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Abstract—SCARA robots have been used in various fields of
robotics, such as biomedical engineering, automation,
industrial, and gaming. However, our SCARA (Selective
Compliance Assembly Robot Arm) VR model stands out with its
realistic design and construction assumptions. The VR testing of
the robot's motion envelope has facilitated a more precise
inverse kinematics solution and verification of the dynamic
process. The intelligent controller of this application, based on
the Adaptive Neuro-Fuzzy Inference System (ANFIS) technique
and a classical proportional-integral-derivative  (PID)
controller, offers an optimized solution to the accuracy problem.
The hybrid ANFIS controller starts with the PID setting
parameters of the resultant solution. Following thorough testing
of the suggested SCARA manipulator with an intelligent
controller in a virtual reality environment, researchers
recognized the physical system's potential for implementation
utilizing multiple control approaches. Despite the intricacy of its
design and implementation, the intelligent controller's software
ensures that the system runs at top efficiency. This application
replicates the user interface of the MATLAB/SIMULINK var
(2022b), which produced promising robotics results,
demonstrating its trustworthiness as a realistic, intelligent
model, and virtual reality was critical in the development of the
SCARA manipulator. It digs into the design and analysis of a
hybrid intelligent controller for SCARA robots, which are
widely used in assembly lines and manufacturing. Finally, the
proposed controller combines the best features of an Adaptive
Neuro-Fuzzy Inference System (ANFIS) with a conventional
proportional-integral-derivative (PID) controller to resolve
application accuracy difficulties as efficiently as possible.

Keywords—SCARA  Manipulator;  Inverse  Kinematic
Solution; Hybrid Intelligent Controller; Virtual Reality; ANFIS
Methodology.

l. INTRODUCTION

Designing and analyzing a SCARA robot hybrid
intelligent controller based on a virtual reality model is a
challenging and multidisciplinary approach. Integrating
SCARA robots with virtual reality and hybrid intelligent
controllers requires a better understanding of robotics,
control systems, and virtual reality technology [1][2]. For
decades, many studies have focused on the development of
manufacturing robots, which are widely utilized in numerous
applications, particularly in mechanical work, aerospace,
defense, decision making and operations, painting, and
soldering [3][4]. Furthermore, the robot is employed in

medical procedures like as surgery, where the location of the
end effector (position of a robotic) is critical to achieving
improved accuracy [5]-[7]. They are employed to assist the
human administrator during the activity, so improving
exhibition and precision, as well as the robot control system's
strength in transportation, medical, and modern settings.
They can also be employed instead of humans in high-risk
situations, such as a radioactive site. Thus, the robot is used
to aid the human administrator increase the preciseness and
accuracy of the action [8]-[12].

Selective Compliance Articulated Robot Arm (SCARA)
with three revolute joints and one prismatic (degrees of
freedom, DOF) became standard in production systems in the
factory and used in assembly lines and packaging. This type
of automaton was initially introduced by (Hiroshi Makino)
[13][14]. Today, modern (SCARA) robots are created with
numerous sizes, weights, and linear speeds. Currently,
industrial applications use intelligent control systems for
robots [15]. SCARA controllers frequently execute tasks such
as deformity removal, pick-spot, brushed gap pegging, circuit
board assembly, and mechanical assembly, all of which need
precise tracking and rapid movement within the end-effector.
Traditional high-speed robots cannot handle enormous
weights (10-20 kg), while robots carrying massive payloads
cannot travel at high speeds. The servo motors allow for rapid
speeds and payloads. Higher speeds are frequently achieved
utilizing parallel kinematic devices with actuators [16]-[20],
as illustrated in Fig. 1. Researchers have reached rising
velocities of up to 785 ms2, which is around 80% of the rate
of gravitational acceleration. To address the inactivity issue,
belt drives divide the drive system segments by numbering
the power transmission and actuator segments from the
emotional parts. This is because, as it may, the system
becomes acquainted with the backfire and erosion [21][27].

A few studies have proposed alternatives, such as the
wire-driven fast-load conveyance (FALCON) robot. Degrees
of freedom (3-DOF) Mini Cheetah robots (MIT's) Toumi and
Kuo envisioned a direct-drive regulator. The velocity reached
3 m/s, which indicates that it may accelerate up to 3.8 times
the gravitational velocity (precisely between 0.05 mm as well
as 0.1 mm). There has been no investigation into a hydraulic
solution for the high-speed, high-payload problem [28][35].
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Fig. 1. lllustrates the features of a SCARA robot and many robotic grippers, intelligence, control, and system efficiency improvements

Vibration can also be an issue in planar operations, which
frequently use SCARA controls. Brushless DC motors, which
can generate extremely large torques but also increase system
inertia, are typically used to guide traditional inexpensive
SCARA controllers. Beating the issue of revolute joints
connected by belt or gear drives, notwithstanding the
presence of postponed friction and slip [36]-[40]. At
extremely high speeds, the massive payload of an electric
motor-driven SCARA is impossible. The research into servo-
hydraulic component technology was limited to high-torque
force applications. There are a few servo-hydraulic actuators
that are suited for controlling sequential devices. Various
linear actuators have been used to power revolving joints,
vary torque across the operating range, and limit execution.
Studies on turning actuators have not yet been undertaken.
Other studies have considered rotational actuators for high-
torgue utilization. None earlier have utilized servo-hydraulics
power to create high speeds in serial controllers
(manipulators serial) [41][42].

