies 
that a good transfer function has been generated in this case, where the resulting cross-
correlation function lies between the confidence region indicated by the dashed lines. 
Therefore, it can be said that that the residuals of the models are not correlated with and 
independent of the past inputs, which validates the “goodness” of the model.  
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Figure 6. System Identification workspace in MATLAB 
 

 

Figure 7. Measured and simulated model outputs 
 

 

Figure 8. Cross-correlation of the input and output residue. 
 
4.2 Closed Loop Control without Disturbance 
 
The transfer function of the automatic finger extensor machine that has been obtained from 
the System Identification toolbox in Equation (3) has been imported to the Tuner Toolbox to 
tune the PID controller gains in controlling the position of the machine’s motor and the poles 
combination as it extends the user’s fingers. At this stage of the experiment, the patient’s 
fingers are not placed at the combined poles yet to observe the system response without any 
disturbance. Therefore, the tuning has been done without taking into consideration the effect 
of the human hand encircling the combined poles during the rehabilitation therapy.  Using 
MATLAB toolbox, the gains for the controller Kp, Ki, Kd and N in Equation (2)  have been 
obtained as -5270.4155, -2629.1315, -15.6965 and 0.011661 respectively.  
 

The step response of the closed loop control of the automatic finger extensor system 
using the identified transfer function in Equation (3) is illustrated as in Figure 9. From the 

Measured 
Simulated  
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figure, it can be observed that the rise time of the output is 0.0177 s, percentage overshoot 
obtained is 22.3 % the settling time is 0.241 s and the steady state error is 0 %. The 
performance of the automatic finger extensor under the PID control is acceptable and fulfils 
the design specifications.  

 
An experiment has been conducted on the actual hardware or prototype of the automatic 

finger extensor machine with a series of three pulses input signal with a duration of 3 seconds 
and 1 second interval. The comparison of desired output, actual system performance and 
simulated response using the identified transfer function is shown in Figure 10. The result 
shows that the actual response from the hardware prototype follows the desired trajectory 
with a settling time of 1 s and steady state error of 4 %. The simulated results from the 
obtained transfer function also exhibits a similar pattern of movement as the actual motion of 
the hardware and tracks the desired output. These results are acceptable and fulfil the design 
requirements. 

 

 

Figure 9. Step response of the automatic finger extensor using the identified transfer function 
without disturbance (no human hand is grasping the poles of the automatic finger extensor). 
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Figure 10. Comparison of the actual and simulation results of the position control without 
disturbance (no human hand is grasping the poles of the automatic finger extensor). 

 
4.3 Closed Loop Control with Disturbance 
 
In this experiment, the human hand is placed encircling the poles of the automatic finger 
extensor machine as shown in Figure 3. The machine provides repeated extension movements 
of the human fingers during the rehabilitation therapy. As mentioned previously, the clenched 
fist or normally flexed human hand that is to be extended as the machine opens and closes its 
pole combination is considered as a disturbance. At this stage of study, only healthy human 
hand is involved in the test to simplify the experiment procedure and observe the machine’s 
feasibility and outcome in extending the human fingers. The force exerted by the human hand 
on the poles is recorded using the torque sensor as depicted in Figure 11. The inconsistencies 
or fluctuations of the grasping force as shown in the figure is due to the opening and closing 
of the mechanism that leads to “no-grasping” points in between the sequence of the poles 
opening and closing. 

 
The actual prototype and simulated responses of the system under the same PID 

controller and gains as in the previous experiment can be observed in Figure 12. It can be 
seen that that the steady state error is 14 % and 15 % for the actual and simulated response 
respectively. This means that the machine does not fully open the poles combination as 
desired and the extension movement of the human finger is not fully realized. In other words, 
the machine does not open or extend the patient’s hand to the desired position and therefore, 
it does not meet the main objective of the design requirement. 
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Figure 11. Measured external grasping force from human hand during the opening and 
closing of the combined poles. 

 

Figure 12. Comparison of the actual and simulation results of the position control with 
disturbance (human hand is grasping the poles of the automatic finger extensor). 

 
The gains of the PID controller have been adjusted to overcome this problem using the 

PID Tuner toolbox in MATLAB programming. At this time, the new tuning has been done 
considering the force from the human hand grasping the poles of the automatic finger 
extensor machine.  After several trials, the new values of  the controller gains Kp, Ki, Kd and 
N in Equation (2)  have been obtained as -5718.8743, -2859.4052, 0.86709 and 0.010152 
respectively.  

 
The step response of the simulated closed loop control of the automatic finger extensor 

using the identified transfer function and the adjusted PID control gains has been obtained as 
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in Figure 13. Referring to the figure, the rise time,   percentage overshoot, settling time and 
steady state error of the closed loop control system are 0.0159 s, 25.7 %, 0.233 s and 1 % 
respectively. From this result, it can be seen that the performance of the system has improved 
compared to the one using the previous PID gains. The automatic finger extensor machine is 
able to fully extend the clenched fist or normally flexed human hand as desired and provide 
the required rehabilitation therapy whilst meeting the design requirements.   
 

