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Abstrak

Lengan robot telah banyak digunakan dan penelitian ekstensif terkait manipulator telah dilakukan. Permasalahan
pada manipulator robot lengan adalah pengendalian dan stabilisasinya. Pemodelan matematis dapat membantu
mengendalikan lengan robot dengan parameter yang mudah untuk ditentukan. Penelitian ini bertujuan untuk
membandingkan simulasi pemodelan matematis dan simulasi sistem mekanik 3D manipulator yang dimodelkan
dengan pendulum ganda. Simulasi dilakukan dengan bantuan MATLAB/Simulink dan MATLAB/Simscape
Multibody. Metode penelitian meliputi: (i) Pembentukan persamaan Lagrange untuk manipulator, (ii) Membuat blok
MATLAB/Simulink, (iii) Membuat blok MATLAB/Simscape Multibody, (iv) Mendefinisikan parameter matematis
dan fisika dan (v) Menjalankan simulasi dan menganalisis hasil. Hasil dari penelitian ini menunjukkan simulasi
matematis lengan robot berdasarkan persamaan Lagrange konsisten dalam bentuk gelombang sinus. Sedangkan
untuk simulasi 3D hasil grafiknya tidak konsisten. Namun pada hasil simulasi 3D yang parameter lengan robotnya
hampir sama, hasilnya menunjukkan tren tertutup.

Kata kunci: manipulator; pendulum ganda; lagrange; simulasi sistem mekanik

Abstract

Arm robot has been widely used and extesives researches related to manipulator were already been
conducted.Problem with arm robot manipulator is the control and stabilization. The mathematical modelling can
help to control arm robot with parameter which easy to manipulate. This study is aim to compare mathematical
modelling simulation and 3D mechanical system simulation of manipulator modelled as double pendulum. The
simulation conducted with help of MATLAB/Simulink and MATLAB/Simscape Multibody. Research methods consist
of: (i) Lagrange equation forming for manipulator, (ii) Building MATLAB/Simulink block, (iii) Building
MATLAB/Simscape Multibody block, (iv) Define mathematical and physical parameter and (v) Run simulation and
analized the result.The result of this research is that the mathematical simulation result for arm robot based on
Lagrange equation consistent in form of sine wave. Meanwhile for 3D simulation result is not a consistent graph.
However, for 3D simulation result, where the arm robot parameters are similar the result showed closed trend.

Keywords: manipulator; double pendulum; lagrange; mechanical system simulation

1. Introduction

Robotics development includes many branch of sciences such as mechanical engineering, electronics engineering
and artificial intelligent. Robotic arm is one of robot type which developed rapidly. Arm robot utilization varies widely
from automotive and manufacture industries [1- 2] to health industries such as upper limb therapy aid [3]. Degree of
freedom (DoF) varieties are developed by arm robot manufacturers which suit for various tasks. For simple task like
pick and place task, fewer DoF is needed and for more difficult task like painting more DoF are needed [4].

Previous study related to arm robot has been done widely with various method, parameter, software aided and
design. Many previous studies published about robotic arm analysis utilizing inverse and forward kinematics [5-6].
Meanwhile this study used Lagrangian formula to derived the arm robot mathematical model. Previous study also used
lagrangian formula method to modelled and simulated two DoF arm robot [4]. The difference with this study is that this
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study compare the mathematical simulation and 3D mechanical system simulation, meanwhile previous study not
comparing both method [4-6].

Another study using software such as MATLAB as simulation aid for arm robot [7-9]. Some of those previous study
using MATLAB/Virtual Reality as environtment illustration. This study also utilized MATLAB as simulation aid with
MATLAB/Simulink and MATLAB/Simscape Multibody feature.

This study modelled two DoF arm manipulator as double pendulum and used Lagrange formula to derive the
mathematical model approach. This study aim to compare the double pendulum oscillation between mathematical
simulation and 3D mechanical system simulation. The purpose of this study is to provide two modeling simulation
method and proof that MATLAB can do both simulation. As a powerfull software MATLAB can be utilized to simulate
the mathematical modelling of physical system. MATLAB/Simulink feature facilitated reserachers to do the
mathematical simulation. MATLAB also has feature to simulate the physical system using mechanical system which
called MATLAB/Simscape Multibody; previously called MATLAB/SimMechanics. Arm robot frame modelled as body
and other parts modelled as sensor or actuator.

2. Material dan methodology

Research methods of this study consists of five steps, i.e. (i) Lagrange equation forming for arm manipulator, (ii)
Building MATLAB/Simulink block, (iii) Building MATLAB/Simscape Multibody block, (iv) Define mathematical and
physical parameter and (v) Run simulation and analized the result. Figure 1 shows the sketch of arm robot used to
derive the Lagrange equation. Arm robot divide into two link, named link I and link 11. Link I is lower arm part and link

Il is upper arm part of the robot.