Designed an economical SCARA robot has been done
based on a conventional PID controller. Deciding Denavit-
Hartenberg (DH) specifications is the initial step for inferring
robots’ mechanics (kinematics). The arranged method was
connected to the robot, as indicated by the DH. The SCARA
robot offers great execution, for example, (~+0.01 mm
repeatability), a peak linear speed of (8.5 m/s) in x-y, (0.5 s)
the time of pick and spot process duration, and an adaptable
control system. The results demonstrated a low error during
the quick trajectory. The trajectory is tracked with great
accuracy in (the position and speed). A limited component
analysis was used to decrease the total weight of the robot

links [43]-[47]. Based on the mechanics (kinematics)
principle, an inverse kinematics analysis algorithm for the
(two degrees of freedom) SCARA mechanism is derived,
which is tested and confirmed using the PMAC multi-axis
motion controller. Analytical calculations can be used to
successfully understand the inverse kinematics solution of the
robot mechanism, and the user can accomplish the
corresponding track motion by programming the mechanism
end actuator assortment position [48][49].

Moreover, in the investigation of the simulation which
has been wused, (4-DOF) SCARA robot (Selective
Compliance Assembly, with three moves of joints and one
prismatic joint to appreciate handling. The structure was
constructed using (CAD) software. Controller technology
leads to automated movement. The product has been
completed based on efficiency increase, quality development
together with less aberration, timely delivery, limited
maintenance, and more safety aspects (Table I1). shows the
uses of robots and a comparison of the types of control,
accuracy, etc. [50]-[54]. Modeling of a (4-DOF) SCARA
robot system (axes) using the Denavit-Hartenberg formula
and kinematic equalization of the SCARA robot. Mechanism
Characteristics: The extensive investigation used DC
servomotors for each of the robot's arm joints. A four-axis
SCARA system was integrated using the virtual reality
modelling language (VRML). The SCARA robot was
simulated using MATLAB/Simulink tool package software.
The design is based on (solid-body) design and VR
technology. The reaction was swift, and time utilization was
possible using interface cards [55][56].
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1. RESEARCH IN CONTEXT

A. Evidence Before this Study

Robot-assisted training (RAT) is acknowledged for
improving efficiency and accuracy in many applications
within biomedical engineering, automation, industrial
sectors, and gaming. The SCARA robot arm is highly
adaptable because it directly addresses kinematic and
dynamic obstacles.

B. Problem Statement

Integrating sensors into SCARA robotic end effectors
presents several challenging issues that, if resolved, would
enable a system that is both efficient and resilient, and
performs accurately under regulated settings. The data
collected by the sensors allows the robot to perform activities
such as placement, assembly, and selection of parts, but
additional difficulties arise when modifying the end effector
for various materials and settings. To be effective, the system
must be able to adjust its strength, shape, and size to
accommodate a wide range of weights, sizes, and shapes, and
be capable of operating safely and effectively in various
environments such as high and low temperatures, high and
low humidity, and small spaces. The ability of a sensor
system to identify and respond to possible collisions is crucial
for reducing the likelihood of harm to the robot and its
environment. Overcoming the challenges related to security,
performance, scalability, and detection accuracy is essential
for creating a system in which SCARA robots can rely on and
adapt to perform better in industries such as automation,
assembly, and manufacturing. This study focuses on the
problem of robotic end-effectors equipped with sensors, with
the aim of developing a system that addresses these
challenges and enhances the performance of SCARA robots,
because one of the most important problems of factories in
production lines is the accuracy of the sensors used,
supported by artificial intelligence software, to identify and
distinguish between a good product and a defective product,
as well as the need for some industrial applications. To
distinguish between products according to the efficiency of
performance and divide them according to the degree of
efficiency into different groups, as happens in the
examination and differentiation of solar cells. The study will
also seek to implement a simulation of an integrated
industrial system to find an appropriate solution between the
speed required in isolating the bad product and its keeping
pace with the required production speed, on the basis of
which it is evaluated. Factory performance.

1. MATHEMATICAL MODELING OF THE ROBOT

Kinematics are divided into two types: inverse kinematics
and forward kinematics. In inverse kinematics (IK), the
length of every connection and the position of the objective
inside the work volume are given, and we need to determine
the angle of every joint. In forward kinematics (FK), the
length of every connection and subsequently the angle of
every connected join are given, and we must find the position
of any function within the work volume. In kinematic
analysis, the positions and speeds of all joint connections
were determined [57]-[61].

A. Inverse Kinematics Modeling

Inverse Kinematic model discovers more potential
utilization in practical systems. The Inverse Kinematic model
measures the joint angles required to achieve the given
position and orientation. The IK model finds important things
in other fields such as 3D games. In contrast to forward
kinematics, the solutions that ensure collision-free operation
and the least possible joint motion are studied more optimally
[62][63], see Table I.

TABLE I. LISTS THE DH PARAMETERS OF THE ROBOT ARM

J Dj 0 Aj 0
01 0.0 0, A 0.0
02 0.0 0, A 0.0
03 Ds 0 0 0.0
04 D, 0, 0 0.0
According to Table | [11], we can write the
transformation matrices as
[ c0; s6; 0 A ]
TO = F = —s0;, ¢, 0 Ao, 1
1 =F 0 0 10 1)
0 0 0 1
[ cO, s6, 0 A,s6,
TI=F = —s0, c6, 0 A,co, 2
2 = F 0 0 1 0 (2)
0 0 0 1
1 0 0 0
2 _ 0 1 0 0
T=8=1p 0 1 -b, ©)
0 0 01
8, s6, 0 0
2 s0, cb, 0 0
5 =5 0 0 1 -D, “)
0 0 0 1

