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Abstract— This paper describes the controller design for a
nonlinear motorized prosthetic finger system. This system
can be used as a human assistive device for amputee. Since
the prosthetic device is worn by human, the accuracy of the
system is crucial to avoid unnecessary injury. In addition,
the mathematical modelling of the system needs to be
developed appropriately to ensure the accuracy of the
system. Various types of controllers can be used to obtain a
stable nonlinear actuated finger system, such as
Proportional Integral (Pl), Proportional Integral and
Derivative (PID), and Fuzzy Logic controllers. In this work,
the Proportional, Integral, and Derivative (PID) controller
will be used. The tuning of the PID control parameter is for
positioning feedback control of the motor. To improve the
transient response performance of the motor, Gradient
Descent and Auto--Tuning techniques have been used to
obtain the parameters of the PID controller. Comparison
between these techniques and the comparison with the
previous work is carried out. It is observed from the results,
Gradient Descent tuning technique outperforms the Auto-
Tuning technique.

Index Terms— prosthetic finger, PID controller, Ziegler-
Nichols, gradient descent, tuning technique, transient
response

. INTRODUCTION

Human hand is a complex essence that consists of 27
bones with multitude muscles and tendons that provide
large degree of freedom (DOF) during grasping. In
addition, each hand has an array of 17000 tactile
mechanoreceptors, which is almost impossible to be
replaced, especially when it is related to stability and
reliability by using the existing technology. The main
motivation in this work is to overcome the friction, noise,
and disturbance that occur in a plant or during a process.
Furthermore, the challenges in designing a control system
are uncertain that further encourage a comprehensive
analysis that capable to determine the stability and
reliability of the system.
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The mathematical modelling of a nonlinear motorized
prosthetic finger system is first developed before the
integration of a control system. In this paper, Lagrange’s
equation is used to obtain the dynamics of the nonlinear
motorized prosthetic  finger system. Then, the
Proportional, Integral, and Derivative (PID) controller is
designed to improve the stability of the system.
Parameters of the PID controller are formerly obtained
using Auto-Tuning technique, which is latter became
initial values in the Gradient Descent optimization
technique.

Il. RELATED RESEARCH WORKS

A. PID Controller

Previous studies have reported that Proportional,
Integral, and Derivative (PID) is a commonly used
controller to achieve the desired output response of a
particular system. The error between the desired response
and the output response is well-known can be minimized
using the PID controller. The gains or the parameters of
the PID controller is very much affecting the output
response. Where try and error method is an easier path to
identify the PID control parameter [1]. More advanced
meta-heuristic parameters searching method, such as
particle swarm optimization (PSO), and Priority-based
Fitness PSO (PFPSO) is a recently favourite method to
obtain the PID controller gains. However, vast knowledge
on artificial intelligence technique is required to perform
these meta-heuristic optimization methods [2].

This paper has introduced an integrated design process
for designing five-fingered gripper that suitable for
smooth motion in experimental and simulation prototype.
Then, closed-loop with robust PID controller is applied to
the system to control both dynamic and kinematic
motions of the five-fingered gripper system. The joint
controller is a feedback controller that consists of two
terms, which are proportional to velocity and position
errors respectively. The kinematic motions of the joint
angles for each finger are controlled by using the
advanced PID control with auto-tuning technique [3]. A
discrete Proportional, Integral, and Derivative control
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technique would greatly reduce the cost since it replacing
the complex electronic circuitry [4].