Figure 1. Arm robot illustration

Potential energy and Kinetics energy equation are derived then concluded to total potential energy as well as total
kinetics energy equation for link | and link Il which represented in Equation (1) and Equation (2). Where V is potential
energy total for link I and link II in Joule, 6; angle between x-axis and lower arm, 6, angle between x-axis and upper
arm in radian, m; and m, are lower arm mass and upper arm mass in kg, b; and b are centre of mass distance between

in link 1 and link Il in m, 11 is lower arm length in m.

V = —m,gb,cos0; + m,g(—b,cos(0; + 6,) — l; cos0,) Q)

496



Farika Tono Putri dkk /Jurnal Rekayasa Mesin
p-ISSN: 1411-6863, e-ISSN: 2540-7678
Vol.18|No0.3|495-504|Desember|2023

Equation (2) represent the total kinetics energy of link I and link Il. Where T is kinetics energy total in Joule, lsand
I, are inertia moment of link | and link Il in kg.m2, 6, and @,are angular velocity in rad/s.

T =2mb? 62 +3 1 62 +2m;, (by(6, + 9'2))2 +2b,(61 + 6,)(146:) cos 0, + (16:)" +2 L, (6, +6,)°  (2)

Equation (1) and Equation (2) can be simplified into Equation (3) to Equation (8).

Hy =myb? + 1, (3)
H; = myl;b, 4)
H, = myl?2 + myb2 + 1, (5)
Hy = m,b2 + I, (6)
G, = (mby + myly)g (7
Gy = mybyg 8

where Hp is low arm inertia around 0 axis, Hi is term related to inertia of upper arm about 6, axis, Hy is term related to
inertia of lower arm about 0 axis, Hs is inertia of lower arm about 6, axis, G is relation of gravitational torque between
link I and link II with 61 and G is relation of gravitational torque between link I with 6,. Equation (1) and Equation (2)
can be written in simplified model related to inertia and gravitational torque and represented in Equation (9) and
Equation (10).

1 1 . 1 . .
T = (EHO +EH2 + H1COS(92))912 + EH3922 + (H3 + H1C0592)9192 (9)
V = —G4cos(8,) — Gycos(6; + 6;) (10)

Potentials and kinetics energy equation of arm robot the formed into Lagrange formula, £ = T-V, which can be seen

in Equation (11).

£ = (5Jo+3)2 +11€05(8,))02 +J503 + (J5 + J1€050,)6:0, + Gy cos(8,) + G,cos(6; + 6,) (12)

The Lagrange formula can be written where torque (t) involved, denoted in Equation (12) and Equation (13).

= 12
dt ael] [aa1 =h (12)
13
dt aaz] [aez t2 (13)
Equation (14) and Equation (15) concluded the final Lagrange formula for link I and link Il. Where
—2H,sin6,6,0, + (Hy + H, + H,cos6,)6, — H, sin 8,62 + (H; + H,cos0,)0, + G,sinb; + G, sin(6; (14)
+ 92) = Tl
H36, — H, sin 6,6,0, + (H; + H,c0s60,)8; + G, sin(6; + 6,) = 1, (15)

Equation (14) and Equation (15) then modified into matrices form which can be seen on Equation (16)
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[rl]:[c/o+/z+2/1cos(ez)) Us +J1 cos(62)) [él] N [—ZJlsin(ez)éléz—hsin(ez)é% N
T2 (s +J1cos(6,)) Us) b, —J,sin(6,)6,6,

[Gl Sin(@l) + stin(el + 92)]
G,sin(6, + 6,)

(16)

Equation (16) is simplified into Equation (17) in the form gl and g2 to make it easier in the simulation. Where q; is
0, and g2 is 01 + 0,.

H(@)§+C(qg9)q+d(q@ =1 (17)

Next step is building MATLAB/Simulink block which can be seen in Figure 2.

q1_simuiink —|_>>_> —

Gain1 g1 _simulink

[0 0] —| u

g2 _simulind
u {t=ftau tau 2] _Lp.>_> |:|
plant in hMatrix form

Gain2 g2 simulink

Figure 2. MATLAB/Simulink block for arm robot model

Arm robot mathematical model simulated in MATLAB/Simulink using matrices form which represented the plant
system. Gain block showed in Figure 2 is used to convert g1 and g2 unit which in radian unit into degree unit.
Parameter u(t) consist of taul and tau2 matrices are the arm robot input which denoted intorque value.

Figure 3 illustrated the next step i.e. MATLAB/Simscape block building.

. o 3— 12 B4 F coillgesz 5 o4 F csiily
Machine: LF L‘t

Emvirenment Ground Body Body1
IC Revolute —L%/‘ e »| e IC Revolute! %/ .

» phi
| — ; To Waorkspace1 : To'Workspace
Jaint Initial Condition Joint Sensor L “Joint Initial Condition Jaint Sensorl L
E Gaind thets_dus

gl _simscaps N
Lyl

Add q2_simscape

Figure 3. MATLAB/Simscape block for arm robot model

Body and bodyl block represent the arm robot link I and link 11. Joint initial condition block represent the motor
torque input and joint sensor block represent motor position output g1 and g2.
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After the MATLAB/Simulink block and MATLAB/Simscape block is arranged then the next step is to define the
mathematical and physical parameter. Figure 4 shows the arm robot build in the present research. The arm robot moved

using flex sensor and can be programmed to do object moving related tasks. The arm robot frame are 3D printed.

