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Abstract: The solution of the kinematic inverse determines a substantial part of the robotic

arm's control accuracy. Researchers frequently employ standard problem-solving techniques
such as numerical, algebraic, iterative, and geometric methods. Although geometric like
trigonometrical method has been widely studied, and their application is strongly dependent
on the shape and dimensions of the robot. The complexity of the steps makes this approach
difficult for researchers. In order to give a clearance and easiness, the step-by-step features of
inverse kinematics are described in this research. The study begins with forward kinematics

and refers to the DH-parameter in Homogeneous Matrix Transformations calculation. The
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existence of specific elements applied to mathematical derivation constituted the basis of
forward kinematic discussions. And based on geometrical analysis, the inverse kinematic is then
derived. Furthermore, simulations are performed to demonstrate the actual implementation of
IK and the solution is then used to initiate the path planning process.

Keywords: Accuracy, Path Planning, Forward and Inverse Kinematic, DH-Parameters,

Homogeneous Transformation Matrix.

Introduction

Today’s aberrant robotic arm behavior is common. Instead of being able to function as

anticipated, labor faults will really harm its users. In his activity as a carving machine, for

example, faults induced by imprecision actively exacerbate objects (Putra & Risfendra, 2022;

Silfia & Risfendra, 2022; Ekarinda et al., 2021; Arifin, 2017). This is not due to the robot's

fault, but rather to a lack of adequate process planning. These issues typically include the
robot's inability to maintain the direction of travel due to excessive load from the end-effector,
restricted range in specific directions, and hard material that inhibit movement (Andika &

Salamah, 2018; Frankovsky et al., 2016). As a result, it is believed that actions should be taken

to reduce such incidents. One method is to create simulators and observe the behavior of the

arm robot that you want to operate.

Simulators are required for users to better comprehend path planning algorithms, arm
movements, and so forth. The necessity for simulators will allow learning the properties of a
robot prior to actual use easier. Furthermore, by simulating, faults in realization may be

eliminated, and motions on the robot can be appropriately planned. In general, the movement

of manipulator robots required the use of kinematics systems (Syukranullah et al., 2010;

Iskandar et al., 2020; Purwoto, 2020; Kopei et al., 2020; Megalingam et al., 2018; Munadi,

2013). In general, kinematics is separated into two categories: forward and reverse kinematics.

Each of its applications is to forecast the position of the end-effector (Nugraha, 2021) when all

angular motions are given and to determine the necessity for angular motion to reach the
desired end-effector position. Thor, the 6 DoF robot arm, must be mathematically analyzed

and applied using shapes and information connected to its dimensions (Laksana et al., 2022;

Nurkholik et al., 2022; Prasetyo & Sutopo, 2018; Zaki, 2019). Based on its function, this

analysis should incorporate both forward and inverse kinematics at the same time. The
viability of both forward and inverse solutions must be established. Furthermore,

understanding of assembly is highly crucial to do (Prabanegara et al., 2015; Sun et al., 2022;

Cecil et al., 2005). Although just employing software such as CAD, the assembly process will

provide logical insight into the robot arm's agility. This endeavor was undertaken because of
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the urgency and motivation. The DH parameters (Luo & Andika, 2018; Utomo & Munadi,

2013) and the Homogeneous Transformation Matrix (Zurendra et al., 2020; Ye et al., 2020;

Zhang et al., 2022; Cashbaugh & Kitts, 2018) are used for forward kinematics. While

numerical approaches to inverse kinematics are common. Furthermore, both are
implemented with the Python programming language based on these calculations, which
includes the building of a Graphical Unit Interface for forward and end-effector prediction for

kinematic inverse.

Finally, both will be confirmed by comparing them to FreeCad-Assisted RoboDK simulations.
A path planning is carried out after the simulation has been successful. On roboDK, the 6 Dof
arm robot is simulated using online and offline programming. In the case of online
programming, all targets are determined by hand. The robot is moved as requested during
offline programming by using RoboDK-compatible API-python. This is a preliminary
implementation that is carried out in a sequential manner. The purpose of a project like this

is to optimize the way the 6 DoF robotic arm is used.

Research Method

This 6-DOF robotic manipulator includes six joints, all of which rotate or revolute. Each joint
is linked by a big link that is customized for the robot. Figure 1 shows a 6 DoF robotic arm

utilized in this research.

®

Figure 1 Model CAD Robot

Furthermore, the robot's representation in Figure 1 is regarded the home position.

Forward Kinematic
In a nutshell, the Denavit-Hartenberg Convention can be used to solve forward kinematics.

The steps are as follows: Set frames in accordance with Denavit- Hartenberg (DH) rule 4.
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Create a parameter DH table, replace the DH parameters in the Homogeneous Transformation
Matrix (HTM), and multiply all matrices. The Frame Assignment in Figure 2 is obtained by
following the first rule and applying the following DH-specific rules.
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Figure 2 Home Position Frame Assignment

Furthermore, the values of all parameters listed in Table 1 are obtained based on the Frame

Assignment and DH parameter descriptions presented at the end of this subsection.

