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Foreword

First, we would like to thank all researcher who are already send the results of scientific
research papers and participated in the 5 International Symposium on Material, Mechatronics
and Energy 2018. All papers in this volume has presented at ISMME 2018 by oral presentation.
The papers have been peer reviewed through processes administered by the proceedings
Editors. Reviews were conducted by expert referees to the professional and scientific standards
expected of a proceedings journal published by I0OP Publishing.

Our theme is Challenges and Opportunities of Materials Engineering, Mechatronics and
Energy towards independence of independent and sustainable technology products. Themes
have been given an important role of Indonesian Development of Industrial Manufacture
strategic plan, where the Indonesian people are still in desperate need of technology in these
areas, material, mechatronics and energy.

Today Issues is still on Industry 4.0, they are five items should be considered:

1. Scalability; The automation principle of Industry 4.0 could help to facilitate improved
scalability among companies in the manufacturing sector.

2. Security; One of the foremost concerns about Industry 4.0 among manufacturers is the
possibility of mishaps due to glitches in cognitive computing.

3. Control and Visibility; As manufacturing networks globalize, it is crucial to make digital
processes visible to all points of a system. When fully implemented, the principles of Industry
4.0 support responsiveness by making information available worldwide within a fraction of a
second.

4. Customer Satisfaction; The process will be fully transparent along all stops on the
manufacturing chain, from the moment someone places an order or submits a design until the
moment when shipments arrive. Industry 4.0 will facilitate co-creation capabilities between
manufacturers and related entities on a global scale.

5. Customization; Industry 4.0 could take customization to new levels with the use of
commercial 3-D printers, which there are 23,000 of in use worldwide.

We hope many researchers play on such conditions. Finally, thanks to all of my college in
Faculty of Engineering Hasanuddin University, Okayama University, Graduate School of
Unhas, Research and Community Services Institute of Unhas and Polytechnik State of Ujung
Pandang.

Makassar-Gowa, November , 2018
Yours

Dr. Ir. Muhammad Arsyad Thaha, MT
Dean of Engineering Faculty of Hasanuddin University
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Finite element analysis on vibration of a flexible single-link
manipulator moved translationally

D Dermawan2*, H Abbas!, R Syam?, Z Djafar!, A K Muhammad?

!Department of Mechanical Engineering, Hasanuddin University, Indonesia 90245
2Department of Mechanical Engineering, State Polytechnic of Ujung Pandang,
Indonesia 90245

*E-mail: dermawan@poliupg.ac.id

Abstract. The objectives of this study are to formulate the equation of motion of a flexible
single-link manipulator system and to develop computational codes by a finite-element method
in order to perform dynamics simulation on vibration of the manipulator system. The system
used in this research consist of an aluminium beam as a flexible link, a clamp-part to hold the
link, a DC motor and a lead screw set to move the link translationally. Computational codes on
time history responses and FFT (Fast Fourier Transform) processing were developed to
calculate dynamic behaviour of the link. The simulation result show the dynamic behaviour of
the system on free vibration and forced vibration by excitation force due to the translational
motion of the single-link manipulator system.

Keywords: Finite-element method, flexible manipulator, translational motion.

1. Introduction

In industrial applications and robotics system, a single-link flexible manipulator is expected to achieve
maximum workability during operations such as high speed with safe operation, improved positioning
accuracy, lighter weight, and lower energy consumption. Problems that often arise in flexible-link
manipulator are vibrations caused by its flexibility which causes deformations that interfere with the
performance of the system.

In the last decade, a number of researchers have investigated dynamic behaviour of flexible
manipulator. Muhammad et al investigated dynamic of flexible manipulator with rotational motion
using finite-element method including vibration control [1]-[8]. Muhammad et al used two node
element in the investigation.

This study aims to formulate the equation of motion of the system and to develop computational
codes with finite-element methods to find out time history responses and FFT (Fast Fourier Transform)
processing of the link. The results of the plot time history response and FFT generated the natural
frequency of the system.