The overall transformation matrix can be expressed as
(s

c0,cO,cb, 56,560,506, 0 A,s6; + A;s0,

_ |—s0,50,s6, c6,c0,cb, 0 Ayc0,c0, + A cb, 5)
B 0 0 1 -D,—D,
0 0 0 1

1) Position inverse calculation

The desired location matrix of the SCARA robot can be
written as

NX OX AX Px
TI_II? = Ny Oy AJ’ B y (6)
NZ OZ AZ PZ
0 0 0 1

The overall transformation matrix of the robot can be
considered an equivalent matrix of the desired location, as
follows [26]:

T52F1F2F3F4=T40 (7

The calculation of F4 can be performed using Eq. (1) to
Eq. (4) and Eq. (6) then substituted by Eq. (7), we obtain:

F'F ' FO'TS = F, 8
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[ NycBycy + NysO;s6,  0,c01c6 + 0,,56,56, AycB;c6; + A,s0;50, PC8,CO, + P,s0,50, — A;s0, — Az]
—N,50,560, + N,,c0;c0, 0,50150, + 0,c0,c0,  —AxS0158; + Aycb;ct; —Py 56,58, + Py, — A156, | _ F,
N, o, A, P, + D;
L 0 0 0 1
TABLE Il. SHows THE USE OF ROBOTS AND A COMPARISON OF THE TYPE OF CONTROL, ACCURACY, ETC
o . Implement or
Ref. Application Type Of Controller Type Of Gripper Accuracy Simulation
[49] 6A];r(n)1£\/[r 2%10%??;?;1 (ED-Mark 1V) is rubber pads precision of +0.5cm Simulation
rotation signal of the
SCARA joints and The method is effective, and the . .
[50] | Industrial Application (?;\IIHFCI)S) translation of the gripper response (settling) is fast. Simulation
movements
4 Degrees of Freedom
[30] Surgical skin cutting APID controgfrftic)lf;Feedforward (DOF) Selective Compliance simulated with success. Simulation
Articulated Robot Arm
four arms SCARA (Selective]
[51] 3D printers Differential-Algebraic Equations (DAE)| Compliance Articulated increasing the supply voltage. Simulation
Robot for Assembly)
. . . The software includes RC+ 7.0 robot | . . the result shows that the system has
scenarios of industrial . . industrial robots based on . . Implement an
[48] robot. control software, Unity3D engine and Virtual Reality technol obtained the real-time control Simulation
0DOtS- Visual Studio 2013 development tools ual Reality technology objective, watio
[52] lﬁgﬁ;ﬁ;i ltglr( (ANFIS)& (NN) 7-DOF Palatable outcomes are implemented| ~ Simulation
(53] RPP robot fuzzy PD controller RPP robot has three degrees| better controlling performance in Simulation
Y of freedom comparison with other controllers.
industrial manipulator
[54] [that shares its workspace controller CR751-D. four DOF industrial more-effective Simulation
with humans
position tracking for good dynamic performance, good
55] SCARA robot PCH and backstepping 2-DOF steady-state performance and strong |  Simulation
resistance to external interference.
traiectory trackine of hows to be able to ensure that the
[42] J ?(I)bo ¢ & DTSMNAC 2 DOF output tracking error will converge to| ~ Simulation
Zero
control the joint-angle reduce the tracking error to nearly | Implement and
[56] | position of the SCARA | neural controller and PID controller 2 DOF g Y P lati
parallel robot Zero Simulation
in order to address the It has been demonstrated with
[44] Kinematic analvsis (FIS) and (NNA). 4-DOFs simulation runs that results are Simulation
Y satisfactory
[57] SCARA robot PID 2 DOF show the increasing of performance | i 1oion
and stability.
improved performance
[58] Trajectory Tracking fuzzy-P1 3 DOF characteristics in terms of highly Simulation
reduced maximum absolute error.
This model provides an open-source
[59] trajectory planning, PID 2 DOF platform for robot trajectory planning] ~ Simulation
and motion control algorithms.
[60] trajectory planning  |Arduino and OpenCM?9.04 control cards| 5 DOF very succ;j}sliligzsults were Simulation
Based on the compression of Egs. (4) and Eg. (8), it can P, = (A4, + A,50,)s6, — A,c0,c0, (14)
be concluded that Eq. (9) and (10) as:
g (9) and (10) P, = AycO,¢0; + (A; + Ay50,)ch; (15)

P, = A,50,+A,50,50,

02 = 5aa,

©)

The solving Eqg's. (14)(15) can be performed using

P, = A,c6;+A;ch,ch, (10) Kramer’s formula, as follows:

Same as with Eq. (9) and Eq. (10) yields the following: A= [Aljzfgzsgz Al_ff?ez = (Ay + 4;50,)" + (Azc0,)*  (16)
(P2 + P2 — A2 — 4%) (11) AsO, = Alizglgzsﬂz :g] = (A1 + A;560,)P, + (A,¢6,)P, (17)
c, = +1 — (s6,)? (12) Ach, = [ﬁ; _A:ﬁlfiizsgz = (Ay + A;56,)P, + (A,c0,)P,  (18)

92 — tan‘l ﬂ (13) co AcOy _ (A1+A507)Py—Ac0,Py

s6, 17 A 7 (A1+42502)2+(A00,)2
(A1+A256;)Py—AzcO,Py (19)

P02+(Py)°

Eg. (9) and Eqg. (10) can be rewritten as
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As6q (A1+A2502)Py—AycO, Py

