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ABSTRACT The agile eye is classified as a 3-degrees of freedom (DOF) type 3-RRR spherical parallel
mechanism (SPM) designed to replicate the movement patterns seen in the human eye. The end organ exhibits
a range of motion inside a cone of vision spanning 140°, with a twist tolerance of +30°. Additionally, the
mechanism can achieve angular velocities exceeding 1000 °/s and angular accelerations surpassing 20 °/s2.
The objective of this research is to conduct a comprehensive examination of the direct and inverse kinematics
of the spatial parallel manipulator (SPM) on a manipulator. The purpose of doing a kinematic analysis
on the manipulator is to enhance the design optimization process, accurately determine the dimensions
of all components, and improve the functionality of the computer-aided design (CAD) system. This study
aims to ensure the efficient operation of the SPM and maximize its available workspace. Additionally, this
study enables the achievement of a high level of stiffness inside the workspace and the establishment of
clearly comprehensible limits for the workspace. Moreover, it facilitates the precise control of the SPM.
An evaluation is conducted to assess the efficacy of the existing technique by comparing its outputs with
those obtained from a virtual reality simulation using the commercially available software CopeliaSim.
The control mechanism described in the present paper demonstrates a surplus in the resolution of precision
problems while ensuring competitiveness at a controlled cost. The implementation of the robot revealed the
effectiveness of the design approach adopted by recording an error of no more than 1%.

INDEX TERMS Mechatronics, precision engineering, spherical parallel manipulator, Euler angles, opti-
mization, implementation.
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NOMENCLATURE Angle between the normal of the base
U;  Unit vectors directed along the axes of the actuators and the actuators axes A;.

Aj. 0 Angle of rotation motor.
y Angle between the actuators axes Aj. J Jacobean matrices of the manipulator.
Vi  Unit vectors directed along the axes of the pivot K Dexterity.
joints connected to the end effectors B;. [ | Euclidean norm of the matrix.
W;  Unit vectors directed along the axes of the interme- e Reciprocal number.
diate pivot joints C;j. n Global index for the optimization of
a1 Angle between A; and C;. robot.
oz  Angle between C; and B;. W Working space of the.
kappangin Minimum dexterity.
The associate editor coordinating the review of this manuscript and Vi Initial state vector of the manipulator.
approving it for publication was Binit Lukose . R Rotation matrix.
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Wi, W3, W3 Projections of W; vectors in the fixed

frame.

I. INTRODUCTION

After the fascinating success of robots for industrial appli-
cations, they know a massive evolution by touching all live
fields [1], [2]. The Agile Eye robot is a 3 degree of free-
dom spherical parallel mechanism (SPM). It is intended to
function as an orientation device for cameras, mirrors, and
lasers. The robot is designed to operate within a significantly
larger working space than the human eye while maintaining
high precision and dynamic performance. Numerous research
studies have been conducted on the agile eye, resulting in the
emergence of various parallel manipulator models, such as
the simple SPM, compact SPM, simplified SPM a 2 DOF,
and coaxial SPM [3], [4], [5], [6].

