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The main idea of this paper is to present the modeling and simulation of an individual 5DOF degrees of freedom ro-
botic arm. The main axis of the modeling design will be up to the branch of science that makes up Mechatronics. The
methods that have been used for the 3D model construction are presented as well as the methods for the simulation.
The kinematics problem for the robot system under study is elaborated. Both forward and inverse kinematics is ad-
dressed in detail. The CAD model design is also presented. The model parameters are defined for the 3D model and
the parameters are used as a base to diverge for the real system. thanks to CAD model translation to SimMechanics
model, there is no need for the dynamic equations of motion derivation. The model in SimMechanics is adjusted
properly for the trajectory tracking simulation. Several simulations are presented to validate the kinematics solution
and the dynamics requirements for the motion. The results presented in the article shows the effectivity of the new
softwares in modeling and control of engineering systems.
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INTRODUCTION

Electronics and automation are moving in today's world.
It started with smartphones, continues with smartwatch-
es, cars, houses, but also smart factories or whole cities.
Sometimes it is automation purely at the level of software
in the form of artificial intelligence and machine learning,
other times it is an intervention in the real world such as
automated production or control of a car and locking of
houses. All these examples meet an important condition
that the concept of automation includes, namely auto-
matic system. Such systems perform their function with
minimal or none the proportion of the human factor. But
in spite of everything, this is more of a trend in the indus-
try and not for granted. It is already dominant in most
productions today; in others it is a dominant element of
mechanization. Productions without these elements are
rather exceptions. Mechanization includes methods that
make people's work easier, such as a pneumatic press
hammer, directly controlled handling equipment, etc.
Automation is a term for automatic systems that do not
need much human factor to run. Rather, man regulates
and controls the work of the production machine. If nec-
essary, the needs of the decision are decided by the per-
son. In recent years, the term robot has been increasing-
ly talked about. Thanks to its versatility, robotic are the
most widely used in Industry. It is possible to change it by
simply changing the work tool and the control program
on a device with a different function. The different num-
ber of degrees of freedom then determines both mobility
and access to hard-to-reach places, as well as its price.
With sensor connection and Thanks to the design, in-
telligent control units can also handle considerable vari-
ability, e.g. machining more product variants on one line
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(saving resources on machines and space). The method
of simulation for an adaptive controller was suggested
for the system of a human robot based on Solidworks,
ADAMS and Simulink joint simulation [1]. A complicat-
ed arithmetical modeling process was avoided using this
method; also the true time for the Simulink of the mov-
ing simulating function was exerted in enough modes.
The adopted method was depended upon the building
and analysis of the human robot mode. The design of
adaptive controller and path tracking was progress de-
pending on this method. The fitting curve method of the
least square method was used to evaluate path tracking.
The performance of this robot was developed during the
comparative analysis. The investigation of the kinematics
and dynamics of the active needle was achieved by [2].
Using the flexible swimming wave moving trajectory, the
best needle insertion trajectory was determined by using
the method of minimum energy. The method assumes
that the surrounding tissue will receive smaller amount of
energy due to insertion trajectory, which gave less tissue
damage. Using a computer aided to develop the model
which designed for the active needle by Solidworks. The
results agreed with the suggested needle insertion tra-
jectory concluded from the trajectory planning algorithm.
By using multi actuators for forward and swimming wave
motions to motorize the active needle. Comparison be-
tween two robot statuses for the same path with equal
length of time was established by [3], and determined a
code of computing to calculate the parameters of the ki-
nematic and dynamic. The verification of the theory and
the robot movement simulation was used by SolidWorks
and MATLAB/Simulink software. Fedak et al. [4] was
presented an implementation of active method of the
robot technique and its movable simulation by MATLAB
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software. Also, a Graphical User Interface model of the
robot design had been sophisticated to employ various
virtual experiments, therefore, it could be getting various
outputs: angles, force and torque. The Graphical User
Interface could be getting the inverse and direct kine-
matics tasks. Youcef et al. [5] presented a simulation
of manufacturing robot manipulator Kawsaki FSO3N with
six degrees of freedom and the graphic Human Machine
interaction with 3-dimensions modeling. It developed
a direct and inverse geometric model with kinematics
model. A movement robot model was sophisticated with
SolidWorks and MatLab SimMechanics techniques with
a connection between them. The purpose of this study
was to test various control kinds before applying to the
real robot. The virtual simulation system of manipulator
was built by [6], which improved the design efficiency of
manipulator control system. Firstly, the 3D model of the
manipulator was established in Solidworks, and the in-
dustrial six degrees of freedom manipulator was taken
as the research object, the Solidworks model was intro-
duced into Simulink, and the joint simulation control sys-
tem of the manipulator was built by the SimMechanics
module in MATLAB/SIMULINK, and the model of the ma-
nipulator was added in the motion simulation platform.
The kinematic and dynamic analysis of the manipula-
tor was carried out by adding the terminal pose signal
and the joint signal (angle function and torque value).
The CAD model was designed considering the kinematic
and dynamic position of the robot system [7]; also, the
relevant material characteristics are selected using the
CAD software. This CAD model was used to refine a
mathematical model that could be used to implement the
control laws and appropriate controllers of the system.
Furthermore, the CAD Model is used to create a phys-
ical model as a result of translating the CAD model to
MATLAB/Simulink (Simscape/SimMechanics library) to
simulate the system works. When comparing the CAD
physical model with the mathematical model, the same
result was obtained. The main advantage of this model-
ing process was the different approaches in determin-
ing the physical 3D model (SimMechanics). The model
developed can be used for a multipurpose simulation
process which represents a valuable technique for robot
system modeling. The direct and inverse kinematics of
the robot manipulator that had been created with Solid-
Works to obtain the 3dimension model and utilizing Sim-
scape Multibody Link first generation to sending the CAD
file to obtain the XML and STL file format was solved by
[8]. Sophisticate the Graphical User Interfaces utilizing
MATLAB GUIDE to control and find the robot kinematics
value. A graphic of the robot could be drawn with all the
dimensions labeled. The result of Homogeneous Trans-
formation Matrix would give the position and orientation
of the end effector. Besides, inverse kinematics solving
would also carry out for two assumed points.
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Figure 1: Robot CAD