.

Figure 4. Arm robot build in the present research

This research used mathematical and physical parameter based on arm robot build in Figure 4 also compare with
another arm robot by some manufacturers. Table 1 shows the mathematical and physical parameter used in the
simulation. There are four arm robot models to be compared.

Table 1. Mathematical and physiscal parameter used in simulation

Parameter Arm robot 1 [10] Arm robot 2 [11] Arm robot 3 [12] Arm robot 4 (this
research)

m; (Kg) 10.68 0.6 25 0.75

m2 (kQ) 7.12 0.58 15 0.50

11 (m) 0.513 0.330 2.15 0.36

I2(m) 0.342 0.299 14 0.28

b1 (M) 0.257 0.165 1.08 0.18

by (m) 0.171 0.086 0.7 0.14

I1 (kg.m?) 0.705 0.016 29.16 0.0243

I> (kg.m?) 0.208 0.0043 7.35 0.0098

After simulation parameter being defined then last step is to simulate and analysis the result.

3. Results and Discussion

Arm robot simulation result describes the double pendulum oscillatory motion between mathematical equation and
3D simulation. Figure 5 shows the simulation result for arm robot 1.

Figure 5(a) shows that g; position peak for robot arm 1 3D simulation is at 56.9° on 3.2 s simulation time and q;
position peak for mathematical simulation is at 57.9° on 1.96 s simulation time.

Figure 5(b) illustrated that for g, position initial oscillation, both 3D simulation and mathematical simulation start at
the same angle. g, position peak for 3D simulation is at 90° on 0 s simulation time and g, position peak for
mathematical simulation is at 90° on 0 s simulation time. Figure 6 shows the simulation result for arm robot 2 for g, and

g2 position.
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Figure 5. Simulation result for robot arm 1: (a) g: position and (b) g2 position

Figure 6(a) shows that g; position peak for robot arm 2 3D simulation is at 45° on O s simulation time and q;

position peak for mathematical simulation is at 45° on 2.01 s simulation time. Figure 6(b) illustrated that g, position

peak for 3D simulation is at 135° on 2.94 s simulation time and ¢ position peak for mathematical simulation is at 90°

on 0 s simulation time. Figure 7 shows the simulation result for arm robot 3 for g1 and g position.
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Figure 6. Simulation result for robot arm 2: (a) g1 position and (b) gz position

Figure 7(a) shows that g; position peak for robot arm 3 3D simulation is at 60° on 1.5 s simulation time and

position peak for mathematical simulation is at 45° on 0 s simulation time. Figure 7(b) illustrated that g, position peak

for 3D simulation is at 108° on 4.58 s simulation time and g position peak for mathematical simulation is at 110° on

3.23 s simulation time. Figure 8 shows the simulation result for arm robot in the present research for g1 and gz position.
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Figure 7. Simulation result for robot arm 3: (a) gi position and (b) g2
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Figure 8. Simulation result for robot present research: (a) q; position and (b) g2

Figure 8(a) shows that g position peak for robot arm in this present research 3D simulation is at 45° on 0 s
simulation time and g; position peak for mathematical simulation is at 59° on 1.89 s simulation time. Figure 8(b)
illustrated that g, position peak for 3D simulation is at 130° on 3.19 s simulation time and q, position peak for

mathematical simulation is at 90° on 0 s simulation time. All g; position for mathematical simulation presented in

Figure 9.
80—
— — —Arm Robot 1
— Arm Robot 2
N ) P Arm Robot 3
N P it Present Research

Angle (degree)

Simulaton Time (s)

Figure 9. Comparison of g position as result of mathematical simulation for all arm robot
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Figure 9 illustrated that mathematical simulation for arm robot consistent in form of sine wave. The thing that
differenciate the sine wave is the amplitude, wave length and frequency due to various arm robot parameter. Sine wave
for arm robot 2 and present research are close to each other. Both arm robot 2 and present research have similar

parameter in dimension and weight. Figure 10 shows all gi1 position for 3D simulation.

\ — — - Am Robot |
v —— Arm Robot 2
~ Arm Robot 3

A Present Research

Angle (degree)

] 05 1 15 2 28 3 35 4 45 5
Simulation Time (s)

Figure 10. Comparison of g; position as result of 3D simulation for all arm robot

3D simulation results are not consistent to each other. However, arm robot with similar dimension and weight
resulted in graphic which close to one another.

4. Conclusions

Both 3D system simulation and mathematical modelling simulation for arm robot can be a very usefull tool to
simulate the robot environtment based on dimension and weight parameter. However, the mathematical modelling can
be linearized to obtain the transfer function and derived the gain parameter in order to control the robot precisely. This
result consistent with The research puspose which provide two simulation method using MATLAB. Further research
can be done with mathematical modelling linearization and control parameter application into arm robot hardware [13-
15].
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