Recent evidence suggested that, grasping accuracy of
the robotic hand can be achieved through PID controller
optimal parameters that obtained using tuning method.
Before the tuning, the position has slight vibration due to
the steady-state error and overshoot produced by the
motor [1]. The suitable gains of differential (Ky), integral
(K3), and proportional (K,) values are determined from
auto-tuning to achieve a fast response of steady-state
without excessive overshoot. By tuning these three
suitable values of constant gains in the PID controller, the
controller has been found to provide a necessary control
action for specific process requirements [3]. At the given
time interval, which is sample period (T), a discrete PID
controller will read the error signal, calculate it output and
control the input given to the motor. Thus, to obtains the
desired result, the sample time should always be less than
the shortest time constant in the system [4]. The PID
controller is setting up for each muscle to track the
desired response based on the error [5]. In addition, to
obtains an accurate control design, the mathematical
model of the system needs to be determined appropriately

[6].
B. Summaries of PID Controller Approaches

A survey conducted by Shauri, Salleh, Hadi [1] proved
that the PID tuning of finger joints is successfully
implemented to reduce the transient response such as rise
time, overshoot, settling time, steady-state error, and peak
time. The motor will move smoothly and track the
position precisely to the target position when the error and
the overshoot have been eliminated. Then, the studies
stated that each finger of the gripper can be controlled by
using the robust control of the PID formulation [3]. The
PID controller is working fine, however, it is necessary to
make the controller more robust (limit runaway/overflow)
in some applications. The accuracy of either derivative (D)
or integral (1) factor will be poor if the sample time is
short, or even larger than 1 second [4]. The previous
study shows that the nonlinear equation is more accurate
compared to the linear equation. It can provide a more
stable system, and this can affect the control system
design [6].

Previous work is conducted to investigate the stability
of the scheme in case of imperfect compensation of the
gravity term and possibly resort to an adaption
mechanism on the system state. Thus, the controller that
consists of PD is an action on the position loop, while Pl
is an action on the force loop along with the gravity
compensation and desired contact feedforward force [7].

C. Tuning Method for PID Controller

Numerous tuning methods exist in the tuning of the
PID controller. The Ziegler-Nichols is a conventional
method used in the tuning of the PID controller and
showing a successful response. However, it required
effort and took long time to obtain satisfactory response.
Ziegler-Nichols method depends on the parameter gain
from the step response plant [8]. Some of the researchers
used an artificial intelligence approach to tune the PID
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controller [9-10]. In the previous paper, the optimization
of the PID controller by using the Gradient Descent
method has been discussed. By applying the optimization
technique from the Gradient Descent method, the
performance of positioning tracking shows a significant
improvement [11].

The result shows that the tuned PID controller gives a
feedback system of good disturbance rejection. However,
in general, the compensated system response to a step
signal has a high control signal and a high percent of
overshoot which may lead to the saturation of the actuator
[8]. The evaluation of PID controller performance by
using the Gradient Descent technique that applied to the
controller has been done. The result from the numerical
simulation proves that an optimization technique will
produce more precise position trajectory tracking and
significant improvement to the controller [11].

I1l. MODELLING OF PROSTHETIC FINGER

From the previous study, Lagrange Equation is
frequently used to derive the model of a prosthetic finger.
Thus, the Lagrange Equation has been chosen to model
the prosthetic finger system. The dynamic parameters of
the prosthetic finger are tabulated in Table I.

430

TABLE I.  DYNAMIC PARAMETERS OF PROSTHETIC FINGER
Symbol Parameter

| Length

m Mass

\Y Linear velocity

® Angular velocity

g Gravity (9.81 ms-1)

The Lagrangian, L=T -V Q)

where, T represents the kinetic energy, and V represents
the potential energy.

Referring to the above forward kinematic equation, the
angular velocity is computed using Euler Lagrange
formula.

do
w=—
dt 2
=0
The Kinetic energy,
1
T=3(mV +le? 3
> Z( @ ) (3)
T =3|92(3ml+1j (4)
2 4
The Potential energy,
1
V= Engy (5)
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Y :%(mglsine) (6)

The kinetic energy, T and potential energy, V of the
whole system are:

Lz%léz(%mhlj—%(mglsine) @)

A. Euler-Lagrange Equation of DC Motor

The electrical and mechanical parts of the DC motor
connected to the prosthetic finger can be expressed by,

.
F- [—' Zm + |é)——(mg' ;;os 9, Bx ®)

For a field-controlled motor, a field circuit has an input
voltage V, which is applied to the DC motor. So, rather
than control the current directly to a motor, the electric
field is varied to control the motor speed.