In this work, a CAD model of 5dof robot system is de-
signed. The forward and inverse kinematics for this sys-
tem model is solved. For the dynamic motion simulation,
the Model is translated to SimMechanics software in
order to avoid the derivation of the dynamic equations.
Different end-effector trajectory tracking paths are used
to ensure the inverse kinematics solution effectiveness.
Furthermore, the SimMechanics simulations provided
the full dynamic requirements for the robot system in the
real world, the required torques for the motion, velocity
and accelerations of the joints are induced.

KINEMATICS MODEL

In this article, the robot shown in figure 1, has 5 rota-
tional joints and a grip. For the sake of simplicity, the
CAD Model is designed as shown in the figure only to
show the rotational joint and make the kinematics anal-
ysis clear. Furthermore, the CAD model later transferred
into SimMechanics program to simulate the dynamics
of the robot without using the traditional dynamic equa-
tions. In this section the kinematics problem is detailed
and solved.

FOREWORD KINEMATICS

The direct kinematics problem is based on the knowledge
of the joint coordinates and searches for the position of
the zero-end point. In practice, it is usually not possible
to directly measure the position of the end-effector often
due to the inability to place sufficiently accurate sensors.
A direct kinematic problem can be described:

d,
P= H = £(6)
d,
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Which represents the Direct kinematics problem. The
so-called homogeneous coordinates can be used to de-
scribe the overall position of coordinate systems. The in-
troduction of homogeneous coordinates is related to the
problem of geometric projection. Basically, it consists of
a rotation matrix and a translation vector supplemented
by a zero and a unit vector. Transformation matrix This
notation is used by other methods for solving geometric
projections. The best-known convention used to describe
the geometry of serial robots is Denavit-Hartenberg Con-
vention [9]. In the case of a pair of solids link i-1 and link
i, which are connected by a joint with one degree of free-
dom in this case, it is a rotational constraint. In practice,
however, both cases of kinematic pairs (translation and
rotation) can occur. The definition of the T, = O, - [x; vy, z],
knowing the T _,=O,- [x, y,, z_], by the Denavit-Harten-
berg convention, is as follows:

cos(8,) —sin(6;) 0 Qi
il = cos(a;) sin(8;) cos(a;)cos(6;) —sin(a;) —d;*sin(a;)
! sin(e;) sin(8;) cos(G;)sin(a;)  cos(a;) d; *cos(e;)
0 0 0 1

a = distance in the x, y plane, d = distance in the z
direction.