A - (A1+A2$92)2+(A2C62)2 -
(A1+A250,)Py—A7cO, Py (20)
2
(P)2+(Py)
_1 56 _1 (A{+A,56,)P,—A,cO,P.
0, = tan1 22 = ¢qn-1 LA Aachiy 1)

c6, (A1+A4;,50,)Px—AzCo2Py

According to the comparison between cell (4, 4) in the
matrix for Eq. (5) and Eq. (6) will get:

D;=—P,—D, (22)
6, =0 (23)

According to the comparison between cells (1, 1) in the
matrix for Eq. (4) and (2, 1) in the matrix of Eq. (8) will get:

Py = —(A1091+A1)91 - A209109292 (29)
Py = —(A156,+4,¢0,c0,)6, + A,c6,c6,0, (30)

Based on the solution to Eg. (29) and Eqg. (30) using
Kramer’s formula, as follows:

P,s6,s6, + p,c;cb,

= 31
1 A;cH,
5 _ —Dy(A161+A5¢0,¢0;)——Py(A156,+A,56,56,)
0, = A1AzcO, (32)

The Translational velocity form is:
DZ = _PZ (33)
By differentiating Eqs. (26) as:

594 = NxsglsGZ + Ny591592 (24)
50440, = —[dNycO1c6,(d6; + d6,)] + dyyy56;56,
0y = —N, 56,50, + Ny,50;50, (25) — N, c;c0,(d8, + db,) (34)
—N,sin(6,+6,)+N,cos(6,+6
0, = tan~t —2 (01+0,)+N, : (01+6>) (26) So,
N,cos(0,+6,)+N,sin(6,+06,)
g de d91+d92( 0,50, + 1,0, c,)
. . = ———\NxSU;S n,coqc
2) Velocity inverse calculation * 56, T Ty (35)
] ] c,ch, 56,50,
Based on the inverse solution of Eq. (9) and Eq. (10) — g, WNxt+——adN,
. . 4 4
yields the following: 0
px = _Alcelél - Azcelcez(él + 92) (27) 94 = E
. . . . 5915921\7 - 691C92Nx - (Nx591$92 + Nycalcez)élz (36)
Dy = —A1¢0,0, — Ayc0,c0,(6, + 6,) (28) = 50,
By rearrange:
3) Acceleration inverse calculation
9. _ _(ﬁxcelcez + f)y591592)912 + (ﬁxsglsgz + p'ycglcgz) - Alsgzéléz (37)
! AicO,
b2
~ [(pxC91 — PrS01)A;s + (B 010, — Prs01502)Az + (PysOr — PrxcO1)A101 + (PysO150, + Prchic0,)A201, + A145(6,) ] (38)
- A, A,ch,
d.3 = —Dx (39)
6, = Ny 560,56, — 7i,c0,c0;, — (2N,c6,c0, + 2N,50,56,)8;, — (Nys91;92 - Nxcelcez)(élz)z — (Nys6,56; + Nyyc;¢6,)8;, + c94(94)2 (40)
S0,

B. Dynamics Formulation of the Robot

The torques of every joint in the robot presented in Fig. 2
can be expressed as [64]:

Ty = f1101 — f1201 — f13D3 — f146,0, + f15(92) (41)
T, = f2101 + f220, + fo3D3 + f24(92) (42)

T; = _f31é1 + f3zéz + f33b3 — faa (43)

By considering the following definitions of the
parameters in Eq. (41)-(43):

fir = (r)*my + iy + gZim1 + (A2 + ()2 + 24;120)m,
+ (A1)? My + iy + i
+ ((A1)2 + (Az)z + 2A1A2C92)(m3
+ mmg) + i3 + i‘m3

fiz = (1)? + Ayrs,)my + iy + Grolimy
+ ((A))* 4+ A1 A50,) (M3 + myy3) + i3
+ o
fi3 = Gr3imz; fia = 2410, [myr; + (M3 + Mpp3)A,]

fis = A1cOy[myry + (M3 + myp3)A,]; fis
= A;c0;[myr, + (M3 + myp3)A;]

for = my((1)* + A738,) + iy + Gralma
+ ((A1)2 + A1 A;50,) (Mg + My3) + i3
+ i3

fo2 = (r)?m, + iy + gzzimz + (Az)z(mg + Mp3) + i3
+ims

f23 = Gr3lms; foa = A1cOy[myr, (Mg + mpp3) A,

f31 = f32 = Gr3lms s f33 = M3 + Gr3ims ; f3a = Mag
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C. Modeling of the Actuator

One of the most crucial parts of a robotic system is its
actuator. The mechanism could be a computer that transforms
energy into motion. There are various sorts of mechanisms,
including hydraulic, pneumatic, mechanical, and electric.
Most DC-servo motor engines are used in automated systems.
An actuator is a machine that moves within an automaton.
The machine types included cylinders (pneumatic and
hydraulic) and motors. The elaborate actuator type is the Dc
motor which will be derived for use throughout this analysis.
To regulate the voltage and provide, the motor drive can use
Pulse Width Modulation (PWM) control that uses
microcontrollers for these benefits [65][66]:

Light weight

Small size

Less the input and output

The voltage of the armature can be variable with less loss.

By considering a constant flux, the model of the DC
motor (separate-wound) at the permanent magnet can be
expressed as (44)-(47) [67].

n1=Rgl+E%;+Li? (44)
eq, = Koy, W, (45)

T = ke, @i, = kriy, (46)
T =Ty, + jmy 2+ by, (47)

D. Transmission System Modeling

The robot design incorporates a variety of transmission
components. The transmission is designed to transfer
mechanical energy from the mechanism system to the load.