Errors are introduced into the kinematics of parallel robots
as a result of manufacturing procedures. It is necessary to
ascertain the parameters that can effectively minimize par-
asitic displacements. Several methodologies have been given
in the literature to address the kinematic analysis of serial
manipulators. However, it is worth noting that these conven-
tional methods are not applicable to the analysis of the SPM.
In this particular scenario, advanced robotics methods are
employed. The dynamic model of the parallel agile eye robot
was initially proposed by [7]. Regarding the modeled design,
a symmetrical shoulder structure is proposed. This structure
proves its efficiency and is retained as a main used structure
for the next published research. Several methods can be cited,
such as the geometrical method, the screw theory, and the
Euler angles [8], [9], [10], [11], [12], [13]. Gosselin and
Hamel performed a kinematic optimization to determine the
dimensional parameters of the prototype that would provide
the best overall accuracy [3]. Kong and Gosselin proposed
an alternative formulation of the kinematic equations of the
agile eye [14]. A regular cube in the input space, without sin-
gularity, is proposed to facilitate the control of the Agile Eye.
However, the use of a regular cube results in high inertia com-
pared to spherical geometry. Bonev et al. (year) provided that
the four assembly modes, which correspond to the direct kine-
matics of the agile eye, exhibit a straightforward and direct
correlation with the eight working modes, representing the
solutions to the inverse kinematics [12]. Chablat and Wenger
conducted an optimization study on two parallel mechanisms
to enhance their stiffness and reduce the number of moving
components [15]. Kuo and Legnani found the solutions of
the direct and inverse kinematics of the parallel orientation
mechanism with three degrees of freedom. They derived
solutions for these kinematic problems using geometrical
reasoning and offered theoretical proof for their findings.
Cammarata et al. elucidated the impact of stress errors result-
ing from the manufacturing process of rotation axes on the
inverse kinematic model of the Agile Eye [16]. A closed-
form model is derived from the nominal inverse kinematic
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model to incorporate geometric imperfections on the axes of
rotating joints. The kinematic study of this mechanism is con-
ducted utilizing the compliance matrix approach, whereby
two distinct forms of compliant rotary joints are assessed
alongside three inputs. The inputs in question can be either
forces or displacements, acting independently. The analysis
conducted in Ref. [17] yields equations that establish the
relationship between the input forces/displacements and the
displacement of the moving platform. The expressions above
are utilized to acquire the necessary inputs for executing a
rotational trajectory of the mobile platform. In the course
of this operation, extraneous displacements are computed.
The kinematic analysis expressions have been empirically
validated to demonstrate decreased parasitic displacements.
In Ref. [18], a 3D printed manipulator of 3 DOF is imple-
mented. Regarding its mechanical design, the structure is
simple and does not require advanced manufacturing and
high-cost machines or components. Experimental tests con-
ducted on the robot show the effectiveness of the design.
In Ref. [19], the authors present the concept of spherical
robots and their driving mechanism. It underlines the impor-
tance of energy consumption in the trajectory planning of
spherical robots operating outdoors. The major contribution
of the paper is the proposition of an improved algorithm
that aims to minimise both energy consumption and trajec-
tory length. However, the study is limited to design, and no
experimental prototypes have been produced. It is, therefore,
difficult to verify the applicability of the algorithm. Schroder
et al. [20] conducted a study in which they developed and
executed a spherical robot, examining the efficacy of three
control laws for position control: Villela, IPC, and Rein-
forcement Learning. One notable aspect of this article is the
use of rapid prototyping, a technique renowned for its pre-
cision, time efficiency, and comparatively affordable nature.
However, there was a large error between simulation and
reality over £5%; although the trend is similar, more work on
accuracy is required. In Ref [21], the authors present a new
spherical robot equipped with a cable transmission mech-
anism designed specifically to replace conventional gears,
thus eliminating the effects of gear backlash, reducing its
mass, and lowering its cost. As for control, a hierarchical
finite-time adaptive sliding mode strategy (FAHSMC) is pro-
posed to minimise convergence time. For velocity control,
a hierarchical sliding mode controller (HSMC) and a non-
linear disturbance observer based on a tracking differentiator
(TD) are developed. However, no study has been carried out
on the impact of chatering phenomena, which is known to
weaken the robot’s components over time due to the com-
mutative nature of the controller. In [22], a spherical robot
with a suspended pendulum is presented. The aim of the
study was to save energy to improve endurance during sens-
ing tasks. A feedback controller based on the optimisation
of regenerative damping parameters using particle swarm
optimisation. These approaches reduce energy consumption
by 44%. However, the result would be more valuable if
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it were experimental or validated by a certified simulator.
Sagsoz and Eray [23], presented the design and kinematics
analysis of a mechanically coupled two spherical robots for
outdoor tasks. The structural design was simple, offering the
advantage of the ease of manufacturing, with a rigid coupling
to enhance the stability if the robot. The obtained results
is satisfactory, however, the use of elastic coupling gives
more stability and overcome the non-plane nature of fields.
Arifetal. [24], presented the design of a high-torque spherical
amphibious robot equipped with twin eccentric pendulums,
providing land and sea traction tasks. Tests carried out on the
experimental prototype show the effectiveness of the design
and its ability to meet the requirements of the initially pre-
defined specifications. Bu et al. [25] present the design of a
mobile spherical robot using four four-wheel omnidirectional
patterns. A motion controller with a slipping observer is
also implemented to increase the robot’s precision. A self-
balancing structure based on a spherical robot is proposed in
[26]. Camera-orienting agile eye robot is proposed by [27].
The use of 3D orientation ensured by the parallel spherical
structure of the robot enhances the performance of active
vision. In addition, detailed kinematic analysis of agile eye
parallel spherical robot is presented in [28]. The design and
development of a spherical parallel robot is proposed by [29],
ensuring as application domain the laser pointing tasks. From
amechanical design point of view, the viro structure proposed
by [27] is adopted. DC motors were used, and the motors
were controlled by EtherCAT. The major drawback is the
robot’s accuracy, with significant error due to the impreci-
sion of the joints produced by an additive manufacturing
process. Wu and Bai [30], proposes the design and carry out
a 3DOFs spherical parallel robot based on reconfigured with
four-bar linkages. The proposed design is of a hight accuracy
since a gear transmission is used, one can also observe the
robustness of the proposed design. However, regarding the
improvement behind the use of the proposed linkage does
not contribute to the dynamic behaviour improvement of the
robot compared to existing one. The present paper presents
an Agile Eye device with three degrees of freedom. These
properties enable a high level of rigidity over the whole range
of motion and clearly defined limits inside the workspace,
facilitating user comprehension. The use of the Euler angle
technique in this study is justified by its earlier application by
other researchers [3], [4], [5], [6], [7]. The rotation matrices
will be employed to determine the relationship between the
orientation of the mobile frame and the angles of the three
motors. The Agile Eye’s direct and inverse problems will be
examined through a kinematic analysis, with the objective
of controlling the manipulator to enable the robot to track a
predetermined trajectory accurately. As a summay the main
contribution of the present paper are:
o Design and implementation of a multifunction parallel
spherical robot based on rapid prototyping.
o The primary objective is to present a novel application
involving the utilization of a laser to follow a precisely
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defined trajectory, which is then regulated by programs
written in G code.