Grounded in the previous work on computer simulation of a flexible single-link manipulator [8] and
a flexible two-link manipulator [3] which failed to include the translational motion, this study put an
emphasis on the translational motions in which these motions are often used in industrial applications
and robotics. Another previous study also reported that the result of numeric simulation of a two-link

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1
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flexible manipulator was used to verify the control scheme effectively [9]. In relation to the current
research, some similarities were also identified such as the use of a kinetic energy, potential energy,
and Lagrange equation to derive the equation of motion[10]. Beyond the similarities, Bien’s work
focuses on translational and rotational joint of two-link manipulator while this piece of work focuses
on translational motion with a clamp-part to hold the link.

Prior to the application of active-force control on vibration of a single-link manipulator [2], it is
necessary to have a clear picture of the characteristic of the link without vibration control. Obtaining
the value of the free vibration is necessary to find out the natural frequency of the link. Furthermore,
the natural frequency is pivotal to determine the type of effective control.

2. Formulation by finite-element method

Grounded in a finite-element method [11], each partition of the link is partially calculated to find out
the matrix of mass (M) and stiffness (K) which generated a natural frequency of system. The link with
a cantilever structure with a length of 33 cm is divided into 6 elements and move translationally by a
DC motor to determine the vibration characteristics of the link. The degrees of freedom of the finite-
element are divided into two types namely the lateral deformation v(t) and the rotational angle ¥(t).
The physical properties of the system consists of the length (L), the cross-sectional area (Si), and the
area moment of inertia (I;)). Each element of the mechanical properties (Young’s modulus and mass
density) are denoted as E;jand pi.

2.1. Kinematics
Some text Figure 1 plots the directions of translational motion on the link into three types namely the
displacement (Y), velocity (Y), and acceleration (¥)

Y = displacement
Y o .

Y = velocity
‘ Y = acceleration

Figure 1. Directions of translational motion on the link

Figure 2 shows the position vector at point P on the link in the global coordinate frame and translating
coordinate frame. O — XY is the global coordinate frame and O — yx is the translational coordinate
frame. When the link move translationally, the displacement at X axis is X, and the displacement at Y
axis is Yp. The deflection due to the translational motion is denoted as vp.

The vector position r(x, t) at point P on the link at time t = t, in the global coordinate frame O — XY
shown in the figure 2 is given by:

r(x,t) = Xp(x, I + Y, (x, 1)) @
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Y,J

s j (t=0)

N
V5 Jj (t=0)
Link
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y
X, 1
0 X, x, i (=0)

Figure 2. Position vector of an arbitrary point P of the link in the translational coordinate frames

The position vector of P in frame O — XY is

Xp(x,t) = x, (2
Y,(x,t) =y +v, 3)

The velocity vector of P in frame O — xy, given by

7(x, t) = X, (x, O + Y, (x,8)] (4)

2.2. Finite-element method
Figure 3. illustrates the partitions of the link which are divided into six elements. Each node has the
lateral deformation v(t) and the rotational angle #(t).

y

node { element {

@,\@"@@\/@ %\—‘x

node 7 node i+/ node n

Figure 3. Translating coordinate frame of the link
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Then, figure 4 shows the element coordinate frame of the i-th element.

y
[
X; |
_
. I Node i+1
Node i :
|
N :
H X
v,-‘ )y/l Vit ) Vit

Figure 4. Element coordinate frame of the i-th element

The nodal displacement vector is

§i={vi @i Visr @Qiv1)" (5)

2.3. Equation of motion
The discretization generated from the previous section, the velocity square of P can be obtained

T = 3,7 + 9%+ 9,° + 297, (6)
The kinetic energy (Ti) of system can be given by
T; = fvi pi.TT.7.dv; (7
The kinetic energy (Ti) of system can be expressed as
T;= %mixpz + %mij’z + %SiTMiSi +3fe" 6 (8)
Where
yfe di=206 L6 ]
The potential energy of the system can be written as
U;= %6iTKi5i ©)
The dynamic model is formulated using the Lagrange equation can be defined by
M;8; = ()" + Ci6; + K;6; = 0 (10)
The equation of motion of the i-th element is given by:

M8, + Ci6; + K8 = (O fri” (11)
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Where mass matrix (M;), damping matrix (C;), stiffness matrix (Ki), and the excitation force of the
translation motion (j(¢)f,;")
Matrix M, Ci, Ki and vector j(t)f;" in Eq. (11) are represented as