V = RE + Kezx 9)
Ktz
_VKtz KeKitz’® %
R R
Then, substitute equation (8) into equation (10), which

included the mechanical part of the prosthetic finger to
the equation.

F

(10)

2 2
[I Zm +|éj_ (mgl cos9) -+ Bx :VKtz _ KeKiz X (11)

v {%}[lzimj{%}(m)_...
[

(12)

The nonlinear equation of position/theta is expressed as:

. Rmglcos& RBx

. \Y — Kezx

= 2Kt22 Ktz (13)
RI“m +i|
4Ktz Ktz

IV. SIMULATION MODEL
A. Prosthetic Finger with PID Controller

The list of parameters that have been used in the
prosthetic finger system is shown in Table Il based on the
previous paper [12]. The input for the system is voltage,
while the output is the angle of the prosthetic finger.

Fig. 1 shows the Simulink Block Diagram of the
system. The PID controller has been applied to the system
to ensure the system can process smoothly with little
disturbance. The PID is a controller that commonly used
in the industry, since its capable to reduce the overshoot,
settling time, rise time, and steady-state error. In addition,
the PID controller will give a better result of the step
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response.
TABLE Il. LIST OF PARAMETERS APPLIED TO THE SYSTEM
Parameter Unit Values
Resistance R 2.6Q
Constant torque Kq 0.007NmA*
Constant electric Ke 0.007Vsrad™
Gear ratio z 15
Radius pulley p 0.02m
Length L 0.75
Mass m 1kg
Gravity g 9.81ms™
Friction B 12.32

The value of K, K; and Ky were firstly obtained from
the auto-tuning method. The value was then added to the
PID block diagram, and after the system was run, the step
response graph will appear as a result. Then, the graph
was analyzed.

»(+_ PID »{ Voltage Thetal

PID Controller

Desired
Angle

Prosthetic Plant Response

Figure 1. Block diagram of prosthetic finger with PID controller in the
MATLAB/Simulink environment.

B. Gradient Descent Tuning Method

The list of parameters that have been used in the
prosthetic finger system is shown in Table Il based on the
previous paper [12]. The input for the system is voltage,
while the output is the angle of the prosthetic finger.

Gradient Descent method is an algorithm applied to the
system to obtain a minimum point for the particular
function. It is to find a maximum point that is nearer to
the current result. The value will decrease for each of the
iterations that are taking place. The iteration is the
number for optimization solver attempt to evaluating the
objective function and constraint. The F-count is a
function-count by any solver to searching for the
maximum or minimum point. All the attempt steps
increase the F-count by one at the nearby point, regarding
to the algorithm (14) to (17). Then, the Check Step
Response Characteristic indicates the result according to
the constraint of piecewise linear bounds illustrated in
(15). The iteration process had repeated according to the
equation (14):

Xi = X =AVE(X)) = X, = 49(X;) (14

At which the 4; > 0 satisfies:
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f(X; =49(X;)) =min f(X; - 49(X)) (15)
where A denotes the step size, and gradient operator 7 of
the function f(X). While g(X;) is the gradient at the current
point. By moving to the point where function f taking on a
minimum value, the directional derivative is given by:

d

ar (16)

d
f (X)) gz N =V (X 9(X)

The 42 > 0 is a minor value that leads a small step to the
function. An appropriate value for the A is very significant,
the smaller value could increase convergence time, and a
higher value may lead to diverging. The appropriate value
of / yield to a stable condition as:

f(X,) = F(X) 17

The Gradient Descent method has been proposed as the
tuning method for the PID controller. The Simulink block
diagram of the PID controller with Gradient Descent
tuning methods implemented to the prosthetic finger
system is shown in Fig. 2. As for gradient descent method,
the check step response characteristic block has been
added into the PID block diagram to obtain the result of
closed-loop characteristic graph. The gradient descent
method is expected to arrive at the minimum point faster
than another non-gradient based optimization method [11].