« Based on pattern recognition, the proposed spherical
robot can ensure either pattern recognition or tracking.

« The obstacle avoidance is also included for the lazer
application of the robot.

« Rapid prototyping optimization is conducted is order
to overcome the reported precision problem in existing
bibliography.

In the rest of the paper, the mechatronic design of the robot
is given in Section II. The kinematic analysis is then pre-
sented in Section III. Results and discussion are presented
In Section IV. Finally, the main conclusions are given in
Section V.

Il. MECHATRONIC DESIGN DESCRIPTION

This robot is designed to perform the LASIK technique,
which is a corneal refractive surgery commonly used to cor-
rect the eyesight of patients suffering from myopia, hyperme-
tropia, astigmatism, and presbyopia using lasers. A spherical
architecture is adopted for this purpose. To achieve this,
taking into account the specifications requiring the execution
of a precise circle, an initial design was drawn up using
Solidworks software. It consists of a fixed hexagonal base,
shown in Fig. 1. The choice of this geometry is justified by
the ease with which the various axes can be set up while
respecting the constraint of the center of rotation of the robot.
It will also make installing the motor supports at equal angles
easier while minimizing the material used. As a result, the
design could be streamlined and its cost minimized. The
material chosen was Medium-density fibreboard (MDF), and
the removal of the material ensured its production. The motor
support shown in Fig. 1 is intended to support the stepper
motor, and the material chosen was ABS made using additive
manufacturing.

In the same way, the proximal arms, distal arms, articu-
lation joints, and end effector platforms were manufactured.
The spherical geometry is ensured thanks to the addition of
the arms by the joints supposedly housed in the 625-2RS
bearings. The end effector precision has been enhanced by
including spherical hubs in its platform, which support the
laser pointer. The Ultimaker 21 Extended 3D printer is used; it
supports PLA, ABS, or CPE filaments. Before producing the
robot parts, printing parameters are optimized to ensure the
production of highly precise components. The best-obtained
roughness is 20 um. The manufacturing parameters were
nozzle diameter 0.6 mm; filament diameter 2.85 mm, print
speed of 300 (mm/s); thin profile, grid fill pattern, fill density
of 60i, and ABS material.