The most crucial components of robots are the gears that are
used for everyday transportation. Transmission is only
allocated to the gearbox, which uses gears to convert speed
and torque from a rotary motor shaft. Robots typically use a
harmonic drive in their (revolute-joint) transmissions. The
advantage of drives with parallel shafts is an unusually high-
altitude transmission quantitative relationship in built-in
bundles. The sender torque on the motor shaft (T) is often
calculated using the following equation:

Y Omg o _ pOmy
T= grn =T WLy n=T 01, n TL1 (48)
, JL
)= m, 4 L2 @

The linear velocity of the third joint can be expressed as

W,y

=2 =D, (50)

V. METHODS AND MATERIALS

The proposed methodology involves the creation of a
sophisticated robotic vision system capable of reliably
identifying and manipulating objects, as illustrated in Fig. 2.
Initially, we captured RGB images of the items and
subsequently converted them to grayscale to facilitate the
data processing. By employing Canny Edge Detection, we
were able to determine the shapes of objects from the
grayscale images. Real-time processing was performed on the
collected data, which were continuously acquired. We
conducted a thorough evaluation to determine whether we
had obtained an adequate number of data points. Once a
sufficient dataset was accumulated, a fitting algorithm was
employed to generate a virtual curve, which was then stored
in a database. The system utilizes this curve to
mathematically model and recognize the edge of an item.

S

Capture initial images of

Reference plane selected for the

Virtual curve generated by curve

parts Yand ultrasonic sensor matrix > fitting algorthim and stord in the
data base
‘ 3 :

Convert the initial RGB —»
image into gray image

Time of flight value used to
calculate the distance from
refernce plane

Neural network model developed b
the previous two data base

! I

l

Apply the canny edge
detection algorthim

Distance value stord in the datd
base and the transmitter move
1 to different location

Predicted result from the above
model compared with the image of
target object

Determine the edges of
parts and stored in th |
data base continuously [ NO

Is enough sample
point collected ?

l NO

Yes

-/

Is matching percentage
> threshold limit

G

proper location achieved

Object grasped at the | Extract gripping Iocation‘_

Geometric dimensions
calculated using
ultrasonic data

Max value - Min value =
Height of the object ¢

Fig. 2. Overall description of the proposed research methodology
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Simultaneously, a Neural Network Model (NNM) was
used to estimate the target object's properties from the
recorded data. The ultrasonic sensor matrix chose a reference
plane and used time-of-flight distance data to establish the
object's exact location by providing essential depth
information. The system then determines whether the neural
network's prediction is close enough to the actual object to
pass a specified accuracy test. After reaching the threshold,
the robotic system moved on to the grabbing phase, where it
used geometric measures derived from ultrasonic data to
establish the precise placement and size of the item.

The system triggers the robotic arm to grasp the object at
a specified position if the matching percentage is within the
permissible range. This method holds great promise for use
in robotics and industrial automation because it integrates
edge detection, sample analysis, machine learning, and
sensor technologies to achieve precise object manipulation

A. Sensor Classification in Spherical Coordinate-Based
Articulated Robotic Arms

The classification of sensors in spherical coordinate
articulated robot arms is vital for designing and controlling
robotic arms. Robotic arms can be equipped with a variety of
sensors to increase their usefulness and performance. For
example, a three-axial force sensor based on fiber Bragg
gratings may detect external forces on a robotic arm from
several degrees of freedom (DoF) using a single compact
sensor. It offers a tiny and adjustable force measuring method
for spherical coordinate articulated robot arms with flexible
outer and robotic arms [38-40]. Vision-based sensing
approaches for cyclic robotic arms have also been studied.
Three actuators operated the spherical robotic arm and
supplied sensory feedback for both rotating axes, one of
which included a camera [41][42]. Vision-based sensors can
provide complete feedback while controlling a spherical-
coordinate articulated robot arm.

Furthermore, according to Yang et al. (2023), sensor
fusion technology can improve the accuracy of
anthropomorphic robotic arm control by merging the
information from several sensors [43][44]. Thus, it is clear
that achieving reliable and precise control of spherical
coordinate articulated robot arms requires integration of
several sensors. To further improve human-robot
interactions, researchers have investigated the use of tactile
sensors to provide robotic arms with the ability to perceive
social touch [45]. Touch sensors are essential for spherically
coordinated articulated robot arms to perform realistic
movements and intuitive interactions. In conclusion, there is
great promise for combining several types of sensors, such as
tactile, vision-based, sensor fusion, and force sensors.

B. Components and Schematic Models of the System

The robot's main goal is to identify, select, and operate the
appropriate parts for assembly to complete the process of
mating the parts to construct the finished goods with the aid
of the applied embedded sensor. As depicted in Fig. 3. The
F/T sensor used for this work met the following
specifications: A six-axis force/torque sensor (Model No.:
9105-NET- GAMA - I1P65) mounted on the SCARA robot's
wrists and equipped with a suitable gripper detects the force
and/or torque acting on the manipulation during a "obstacle

encounter. To detect the presence or absence of a certain
object, two proximity detection sensors, one capacitance
(Model: CR30-15DP) and one inductive (Model: E2A-
S08KS02-WP-B1-2M), were attached within the robot
gripper. The proximity sensor used for this purpose meets the
following criteria. The programmable logic controller (PLC)
communicates with the sensor's ON/OFF signal outputs.
Tactile and Ultrasonic Sensors (Light Touch Sensor Model:
EVPAA and MA40S4R/S, respectively) were also positioned
on the end-effector of the SCARA robot to detect the intended
item's proximity to the end-effector and to signal the gripper's
exerted force on the target item.