Table 1 D-H Parameters

i-th joint 0 a r d
1 0+6, -90 0 Ly
2 —90 + 6, 0 L, 0
3 0+ 65 -90 0 0
4 0+0, 90 0 L
5 0+ 065 -90 0 0
6 0+ 05 0 0 Ly

Then, using the following mathematical definition of HTM (2), substitute all of the values in
the Table 1.

cos®; —sinb;cosa; sinf;sina;  jcosp;
Hii—1 _|sin6; cosf;cosa; —cosf;sina; a;sinb; (2)
0 sina; cos a; d;
0 0 0 1

Then, for each joint relationship, obtain HTM as follows. (3)

cosf; 0 -—sinf; O
sinf; 0 cosf; O

HY =
! 0 1 0 Ly
0 0 0 1
(3)
sinf, cosf, 0 L,siné,
HY = —cosf, sinf, 0 —L,cosH,

0 0 1 0

0 0 0 1
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cosf; 0 —sinf; 0

HZ = sinf; 0 cosf; O
3 0o 1 0 0

0 0 0 1

cosf, 0 sin@, 0

H3 = sin, 0 —cosf, 0
4 0 1 0 Ly
0 0 0 1

cosfs 0 —sinfs; O

HE = sinfs 0 cosfs O
0 1 0 0

0 0 0 1

cosfy —sinfg 0 O

HS = sinfg; cosf; 0 O
6 0 sinag; 0 L,
0 0 0 1

Finally, a forward solution (4) is achieved by multiplying all of the homogeneous matrices (3).

HE = (HYH3)(HH)(Hs HE)

cosf;sinf, cosf;cosf, —sinfB; L,cos6O;sinb,
sinf,sinf, sinf;cosf, cosB; L,sinb;sinb,

0l —
Hily = |7 _cos 0, sin @, 0 —L,cos@, + L,
0 0 0 1
cosfzsinf, —sinf; cosfOssinf, —L3sinf; (1)
H2H3 = sinf;sinf, cosf; sinf3sinf, LzcosOs
374 0 0 —cos 8, L
0 0 0 1
cosfscosfy —cosOssinfs —sinf; 0 —L,sinfs
HAHS = sinfscosfg —sinfssinfg +cosfs 0 L,cosOs
576 sin B¢ cos B¢ 0 0
0 0 0 1

Inverse Kinematic

In general, kinematic inverse is a method that maps the end-effector's cartesian information
to a great degree of all manipulator joints. Here are the steps taken to solve the problem: Create
a kinematic diagram referencing the first three joints, then use a geometric approach to derive
the kinematic inverse for the position. Forward kinematic calculations on the first three joints
yield component rotation (Ro_3). Find the Ro_3 matrix's kinematic inverse. Forward
kinematics on the last three joints and intriguing component rotation, R3_6 Specifications
will be rotated on the following Ro_ 6 matrix, and Give the appropriate X, Y, and Z positions
to finish the first three joints from the first stage using kinematic inverse. Following the first

stage, the following depiction of the first three joints is obtained:
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Figure 3 Analysis of the First Three Joints' Basic Geometry

Yo

As aresult, as illustrated in Figure 4, a thorough picture from a new point of view is obtained.

Figure 4 The First Three Joints are Visually Represented

The equation is obtained by referring to the Figure 4.

YO
6, = tan! (—30>
X3

= |x9 + v

0, = ¢, — ¢
93 = 1809_¢3
) =Z§—a3
T3 =\/T12 +T22

as% = a,? + 132 — 2a,13 cos ¢
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2 2 2
_ N I 12
b= o5 (5 12)
132 = ay? + az? — 2asa, cos P4 (13)
2 2 2
_ 1 (3" —azx" —as
= 14
by = o5 (g (14)
T
b, = tan” (2) (15)
r

The Rotation Matrix is then obtained by using the second step and referring to Table 1 by

multiplying the homogeneous matrix of the last three joints, as shown below

100
Rg=010] (16)
00 1

With the configuration based on this linearity R = [r;;]for 1 < i <3 and 1 < j <3, and

formally multiply R, (6,)R, (6, )R.(6,), and obtained

1 Ti2 T3
T21 T2 T23

31 T32 T33

: : : . 1
cos 8, cos B5 cos B —sinf,sinfy —cosf,cosfssinf; —sinf,cosf; —cosb,s (17)
= |sinf, cos 5 cos B¢ + cosO,sinfg —sinB,cosOssinbg + cosf,coslg —sinf,si

sin 85 cos G4 —sinfg sinGq cos 0:

The simplest form is given by 133 = cos 85, which means that 65 =cos cos (r33). In light of this

result, there are three possibilities:
First Case

If 0<B8s< = or 0>6s>— 2, so sinsinfs # 0 and sin sin 05 (cos cos 0, ,sinsin 6, ) =
2 2

(=113, —1y3), in this case 8, = (—ry3/—7,3). And sin 05(sin sin 84,cos cos 0y ) = (—13,,737) in

thiS case 96 = (—7'32/7'31).
Second Case

If 6 = 0, so sin sin 8 = 0 and cos cos 65 = 1. In this case

[7'11 T2 ] _
21 T22
_ _ : : (18)
cos 6, cos B5 cosfg —sinb,sinfy; — cosb,cosbssinfg —sinf, cosbg
sin 8, cos 05 cos B4 + cos 0, sinfy —sinf, cos O5 sinfg + cos 6, cos O
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sin (84 + 6¢)

_ |cos (64 + 66) —(sin sin (0, + 96))
cos (84 — 6¢)

Thereby 6, + 65 = atan2(r,1,111)- In addition, one of the angles in its implementation might

be both constant and user-defined.