In order to verify the resistance of the design, a Finite Ele-
ment Analysis (FEM) was carried out. Following the standard
methodology, after importing the CAD model and material
assignment, boundary conditions are introduced where the
robot frame is considered as fixed geometry. Roller-type
boundary conditions are presented at the joints. As for loads,
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(1) Robot frame; (2) Motor support; (3) proximal arms; (4) Distal arm; (5) articulation joints; (6) End effector platform; (7) Laser pointer, (8) MAC 3 card, 4 axis ; (9)
Driver TB6600 ; (10) Power supply S-120-12 ; (11) Control panel ; (12) Rotary on/off switch ; (13) Emergency stop ; (14) Stepper Motor Nema 17.

FIGURE 1. Design description.

stepper motor weight forces are considered on the support;
torques are considered for connecting the stepper motor shaft
and proximal arm. Bearing load and gravity are also con-
sidered. For model discretization, a standard 2 mm mesh
with 16 Jacobian points is supposed to perform the FEA. The
number of nodes was 937784, and the number of elements
was 671892, as shown in Fig. 2 (a). The maximum von
mises stress shown in Fig. 2 (b) does not exceed 14.31 N/m?,
concentrated as expected at the supports and end effector
frame. This will allow the ABS to be used safely. The static
displacement obtained is also very satisfactory and does not
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exceed 4.43 x 10.5 mm, as seen in Fig. 2 (c). Fig. 2 (d)
shows the static strain, which was negligible given the low
displacement, displaying values of x 10~ (mm).
Concerning the control system of the present robot, it was
decided to use the Mac 3 four-axis card configured to operate
at a frequency of 25 kHz. In fact, TB 6600 drivers are used to
pilot the stepper motors. The G code is then communicated
to the card via the Mac 3 graphical user interface. The circuit
is supplied by an S-120-12 power supply, as shown in Fig. 3.
As for wiring the Mac3 microcontroller to the driver, the
so-called common anode method is used. The positive pulse
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FIGURE 2. Finite element Analysis, (a) Model meshing, (b) Von Mises
stress, (c) Displacement, d) Strain.

. Model name: ASS-REBOT OA-SPHERIQUE
A Study name: Static 1(-Default-)
z Plot type: Static strain Strain2
Deformation scale: 1

(PUL+4) and plus direction (DIR+) of each axis are all con-
nected to (5V), while the minus pulse (PUL-) is connected to
the axis pulse (XP; YP; ZP), and the minus direction (DIR-)
is related to the axis direction (XD; YD; ZD).
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FIGURE 3. Implementations of the control unit of the robot.

Fig. 4 (a) shows the control design of the robot where
the microcontroller is wired with a single driver (the X-axis
driver) using the common anode method. Fig. 4 (b) shows the
wiring of the three drivers with the microcontroller. Fig. 4 (c)
shows the wiring of the three drivers with the microcontroller;
note that the A axis is unused, given the 3-axis architecture
design is presented previously. Regarding the cabling of the
drivers with the stepper motors, the two fils of phase A are
connected to A- and A+, and the two fils of phase B are
connected to B- and B+ as shown in figure c. Finally, the
drivers are connected to the power supply S 120-12. The
I/O of the microcontroller allows the implementation of the
emergency stop circuit E stop, which will suspend the current
signal feeding the drivers and motors, where the input of
the power supply is connected with the power source and
its output is connected with the driver: V4 with VCC and
V- with GND, as shown Fig. 4 (d).

Ill. KINEMATIC MODELING AND ANALYSIS
To ensure the proper functioning of an SPM, the architecture
of the manipulator must be such that the axes of the nine
pivot joints A;, B;, and C; {i=1, 2, 3 intersect at a common
point called the robot center of rotation, as shown Fig. 5.
In addition, the angles § and y are needed to define the
geometry of the base; the motor support and the end effector
as shown in Fig. 6.

of the manipulator must be such that the axes of the nine
pivot joints A;j, B; and C; {i=1, 2, 3} intersect at a common
point called the robot center of rotation, as shown by Fig. 6.
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FIGURE 4. Hardware wiring, (a) Driver/ MAC 3 card, (b) All used
driver/MAC 3 card, (c) stepper motor/driver, (d) Power supply/driver,
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FIGURE 6. Robot axes.