# g

|

Capacitive and
é inductive proximity
e sensor for robot

2

(7

Sensor integrated
Gripper

Fig. 3. SCARA robot configuration

C. Techniques for Interfacing and Collecting Data

As shown in Fig. 2, the DAQ system connects the PC to
the plan of the interface of all specified instruments with the
SCARA robot, the F/T sensor, and the vision sensor. The
information collection device transforms the voltages that are
analogue to the sensor signals into digital values. The data
were processed using MATLAB 2019a. By employing the
ladder design and PLC software device, proximity detectors
were interfaced and successfully controlled by programming
a PLC. Similar to this, Fig. 2 shows how ultrasonic as well as
tactile (LTS) sensors are connected using microcontrollers.

An intelligent robotic arm must have the ability to
comprehend interactive information in unproductive
surroundings, notably exterior data, such as distance,
closeness, and force. Only a small percentage of the currently
available industrial robotic end-effectors can fully sense both
internal and exterior information, and the majority rely
entirely on visual systems. A multisensory approach was used
to perceive the necessary data for the automated operation.
Several sensors were employed to gather data on items,
industries, and the environment.

D. Distance and Position Detection Sensors

To ensure accurate data collection, a combination of
sensors is employed, including those for distance and location
recognition, as well as a vision detector and ultrasound
sensor. The latter is used to direct both the autonomous
manipulation and the final effector in determining the 2D
surface, position, distance, and form of each component in
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the working area and to identify the object in question and its
components. Specifically, a 40 KHz square pulse signal was
transmitted by an ultrasonic distance sensor positioned in the
area between both fingers whenever a 5V P-P square wave
was applied to it, as illustrated in Fig. 4.

Force / Torque L
sensor ; Electronic interface

and Multiplexer

Vision Sensor ~

i
| Pl
Proximately _ ! -
[
1

Sensor
~——3 Micro controller f————-————-—-— !
==
Ultrasonic sensor____|!

I
: Power supply [---—--——————— Computer system
I
I }

Tactile sensor —— —— -

Fig. 4. Types of Sensors implemented with the SCARA robot

E. Hybrid Intelligent Controller Proposed Design

There are two distinct techniques: Model Reference
Adaptive Control (MRAC) and Direct Reference Adaptive

Control (DRAC), both of which are very efficient and simple
to construct a control following system performance through
the use of previous system performance. They must address
the difficulties of quantity optimization by limiting prices.
They used data from previous trials to improve the reference
input for the current trial, resulting in a hybrid (ANFIS)
controller that is dependent on the model's classical
controller; however, with the (ANFIS) reference input
modification, the system's output is approximated from the
required to the factual (actual). The suggested manner and
structure are easy to apply, requiring neither sample nor
period recognizability of the sample parameters. This is a
fundamental graph of the suggested design. The design of a
basic control system can be used by any straightforward
technique or by tuning any control system. It epitomizes the
starting condition in a hybrid ANFIS controller, as opposed
to the ongoing recognizable proof in previous methods of
control systems.

Fig. 5 shows the basics of an (Adaptive Neuro-Fuzzy
Inference System) ANFIS control structure. It is utilized as a
hybrid controller together with a traditional controller, and
utilizes the planned computation technique for the control law
that drives the controller to the required position and direction
of the end effector. The structure of the ANFIS controller has
elements such as the Fuzzy Inference System (FIS), except
for the A neural-network block.

— | De- fuzzification

——————— Database - - - - — - — — —
‘ r————
| |
\ |
\ |
\ |
| |
| _—_— Knowledge |
} Fuzzification base —
\
\
\
\
L fffff Rulebase . _ __ __ ___ __ _ _
Reference
— Classical PID controller
Set
value

Output controlled

Feedback element *

Fig. 5. Overall block diagram for proposal system design of hybrid intelligent controller based on (ANFIS) for SCARA robot
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The system structure contains a collection of units and
connections organized into five associated preparation layers,
that is L1 to L5. The controller has six variable joints to
control; each has a hybrid ANFIS controller parallel to the
traditional controller. Each ANFIS controller has a similar
design, and obtains similar adjustment and preparation rules.
The design of the five layers can be condensed as

e Layer one: The Node Layer

Including input variable membership functions (MF),
inputs one and two (triangular or bell-shaped) membership
functions can be utilized in this layer. in this Node Layer
produces only input values xi in the succeeding layer. The
first input is the error signal (Aq%) and the second input is the
previous error (eer(k)) which is computed using Eq. (12). The
derivative of the angle (¢) of the joint and its replacement are
used as feedback for measuring the dynamics before being
used in the regulation rule by means of Eq. (51).

eer(k) = Aq¢ (k) — Aqd (k — 1) (51)
e Layer two: membership layer

In layer 2, the weights of each membership function were
checked. From the first layer, we obtain the input data values
(xi) and then go about as membership functions to represent
the fuzzy arrangements of separate input sources.
Furthermore, it processes the (MF) worth which determines
the degree to the input worth ix belonging to the fuzzy, which
gives the detail of the degree together with input values into
the consequent layer.

e Layer three: The Rule layer

In this layer, the computation of each neuron coordinates
with the fuzzy rules and calculates (precondition) for each
basic rule. The actuation level of each rule is processed, and
each node in the third layer determines the normalized
weights. The desired result is generated using British English,
adhering strictly to its spelling, specific terms, and phrases
without making any changes to the content, including
citations, references, or in-line citations, and without altering
any numbers in the text.

e Layer four: The defuzzification Layer

In the defuzzification layer of a neuro-fuzzy network,
(output) values are determined by inferred basic rules. The
connections between layers 3 and 4 are weighted by fuzzy
singletons that represent various collections of network
specifications. These singletons are used to establish
connections between the layers and play a crucial role in
determining the output of the network. The use of fuzzy logic
in this context allows for more flexible and adaptive
connections between layers, which can improve the overall
performance of the network.

e Layer five: Output Layer

During this layer, the addition of each input from the
fourth layer converts the fuzzy classification results for
crisps. The entire Adaptive Neuro-Fuzzy Inference Scheme
structure is set up automatically using a lower-square
approximation and backpropagation formula for the required
membership function parameter approximation. The formula
that appears on top of is utilized with 6- (Adaptive Neuro
Fuzzy Inference System) ANFIS into the manipulator’s
controller with varied parameters.