Similarly, the experiment has been repeated on the actual hardware or the prototype of 
the automatic finger extensor machine with the similar pulse input. The comparison of the 
actual system performance, simulated response using the identified transfer function and the 
desired output is shown in Figure 14. The result shows an improved response under the new 
PID controller gains compared to the previous ones shown in Figure 12. The resulting steady 
state error of the actual and simulated output are 1.7 % and 0 % respectively, which means 
that the machine has successfully opened its poles combination to the desired diameter. The 
percentage overshoot and settling time in the actual response are 1.7 % and 1.3 s respectively 
also shows that the system meets the controller design requirement. The performance of the 
simulated system also shows a better result under the readjusted PID gains, where the 
simulated system output tracks the desired output with zero steady state error and percentage 
overshoot of 21 % and 0.3 s settling time. 
 

 

Figure 13. Step response of the automatic finger extensor using the identified transfer 
function with disturbance (human hand is grasping the poles of the automatic finger 

extensor). 
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Figure 14. Step response of the automatic finger extensor using the identified transfer 
function with disturbance (human hand is grasping the combination of poles of the automatic 

finger extensor). 
 
4.4 Discussion 
 
The automatic finger extensor based on iris mechanism consists of several layers and 
combination of multiples parts that leads to complex structure. This paper presents a simple 
approach of modeling and control of an automatic finger extensor machine. The mathematical 
model of the machine has been obtained using the transfer function structure of a linear 
system by implementing the System Identification toolbox in MATLAB environment. The 
results is satisfactory with a good fit of 72.94 %. A more accurate dynamic model of the 
automatic finger extensor may be obtained by trial and error method utilizing other model 
structures such as state space model, polynomial model, process model and nonlinear model. 
Alternatively, the mathematical model of the system can also be constructed analytically 
instead of applying trial and error method, using the Lagrange or Newton-Euler equation and 
considering the friction, inertia, damping and stiffness factors of the elements in the 
mechanism. The implementation of the PID controller in this study also represents a simple 
approach to control the opening diameter of the combined poles of the machine in extending 
the human finger to the desired size in the rehabilitation therapy. The force exerted by the 
human hand while encircling the combined poles of the machine has been considered as a 
disturbance and the PID gain has been readjusted to meet the design requirement. The PID 
controller gains value and performance of the system with and without external disturbance 
from the human hand grasping the machine’s combined poles are summarized in Tables 1 
and 2. Good system performance has been achieved using this method where the system 
meets the required steady state error, settling time and percentage overshoot. However, a 
more advanced or robust controller such as adaptive controller, sliding model controller or 
neural network controller can be designed for the system to overcome the uncertainties in the 
various amount of force from the human hand encircling the machine’s poles due to the 
different level of illness or impairment of the clenched fist or normally flexed patient’s 
fingers to be extended. At this stage of study also, the healthy human hand is used to imitate 
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the effect of the patients’ hand for the simplicity of the experiment and observing the 
feasibility of the controller in providing the required fingers extending motion in the therapy. 
However, future study need to involve the data from real patients with various health 
conditions and recovery levels for a more accurate and practical implementation of the 
automatic finger extension machine in providing the rehabilitation therapy for the patients. 
 

Table 1. PID controller gains for the automatic finger extensor machine. 
 

PID gains Without external force With external force 
𝐾𝐾𝑝𝑝 -5270.4155 -5718.8743 
𝐾𝐾𝑖𝑖 -2629.1315 -2859.4052 
𝐾𝐾𝑑𝑑 -15.6965 0.86709 
N 0.011661 0.010152 

 
Table 2. Simulation results of the closed loop control of finger extensor machine based on iris 

mechanism. 
 

PID gains Without external force With external force 
Peak amplitude 1.22 1.26 
Overshoot (%) 22.3 25.7 
Rise time (seconds) 0.0177 0.0159 
Settling time (seconds) 0.241 0.233 
Steady state error (%) 0 1 

 
5.0 CONCLUSION 
 
This paper presents a simple approach of modeling and control of an automatic finger 
extensor machine based on iris mechanism using the System Identification and PID Tuner 
toolboxes in MATLAB environment. A second order transfer function in the z domain has 
been chosen as the model structure. The external force from the human hand grasping the 
poles of the machine has been considered as a disturbance in this study. Good results has 
been obtained in both the system identification and the position control of the system without 
and with the human finger encircling the machine’s poles during the rehabilitation therapy. A 
good fit of 72.94 % has been achieved for the system identification of the linear transfer 
function of the system. The system has attained steady state errors of 4 % and 1.7 % under 
the PID controller for without and with the human grasping force conditions respectively. 
This means that the automatic finger extensor has successfully extended the normally flexed 
human fingers to the desired opening diameter under the controller. Future studies involves 
the development of the dynamic model of the automatic finger for a more accurate 
mathematical model the utilization of a more advanced or robust controller to overcome the 
uncertainties in the various amount of forces from the human hand encircling the machine’s 
poles that is due to the different level of illness or impairment of the clenched fist. Future 
works also need to usage of the data from real patients with various health conditions and 
recovery levels for a more accurate and practical implementation of the automatic finger 
extensor machine.  
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