Result and Discussion

The following findings are generated in Figure 5 by applying the results of forward kinematic

calculations in Python and GUI design. There are six bars, the highest bar is Theta 1 with a

range of -200 to 200, theta 2 (-90 to 90), theta 3 (-180 to 0), theta 4 (-200 to 200), theta 5 (-

90 to 90) and theta 6 (-200 to 200). Based on this specification, the offline calculation is

observed. This is done by generating a series of end-effector’s pose mimicking the planned

path to be tested. Some points representing the expected position of robot’s end-effector are

generated. These points are stored in Table 2.

Table 2 Random Point Representing End-Effector’s Pose

Sequential Pose X pose y-pose z-pose
1st 76.9436 61.0511 30.3762
ond 20.3008 72.3268 8.2325
31 1.5074 67.8665 25.7454
4t 63.3445 77-5459 21.7731
5th 85.4617 33.5063 36.9817
6th 82.7820 39.9881 19.8512
7th 11.1765 65.8522 31.1772
8th 43.6237 62.0568 6.9790
ot 8.8457 4.2469 0.4633

10th 41.9983 60.9087 25.7513

According to these points, the generated solution is test. It is tested by running (1)-(18) on

Python. In order to get easiness, it is modelled as a function with output of all the angle for

each joint of robot arm and end-effector’s point becomes the input. Regarding to this scenario,

the result representing the angle for each joint is obtained as shown in Table 3.

Table 3 Representative Angle for All Joints

Seq.Pose Thetai1 Theta2 Theta3 Thetag Thetas Theta 6
of End- (Degree) (Degree) (Degree) (Degree) (Degree) (Degree)
Effector

15t 0. 4906 15.1139 -19.6843 23.6434 15.8982 45.9147

ond 0. 3549 5.2496 -6.8370 8.2121 5.5220 15.9477

grd 0.1139 4.1116 -5.3549 6.4319 4.3249 12.4906

4th 0. 6645 11.9520 -15.5662 18.6970 12.5722 36.3090

5th 0. 5722 17.2791 -22.5042 27.0304 18.1757 52.4921

6th 0. 4921 14.3144 -18.6430 22.3926 15.0572 43.4857
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0. 3109 6.2558 -8.1476 0.7862 6.5805 19.0046
8th 0.1123 7.0150 -0.1363 10.9739 7.3790 21.3109
gth 0.0984 1.2781 -1.6645 1.9993 1.3444 3.8826
10th 0.0763 9.6410 -12.5564 15.0818 10.1413 29.2884

Up to this point, each value of angle generated based on the offline approach is then compared
with the result shown by simulation. This simulation used in this study is RoboDK. The
comparison is then represented in form of graph of mean square error as can e seen in Figure

5.
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Figure 5 Representative Error

The error presented in Figure 5 is found by considering that the simulation conducted in
RoboDK is a basis. As an example, the Figure 6 is presented

e

Figure 6 Verify movement with RoboDK
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The end-effector’s pose is set to (90,0,100) and the gained angle for each joints are theta1 =
0.0 degree, theta2 = 27.4590902095760008 degree, theta3 = -35.762608885434396
degree thetagq = 42.955444590727566 degree, thetas = 28.88401503870459 degree, and
theta6 = 83.41804440081549 degree. However, the result given by offline programming
are 6; = 0,0, = 27.45, 6; = —35.76, 6, = 42.95, 05 = 28.8, 0, = 83.41, in which it shows

there is no much error.

As seen in the preceding results, the appropriateness of two distinct calculations has been
met. The offline programming process is conducted out using this knowledge base. The goal
of this programming is to have the robot behave as a CNC milling machine, with a path
chiseled in the shape of the letter “UMB”. Setting goals is one of the most important aspects

of planning. This procedure can be summarized as follows:

Figure 7 Robotic target recognition

There are 21 well defined targets in this simulation; each target has been measured and is
within the manipulator's reach. This procedure enables the path to be generalized,
representing the robot's performance in relation to the CNC machine's function at the same

time. Figure 8 shows the outcomes of this procedure.
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Figure 8 The results of developing robotic targets

Conclusions

In this study the inverse kinematic based on geometrical analysis is presented. By involving
DH-parameter through Homogeneous Transformation the forward kinematic is calculated.
The foundation of forward kinematic discussions lies in the application of particular elements
to mathematical derivations. Subsequently, the inverse kinematics is deduced through a
process of geometric analysis. According to this achievement, the simulation is then conducted
by running a Python code. The result was then compared to the performance of simulation of
RoboDK platform. Based on the comparative result when the end-effector is set, there is no
much difference. It is then considered as the basic that the calculation process is conducted

well.
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