Table 1: DH-Parameters of the Robot

i o a, di ei
1 0 0 d, 6,
2 90 0 0 8,
3 0 a, 0 8,
4 0 a, 0 6,
5 -90 0 d, 8,
6 0 0 0 Gripper

According to the parameters in table 1. the forward kine-
matics Eqs. can be written as

[cosO; —sinB; 0 0
Tl = sin6; cos6; 0 0
0 0 0 1 dy
0 0 0 1
[cosO, —sinB, 0 0]
T? = 0 0 -1 0
sin@, c0s0, 0 0
0 0 0 1]
[cosO; —sinB; 0 as]
T3 = sinB3  cos63 0 0
z 0 0 10
0 0 0 1
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[ sin6, cosO, 0 a,
T = —cos6, sinB, 0 0
0 0 10
0 0 0 1
[ cosO; —sinBs; 0 0]
T5 - 0 0 1 ds
4 —sinfs —cos6; 0 0
0 0 0 1

[A1y Az Az Apg
Ay Ay Az Apg
A31 Az Azz Az
[Ay1 Ay Az Ay

Tg =T¢ X TE XT3 X T§ X TP =

Here the A, inside the overall kinematics matrix is ex-
pressed as:

Ay = c0s0,5in(0, + O3 + 0,)c0sO5 — sinO;sinbOs

Aq; = —cos0; sin(6, + O3 + 6,) sinBs — sinb;cosbx

A3 = cosBcos{B, + 65 + 6,)

Aq4 = c0s64[ds5 cos(6; + 63 + 6,) + azcosO;, + a, cos(B, + 63)]
Ayq = sinB;sin(0, + 63 + 6,)cosOs + cosO;sinflg

Ayy = —sinB; sin(6, + 63 + 6,) sinBs + cosO;cosOs

Ayz = sinBcos(0, + 63 + 6,)

Ay, = sinB;[ds cos(0, + O3 + 6,) + azcosO, + a4 cos(6; + 63)]
Az = —cos{®, + 65 + 6,)cosOs

A3y = cosif®, + 03 + 64)sinbs

Azz = sinf®, + 63 + 6,)

Azyq = di + azsinB; + ds sin(6, + 63 + 6,) + a,sinfd, + 63)
Ay = Ay =A43=0

Ay =1

The end effector position vector concluded from the Eq.
3 as:

It is clear from Eq. 4, that the end-effector position does
not depend on the ©,. Which simplifies the problem of
inverse kinematics.
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INVERSE KINEMATICS

Inverse kinematics is a method for determining the con-
figuration of a robot (i.e. position and orientation of all
joints) for a given resultant coordinate in the workspace
[9]. Thanks to this method, the target motion coordinates
in the form (X, y, z) can be input to the interface. The
software application or the robot control directly then re-
trieves the coordinates using an algorithm inverse kine-
matics algorithm that converts the coordinates into the
necessary configuration of the individual robot parts. In
addition to determining the position of the robot in op-
eration, the method can be used to find the working the
robot's workspace or its constraints, e.g. due to an ob-
stacle, different height levels of the base robot and the
working area, etc. In addition, gripping possibilities must
also be considered the load. The load can take on dif-
ferent angles to the base or rotations and their combi-
nations. The variation of the gripping angle and rotation
is determined by the number of degrees of freedom, the
configuration of the joints and also the actual position of
the robot - some joints used to achieve position of the
load cannot be used to achieve the orientation of the load
[10]. To solve the inverse kinematics, the dimensions of
the different parts of the robot need to be known, the
maximum possible deflections of the joints and, above
all, the axis of their rotation/displacement. It is also use-
ful to create a simplified model of the kinematic chain.
These consist of individual members (arm) and links (ki-
nematic pair, joint). Industrial robots use only two kinds
of kinematic pairs. These are the linkages Rotary (R) and
sliding (T) [10]. For inverse kinematics tasks, nowadays,
specialized programs for its simulation or it is possible to
use directly modeling applications, in which robots are
designed and use an accurate model to track collisions
of themselves at the points of coupling. In the case of
computing, the algorithm for computing inverse kine-
matics is calculated automatically from the dimensions
and number of terms and from the types and number of
kinematic pairs. To determine the inverse kinematics in
this work, the simplification by transferring the individual
terms and constraints into 2D space for manual calcu-
lation. In these resulting formulas of inverse kinematics
will be used in the application to control the implemented
robotic arm and in the arm control simulation.