The outputs of the (Adaptive Neuro Fuzzy Inference
System ANFIS) controller and of the traditional controller are
going to be summarized and the preparation of the parameters
post-beginning are going to be custom-made to the
parameters of n interpreted in the following section. The
conventional proportional integral derivative controller (PID)
tuned the factors Kp, Ki, Kd offline prior to utilizing it here,
they appear as the basic (initial) practice condition of the new
intelligent system (the planned hybrid ANFIS controller).

F. Environmental Application Model in Virtual Reality

The virtual reality modelling language (VRML) is based
on the classic description language for 3D worlds on the Web.
Even though it as of late has been reached in requests to
support conduct and utilized associations, empowering
authors to realize interactive virtual worlds. The prerequisites
for the structure in the VRML area unit are elucidated in
terms of limited processing allocations, regular calculations,
and self-registration. The (VRML) design is based on the
styler's information as well as his interpretation of the paper.
VR design decisions area unit classic configurations (circle,
cylinder, cone) and free shape (a list of indexed face set
buttons is chosen to urge several designs with focuses that
may be reworked). Each genuine structural configuration is
viewed as a freestyle design, which begins with building
components one by one and examining the architecture
against a linked, real controller portion [46].

The robot component cannot be simulated in a standard
form using a Virtual Reality (VR) library because the
uniformity of the VR standard is not suitable. The design
incorporates a field-indexed face set in Virtual Reality (VR).
The design phase involves associating all of its elements to
supply the item and restricting its origin. Establishing the
basic form, such as the base, and then connecting the
subsequent design joints, two in the children's button, were
the steps used to build this activity. A similar approach was
repeated when the other elements were used. Fig. 6 illustrates
the anatomy of an SCARA robot with a vacuum treatment
wrist in full virtual reality. The desired outcome can be
generated using only British English, strictly adhering to its
spelling, specific terms, and phrases [47][48].
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Fig. 6. Environmental design of application model of SCARA robot's left arm in virtual reality using (Matlab2022b) based on VRLM package

V. RESULTS AND DISCUSSION

To simulate the performance of SCARA robots, a virtual
reality (VR) model and MATLAB software with Simulink
R2019b were used to create a neuro-fuzzy controller that
followed the trajectory. The simulations were started by
invoking a set of 49 fuzzy rules in MATLAB (command
windows). When you open the fuzzy folder with the
combined T-S controlling strategy, a fuzzy editor dialog box
(FIS) display. The chosen file (yousif\_FZ\ Des) is then
exported from the source via a command window. Then a
hazy editing window appeared. As illustrated in Fig. 7, the
fuzzy rule file is opened to activate the TS. The data were
then sent to the workspace, where simulations were run for
60 seconds to obtain the desired outcome.

Trammg Data (Solld Line) and ANFIS Predlctlon (Oots) with RMSE 0047411
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Fig. 7. Simulations of intelligent controllers for the SCARA Robots in
industrial applications with virtual reality verification

Equation (52) displays the ANFIS regulators, that is, the
oscillation and modification of the mistake, as (52).

eo(k) = w, — w;
Aey(k) = e, (k) — eo(k — 1)

While w; is the true rotor rotation speed, oy is the referencing
speed, e,(k) is the stumble, and e(k) is the incorrect
adjustment. The denominator converts over-expressed details
into phonological factors, which are represented as
contributions to the standard-based square.

} (52)

The placement of Equation (52) standards is dependent on
previous information/encounters in the standard-based
square, which differs from the NN block. The method of
proliferation calculation instructs the NN to select the most
appropriate base-base blend. When creating a control signal,
it is critical to plan ahead of time to select a suitable basis. At
that point, turning off the installed bases generates the desired
control signal for the optimal yield. The NN unit's production
can be expressed as a contributor made by the commotion-
dropping system, and phonetic elements are encoded into
electronic data, such as chips. The definite factors of speeding
inaccuracy and shift in blunder are converted into hazy or
phonological factors in combining. The haze mixes connect
the information sources, which are then introduced as
complements to ANFIS comfort. Table Il provides the
typical principle for selecting appropriate guidelines using
the converse distribution computation.

Table 11l contains questionable factors. Induction uses a
variety of rules to choose yield options. With two information
factors and seven fluffy variables, the regulator has 49
ANFIS regulating bases. Before launching the specific
guidelines, NN selects relevant standards from the checklist
of 49 requirements using back reproduction computation. In
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addition, it must be converted to computerized yield, for
illustration, and demystified.