»Z::

GD Technique

Voltage Thetaf—

PID Controller

Desired
Angle {L

Prosthetic Plant Response

Figure 2. Block diagram of prosthetic finger with gradient descent
tuning technique.

V. RESULTS AND DISCUSSION

To observe the system response, step response has been
employed to the system in an open-loop circumstance,
which will be later implemented in the closed-loop with
the synthetisation of the control system. The control
system parameters were first obtained using auto-tuning
method. Then, the obtained auto-tuning parameters will
be used as an initial value in the gradient descent
optimization method.

A. Open-Loop System for Prosthetic Finger

Fig. 3 depicts the system response in an open-loop
environment. Unstable response indicated in a blue line
was obtained, where the desired response denoted in a
green line was not tracked. Therefore, a closed-loop
design is necessary to achieve the desired response. With
the integration of the control system in the closed-loop
design, better performance can be achieved.
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Figure 3. Open-loop response of prosthetic finger.

B. Gradient Descent Tuning Technique

In the gradient descent optimization tuning technique,
auto-tuning parameters will be taken as initial values that
required to be optimized. Fig. 4 shows the step response
by using auto-tuning parameters. It is observed from Fig.
4, poor performance of transient response such as rise
time, settling time, overshoot, and steady-state error were
achieved. Then, gradient descent tuning technique will be
applied to the PID controller to obtain better performance.
In this tuning method, the iteration process based on Eq.
(14) will take place to obtain a minimum point closed to
the desired result.

Graph of step response .

Ampltude:
S

L —
-—

0 2 4 & & 10 12
Time (seconds)

Figure 4. Step response based on auto-tuning.

Three attempts were conducted with different step
response bounds, including rise time, % rise, settling
time, % settling, overshoot and % undershoot. Numerical
data off all the bound were shown in Table Ill. Smooth
and better transient response were obtained after three
attempts.

TABLE Ill. STEP RESPONSE BOUNDS OF ALL THREE ATTEMPTS

Characteristic 1%t attempt 2" attempt 3" attempt
Rise time 00.6650 00.7650 00.8650
% Rise 90.4870 90.5870 90.6870
Settling time 02.6650 02.6650 02.8650
% Settling 01.0000 01.0000 01.0000
Overshoot 10.0000 10.0000 10.0000
% Undershoot 01.0000 01.0000 01.0000
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Figs. 5, 7, and 9 indicate the step response obtain from
all three attempts. Then, Figs. 6, 8, and 10 are the
optimization report of all three attempts, which including
numbers of iterations, F-count, and check step response
characteristic.

| [

Graph of step response for first trial

Ampltude

Figure 5. The response of the first attempt.

It is observed from the report in Figs. 6, 8 and 10, the
process goes through four to five iterations started from
the iteration number zero, and the output responses
generated from all the iterations were denoted in light
blue line in Figs. 5, 7, and 9.

Iteration | F-count Check Step Response Characteristics (Upper)

(<=0)

0 T 0.2809
1 17 0.1835
2 26 0.0020
3 34 3.1460e-05
4 42 -15833e-04

Figure 6. The optimization report of the first attempt.

Since the step response performance of this
optimization method interrelated with the step response
bounds as discussed earlier, it is believed that different
settings produced different performance. Therefore, few
more attempts were carried out to observe the
performance produced by this optimization method. It is
clearly seen in Fig. 6, the overshoot character was
eliminated in the second attempt.

Graph of step response for second trial

Ampituce

0 1 2 3 4 5 3 7 [ 9 10

Figure 7. The response of the second attempt.
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Based on the report in Fig. 8, four iterations have been
taken to obtain the result as illustrated in Fig. 7.

[teration | F-count Check Step Response Characteristics (Upper)

(<=0)
0 7| 0.0887
1 15 0.0048
2 24 4.8520e-04
3 32 3.3340e-04

Figure 8. The second trial optimization process.

In the third attempt by using the setting in Table I,
response in Fig. 9 was obtained. Overshoot effect that
might causing damage was decreased compared with the
second attempt.

Graph of step response for last trial

Ampitude

Time (seconds)

Figure 9. The response of the third attempt.