INVERSE KINEMATICS OF THE ROBOT MODEL

The robotic arm model solved and implemented in this
paper is a 5 DOF robot due to its 5 joints. All these de-
grees of freedom (kinematic twos) are of rotational type,
none of the kinematic pairs is sliding. Half of them have
a rotary axis parallel to the axis of the arm and the other
three are perpendicular to it. To determine the position of
anybody in 3D space, the solution of

0;
[5]=f(P)
6,
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here, n represents the number of DOF of the robot sys-
tem. Most of the calculations are based on a two-dimen-
sional representation of the individual kinematic pairs as
two sides of triangles. The triangles are folded in various
ways and through the partial angles we try to get the final
value of the angle of the two mutually placed kinematic
pairs. For the calculations, the global coordinates/axes
are denoted as follows: - x - right/left, y - forward/back-
ward, z - up/down

End-effector

‘\ 91
<) J1 Xc >X0

Figure 2: Top View of Robot Kinematics Model

The kinematic of J, is the first in order from the base, as
shown in figure 2. Its axis is the only one invariant in any
configuration and is parallel to the z-axis. orientation of
the arm parallel to the y-axis (straight ahead). The calcu-
lation of the configuration of this link is simple as it does
not depend on other constraints or point distance. It is
sufficient to use the x, y coordinates as the dimensions of
the axes of the right triangle and calculate the deflection
according to formula:

01 =atan2(x.,y.)

where 8, is the rotation angle (the rotation direction is
determined by the sign of the x-coordinate). The rest of
the joint angles can be calculated using the robot system
planar view shown in figure 3. First the angle y assumed
to be as w=6,+6,+6,, will help us in other operations - it
simplifies the determines of the angles. The angle 6,
can be calculated as follows, using the equation (4),
summing the d ? + d *and taking the square root of the
equation yields:

a3c0s0, + ascosfd, + 63) = + /dxz + dy2 — dscosy

And by rearranging Eq. d, as:
d, — dy — ds sin(y) = azsinB, + a,sinf®, + 63)

From equations (7&38)
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(d, - ds sin() — d))? + (+ /dxz +d,* - dscos(y))? - a2 - a}

2(13 ay

c0s03 =

sinB; = +4/1 — (cos63)?

63 = atan 2(sinB3,cosO3)

From figure 3 also, a & 3 angles can be expressed as:

a = atan2(d, — ds sin(y) — dy, + /dxz +d,* — ds cos(¥))

B = atan 2(a,.sinBs,as + a,cos03)

~

~
(-

~
N

Figure 3: Planar View of Robot Kinematics Model
O,=a-p
The joint angle of rotation ©, is determined from
Oy =6,4+0;+6, - ©6,=0y—0,—6;

Finally, the joint angle ©, by using total transformation
matrix in equation (3):

S5 = 51711 — (1721

C5 = S1T12 — €112

111 = ((c10263 — €15283)c4 + (—C1€283 — €152€3)S4)C5 — 515
112 = —((c16263 — €15253)¢q + (—C1C283 — €152€3)Sy) S5 — S1C5
11 = ((s162¢3 — 515253)cq + (—51C2¢3 — $15253)54)C5 — €155
122 = —((s162¢3 — $15253)Cq + (—51C2C3 — $15253)54)S5 — €1C5

Os = atan 2(ss, cs5)
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Where, s,=sin(©) and ¢, = cos(6,).

CAD ROBOT MODEL

The 3D CAD program SolidWorks is a tool for modelling
engineering systems, it has a wide range of features for
creating CAD models for a variety of disciplines [11]. This
tool allows the engineers to create three main document
types. The first type of document is parts, which repre-
sent the individual parts of a mechanism, and the second
type of document is assemblies, which group individual
parts into a functional mechanism - an assembly, and the
third document type is drawings, which represent draw-
ings of parts and assemblies necessary for their manu-
facture. SolidWorks applications are currently one of the
most widely used CAD tools and can provide a range
of additional functions using the so-called "add-on mod-
ules". The power of the CAD models lies in the ability
to transfer these models into another form of models in
another software. These translations of the models serve
the purpose of simulation or printing process. The mate-
rial properties and the inertia parameters are determined
automatically through CAD model material selection.
And these properties can be transferred also. So, in this
case the CAD model provides several benefits over the
traditional methods of simulations.