[156 22Li 54 —13Li'|

SiL: 412 . 3.2
M, = PiSiki 22L; 4L;® 13L; i 12)
420 54 13L; 156 —22L;
| -13Li—3.,2-22L; 4,2 |
[12 6L; —12 6L;
. Eily| 6L 4L;® —6L; 2L;*
Ki="5-12-61, 12 —6L] )
| 6L; 21,2 —16L;4L,?]
Ci = Q. Ki (14)
iSiLi
=26, 1, 6,-1;) (15)

The length of the i-th element, the length from element 1 to i, and the Rayleigh damping factor are
denoted by I;, 11, and a [12] respectively

In the end, the equation of motion of the single-link with n element considering the boundary
conditions is written by

Mnsn + Cnsn + Knb, = y(t)ftn (16)

3. Dynamic behaviour of the system

3.1. Computational model
Figure 5 illustrates the system of a flexible single-link manipulator which has a track of the link, clamp
as the holder of the link, a servo motor to rotate the link, and a DC motor to make a translation motion.

y
Clamp-part
Servo Motor
Single-Link
accelerometer
= x
DC Motor

Figure 5. Model system of flexible Single-link manipulator
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3.2. Physical parameters of dynamic models
Table 1. Physical parameters of the link
Property Symbol value
Total length (m) L 3.30 x 101
Length of the link (m) li 3.00 x 10!
breadth of cross section (m) bi 2.50 x 102
height of cross section (m) hi 1.00 x 10°®
Cross section area of the link (m?) S, 1.95x 10°
Cross section area moment of inertia around i-axis of the link (m*) l; 2.75x 1012
Young’s Modulus of the link (GPa) E; 7.00 x 10!
Density of the link (kg/m®) Pi 2.70 x 103
Damping factor of the link o 0.10x 10°®
3.3. Time history response on free vibration

Time history response on free vibration simulation on free vibration was conducted using an impulse
force as an external one. Figure 6 shows the simulation time history response of lateral deformation v,
on the free vibration. Furthermore, the computational codes on time history response of single-link
were developed. Figure 6 shows the calculated lateral deformation at Node 6 of the system under the
impulse force.

v, (m)

3.4.

Lateral deformation,

0.008
0.006
0.004
0.002

’ [UWWW\IW\W’V\MNMWW nnnnnnn
vvvvvv

-0.002

-0.004

-0.006

-0.008

-0.01
0 0.5 1 15 2 2.5

Time, 7 (s)
Figure 6. Time history response of the system

FFT (Fast Fourier Transform) Processing.

The calculated result from time history response to lateral deformation with free vibration on the
system was transferred by FFT processing to find its frequencies. Figure 7 shows the calculated
natural frequencies of the flexible link manipulator. The first, second, and third natural frequency
are 38.57 [Hz], 109.37 [Hz], and 174.32 [Hz].
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0.008

0.007 38.57
0.006
0.005

0.004

Magnitude

0.003

0.002

109.37
0.001 174.32

0 100 200 300 400 500
Frequency, ' (Hz)

Figure 7. Calculated natural frequencies of the link

3.5. Time history response of the system with excitation force.

The calculated result from time history response to lateral deformation with excitation force on the
system is shown in the figure 8. Showing at 0.5 (s) in the timeline, the lateral deformation becomes
large due to the excitation force (f; = 5).

0.01
0.008
0.006

0.004

0.002

0
-0.002

-0.004

Lateral deformation, v, (m)

-0.006

-0.008
-0.01

0 0.5 1 1.5 2 2.5
Time, t (s)

Figure 8. Time history response of the system with excitation force
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4. Conclusions
The equation of motion on the single-link flexible manipulator moved translationally has been
discretized using a finite-element method. The computational codes were developed to simulate the
dynamic system using the Scilab application. The simulation and calculated result of time history
response, natural frequencies, and vibration mode showed validated formulation, computational codes,
and model system. Fast Fourier Transform (FFT) has also generated the first, second, and third natural
frequencies values as (f1) 38.57 [Hz], (f2)109.37 [Hz], and (f3)174.32 [Hz].

Further research recommends to combine the translational and the rotational motion on the single-
link flexible manipulator by finding the equation of translational and rotational motion. The further
step will continue doing an experiment of the model.
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