TABLE I1l. OVERALL DESCRIPTION SPEED CONTROLLING RULES BASE

AE0\Eo NBB NMM NSS ZEE PSS PMM PBE
NBB NBB NBB NBB NBB NMM NSS ZEE
NMM NBB NBB NMM NMM NSS ZEE PSS
NSS NBB NMM NSS NSS ZEE PSS PMM
ZEE NBB NMM NSS ZEE PSS PMM PBB
PSS NMM NSS ZEE PSS PSS PMM PBB
PMM NSS ZEE PSS PMM PMM PBB PBB
PBB ZEE PSS PMM PBB PBB PBB PBB

This cycle demystifies FL, which has a quantitative
impact. Defuzzification converts hazy gathering data into
advanced informative data. Edging techniques consider the
primary focus of gravity, the emphasis on individual objects
of desire, the bare minimum and maximal qualities of
the halfway point, and so on. This work employed the central
point of gravity technique. The vyield of the depuzzle
generates control commands designated as info (clear
contributing) via the inverting device at the processing
facility.

Any regulated variation is condemned and associated
with the predetermined value and the created error
communication and as well as sent as a contribution to an
ANFIS supervisor, which then restores the yield to an average
value, keeping the overall structure stable. To enhance
ANFIS advancement, fluffy subtractive batching groups open
data inside fluffy bundles. FL subtractive packing performs
better than many FIS gathering approaches. The following
action opens the fuzzy membership function (MF)editor,
which is obtained from the options bar throughout the read
membership operation. It is the principal visual observer of
the data, consisting of two inputs and one output. Following
preliminary operations, virtual reality (VR) modeling is
carried out via the interface block between the (VR)
modelling and MATLAB programs. ANFIS Operator and
Command Window. The workspace information is
subsequently loaded into the ANFIS editor. The ANFIS must
be appropriately taught during the computation operation and
given adequate time once the document is prepared. The
ANFIS editor and the artificial neural network (NN) were
trained to choose items from training windows based on
correct rules.

The fuzzy-rule-trained NN used in the ANFIS controller
was developed to select the most appropriate rule. A 7x7 rule
was used for the unobserved layers. Seven fuzzy rules and
Neuron-2 are related to Neuron-1. 49-49 neurons in the
unseen layers chose the relevant rule basis.

The result is obtained after the 49 fuzzy rules have been
released, much like an output neuron would. Its de-fuzzified
outcome creates the (firing-pulse) used by the actuating
mechanism of each engine joint using the value of the
calculated command. Fig. 8 shows the system with the smart
controller used for the SCARA robot in production along
with the joints connected to it. MATLAB software R2022b
was used for the simulation and VR modelling.
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Fig. 8. The SCARA robot response and controlled signals for robot joints
with environment's motion

The results demonstrated the effectiveness of the
proposed neuro-fuzzy control method. The almost flawless
model of the appliance depicts the drive accelerating more
quickly and dynamically. In comparison with the suggested
neuro-fuzzy controller's responsive benefit curve, our
research indicates that the adaptive neuro-fuzzy controller we
utilized reached a state of equilibrium more swiftly.
Moreover, the responsive benefit curve of the adaptive neuro-
fuzzy controller demonstrated more rapid settlement.

The rotational signals of the SCARA robot linkages and
the interpretation of gripper movement were recorded during
a 60-second test (delivery-time simulation). When a
photoelectric sensor detects broken products, SCARA
analyzes them with high precision before moving them to
another conveyor and returning them. Five times every
minute, the SCARA robot could be pushed away from
damaged things. By employing the appropriate rule basis and
Artificial Neural Network (ANN) training, Adaptive Neuro-
Fuzzy Inference System (ANFIS) control achieves stability
more quickly than alternative techniques. The final effector
was precisely positioned and directed to produce the desired
trajectory, as illustrated in Fig. 9.

Yousif Al Mashhadany, Design and Analysis of a Hybrid Intelligent SCARA Robot Controller Based on a Virtual Reality

Model



Journal of Robotics and Control (JRC)

ISSN: 2715-5072

1733

ARA Robot based on Hybrid Intelligent Controller
By: Dr. Yousif Al Mashhadany

Fig. 9. The samples of different jobs for the SCARA in production-line screening

VI. CONCLUSION

The development of a multi-sensor SCARA robotic end-
effector is a significant advancement in the robotics industry
because it allows for precise and intricate operations. This
end-effector integrates various sensors, including force,
vision, and proximity sensors, which enable it to view its
surroundings, identify objects, and make judgments based on
visual cues. Its increased adaptability and quickness make it
ideal for delicate procedures such as assembly or
manipulation of fragile objects. Force sensors allow for
precise control and gentle handling, whilst proximity sensors
protect the end-effector’s safety and efficacy by minimizing
interactions and catastrophes. The kinematic properties of
the SCARA robotics and ANFIS controller were
computationally demonstrated. Under certain conditions,
both the forward and backwards kinematics are determinable.
The controller known as ANFIS was created using a model
created with Simulink and can generate line screens. The
controller computes more accurately and quickly than
conventional control systems. It settles and balances out
quickly and has an excellent and unique reaction. The use of
a photoelectric sensor as a detection element enhanced the
effectiveness of the control system. The sensor provides real-
world information that can be applied to the proposed control
scheme. One of the advantages of this artificial intelligence
process is the avoidance of non-direct and non-closed
structure answers of high DOFs controllers. The ANFIS

technique can find joint parameters without requiring the
opposite kinematic conditions. The method generation within
the prepared workspace was completed by the same
controller for the desired path, with very little error. However,
if the ideal path changes for the prepared area, ANFIS
solutions may behave inconsistently. Further work can be
done on training parameters such as the number and kind of
enrolment capacities and number of ages. Additionally,
complex-shaped paths and obstacle avoidance using the
ANFIS approach are possible and implementable in future
work.
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