MATLAB SIMULINK SIMMECHANICS

The MATLAB development program is designed for com-
plex modelling mechatronic systems and provides a large
number of computational tools for the implementation of
control and identification of systems. It also includes the
graphical programming environment Simulink for creating
control algorithms and for solving the dynamics of con-
trolled systems. The SimMechanics simulation program
is part of the MatLab/Simulink family of programs. This
entire family of programs is designed for scientific and
engineering calculations based on matrix-based calcula-
tions [12]. Nowadays, it provides many specific toolboxes
containing specific functions for solving problems of nu-
merical computation and algorithm development in these
areas. The core of MatLab itself provides the numerical
and programming apparatus for performing various nu-
merical computations. In cooperation with this kernel, it
is then possible to implement various dynamic process-
es in the Simulink environment, providing a block-based
graphical interface [13]. A dedicated toolbox used in this
work for mechanical dynamic calculations and modelling
of mechanical systems is called SimMechanics. SimMe-
chanics extends the capabilities of Simulink by means
for modelling and simulation of mechanical devices and
their control systems. This software contains libraries
of simulation blocks that correspond to real components
of real mechanical systems. Several blocks representing
various solids, joint connections, motion screws, damp-
ers, springs, sensors, actuators, etc can be found in the
library. These blocks can be used to intuitively create
graphical representations of complex mechanical sys-
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Figure 4: The SimMechanics Model of the Robot

tems (Figure 4), connect them to the environment and
control systems also modelled by Simulink tools. In this
way, it is possible to simulate the interaction of mechan-
ical parts and them control units and the effect of the
whole system on the surrounding environment and vice
versa [14]. SimMechanics offers kinematics and dynamic
analysis of mechanical systems. The SimMechanics of-
fers the ability to import models from CAD softwares for
better and easier method for simulation, which is used in
this work. The model exported from solidworks software
to SimMechanics. And the simulation is done to calculate
the joint torques required for the motion.

SIMULATION RESULTS

The simulation presented in this works used the CAD
model and the simulation software for dynamic motion
simulation of the robot system. The main idea of the
simulation includes the solution of the inverse kinemat-
ics problem and dynamic simulation depending on CAD
model. The first step in the simulation is the suggesting
paths for the end-effector to follow during the simulation.
The paths suggested in this work are listed in Table 2.
Three paths are suggested the first is linear path, second
is circular path, and the third is helical path. The equa-
tions of the paths are described in table. 2. The paths
used for simulation are shown in figure 5. For the linear
path shown in figure 5-(a), the solution of the inverse ki-
nematics is shown in figure 6, the results are calculated
without 8_5 because this joint angle does not affect the
End-effector position. The solution of inverse kinemat-
ics was used to find the required joint angles to follow
path perfectly with very small error around 10. For the
circular path shown in figure 5-(b), the joint angles cal-
culated from inverse kinematics procedure are used in
SimMechanics for dynamic simulation. The resulted joint
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Table. 2: Paths used in the Simulations.

i * y Z
1 Linear Path 02 0 019051
0.2 [0.2,-0.2] 0.5
[02,-02]  —0.2 0.5
x=0.2
2 Circular Path y=R Sin(ﬁ)}ﬁRz—[OO.zzn]
z = R cos{®) ’

x=02+(R/2)
y = R sin(¥)

3 Helical Path z = Rcos(9) + 0.15

R=0.0209,
9, = [0,27]
9

=1[0,10m]

angles and their derivative are shown in figure 7. In this
figure, the derivative of joint angles estimated from the
simulation inside SimMechanics. These derivatives are
used to estimate the dynamic required by the joints in
order to move the links to prescribed angles from the
inverse kinematics solutions. For the helical path, the
inverse kinematics solution joint angles are shown in
the figure 8. The joint angles estimated very effectively.
These joint angles are used in the SimMechanics simu-
lation to estimate the torques required by the joints. The
joint torques calculated in the simulation are shown in
figure 9. The notches shown in the curves for torques are
due to the coupling dynamics between links. After getting
the data points of the paths the inverse kinematics prob-
lem is solved to calculate the required joint angles for the
End-effector to follow the suggested (desired) path. Lat-
er the calculated joint angles are fed to SimMechanics
software in order to simulation the imported CAD model
using the joint angles for each path.
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Figure 5: End-Effector Trajectory Paths, (a) Linear Path, (b) Circular Path, (c) Helical Path
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