Each iteration come along with the numbers of
iterations, and the check step response characteristic value
that was obtained through the equation as discussed
earlier.

lteration | F-count Check Step Response Characteristics (Upper)

(<=0)
0 7| 0.0642
1 15 0.0035
2 23 7.5954e-04
3 31 1.7378e-04
4 39 -2.2258e-05

Figure 10. The optimization report of the third.

To compare the output performances of these three
attempts, all the results were combined and depicted in
Fig. 11. Based on the result, there is a significant finding
on the criteria of gradient descent which are a variation of
the gradient, a variation of the parameter, function
reaches lower bounded and fixed maximum for the
number of iteration. These criteria can be used as a
reference to determine the best result of the comparison.
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So, the graph for the third attempt satisfied the listed
criteria.

(] 1 F] 3 ] B € 7 s 3 [}
Time

Figure 11. Comparison of all three attempts.

To analyse the output performances of these three
attempts, Root Mean Square Error (RMSE) has been used
with the numerical data as tabulated in Table 1V. It is
observed from the data, the first attempt generated highest
error, followed by the second, and the third attempt.

TABLE IV. RMSE ANALYSIS OF ALL THREE ATTEMPTS

Numerical results of RMSE in Table V indicated the
gradient descent tuning technique was able to achieved
lower error in the tracking of the desired step response.

TABLE V. RMSE OF GRADIENT DESCENT AND AUTO-TUNING

TECHNIQUES
Method RMSE Analysis
Auto Tuning 0.1057330
Gradient Descent 0.0848619

Attempt Root Mean Square Error (RMSE)
1 4.03403
2" 4.03271
3¢ 4.02953

Then, the comparison with the conventional auto-
tuning technique was conducted as described in Fig. 12. It
can be seen in Fig. 12, the transient response performance
of the gradient descent tuning technique is better than the
auto-tuning technique.

Geaph of Compasisan Clesad Lsep

z ] T 5 G J O s °
Tems

Figure 12. The response between auto tune and gradient descent tuning
technique.

In order to analyse the efficiency of the proposed
method, the comparison with the work done in [13],
which is the sliding mode controller (SMC) that has been
tuned using particle swarm optimization (PSO) algorithm
implemented in the same plant has been carried out. The
transient response and steady-state error results are
tabulated in Table V1.

It is observed from the results, the PID controller tuned
using gradient descent method generated less rise time of
1.2665 < 10™ seconds, settling time of 0.8377 seconds,
and steady-state error of 3.1911 x 10 degrees. By
comparing to the overall data, PID that has been tuned
using gradient descent capable of achieving most
satisfactory performance.

VI. CONCLUSION

In the past, various types of tuning methods have been
proposed in the tuning of the PID controller, such as
Ziegler  Nichols, auto-tuning, Particle  Swarm
Optimization (PSO), and Gradient Descent methods. Each
of these tuning methods has different requirement in the
tuning process. In this paper, the auto-tuning method has
been first utilized , which was later compared with the
gradient descent tuning technique. Auto-tuning method is
a simple tuning method and the performance was not so
accurate compared to the others tuning methods. The
gradient descent tuning method was later applied and
showing better transient response performance for the
system. In addition, the Root Means Square Error (RMSE)
also demonstrated smaller error of gradient descent
compared to the auto-tuning method. As a result, it can be
inferred that tuning method playing vital role, and the
gradient descent tuning method capable to produce better
performance compare to the auto tuning method
implemented in a nonlinear motorized prosthetic finger
control system.

TABLE VI. TRANSIENT RESPONSE AND STEADY-STATE ERROR

Transient Response Analysis

Controller (Tuning Technique)

Rise Time (s) Overshoot (%) Settling Time (s) Steady-state Error (0)
PID (Auto Tuning) 7.8294x10™ 1.7575 2.6840 7.9761x10%
PID (Gradient Descent) 1.2665x10™* 1.6714 0.8377 3.1911x10%®
SMC (PSO) 2212 0.00 3.71 0.00008
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