In addition, the angles B and y are needed to define the
geometry of the base; the motor support and the end effector
as shown in Fig.6. However, these two angles are dependent;
the relationship that connects the angles 8 and y is expressed
as follows:

. 2 .y
sin (B8) = ﬁ.sm(a) (1)

In order to ensure the correct design, a geometrical optimiza-
tion of the agile eye robot was carried out. The angles «1,
a2, and y that result in the highest performance indices,
guaranteeing excellent precision and a big workspace, are
determined accordingly [31]. Considering J and K, which are
the Jacobean matrices of the manipulator, such as [32]:

Jo+K6=0 (2)
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TABLE 1. Units for magnetic properties.

desen ) () 0:(°)
A 90 90 90
B 120 120 90
C 105 90 105
D 83 90 20
[ (WixV)T
T=| WaxVyp)T )
L (W3xV3)T
[ WxU.V, 0 0
K= 0 WyrxU,.Va 0 4
i 0 0 W3xUs3.V3

Salisbury and Craig [33], defined the dexterity noted K of a
manipulator as the kinematic precision of the manipulator as
follows:

R | Eal HET S

where ||. || is the Euclidean norm of the matrix, given by (6),
as follows:

1 n
_ T W o— _ .
IAll = \/tr (ATWA); W _n.Itr (A) = Zi:l ai  (6)
where n is the dimension of the matrix A and I is the nxn
identity matrix. For the present design analysis, the reciprocal
number ¢ is used, such as:

(= 0<¢<I ™

Dexterity varies depending on the configuration and geomet-
ric parameters of the robot. A manipulator with a ¢ close to
1 is a manipulator that has high kinematic accuracy is when ¢
is zero. The manipulator is in a singular configuration (the end
effectors remain locked in a single direction). Manipulators
that can reach at least one configuration where ¢ equals one
are called isotopic manipulators [21]. Dexterity is a local
performance index; a global index for the optimization of
robot manipulators denoted 7 is used and expressed by (8),
such as [34]:

_ Jtaw
T TTaw

®)

where W is the working space of the manipulator.

The indices above quantify the total kinematic perfor-
mance of the manipulator and only depend on the archi-
tecture. Gosselin and Hamel [3], studied several cases to
find the optimal angles for an optimal architecture of the
Agile Eye robot manipulator, which summary is given in
Table 1). Based on the aforementioned methodology, it was
concluded that architecture A is the most optimal; it has the
highest overall performance index n =0.81, with a minimum
dexterity, kappamin = 0.51. Finally, 8 is the angle between
the base normal and the motor axes calculated by (1), leading
to B = 54.74°.
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The end effector can be pointed in a 140° cone of vision
with & 30 (deg) in torsion. Using the simulation on Cop-
peliaSim, It was found that the Euler angles vary in the
interval [-70,70]. This working space largely exceeds that of
the human eye, which is 44 £ 7.2° in adduction, 44.2 + 6.8°
in abduction, 27.9 + 7.6° in elevation, and 47.1 & 8.0° in
depression [35]. In Figure 3, the (O, Uy, U,, Uz) frame is
the fixed one, and (O, V1, V3, V3) is the mobile frame. To
find the relationship between the rotation angles of the motors
and the position of the end member A through the mobile
frame, the rotation matrix allows the detection of the orienta-
tion of the frame after 3 successive rotations based on Euler
angles.

For simplification purposes, the roll Pitch and Yaw angles
represent three successive rotations about the axes of the fixed
XYZ coordinate system with angles «, B, y, respectively,
as shown in Fig.8. In addition, it is noticed that for each
possible frame rotation, there are unique angles «, 8 and y.

To find the final rotation matrix of roll, pitch, yaw XYZ
(o, B, v), one must multiply the partial rotation matrices
successively with an inverse order because, unlike the clas-
sical Euler angles, which are around the axes of the resulting
frames of the previous rotation (Fig. 9), all rotations are
around the fixed frame.

So, it is easily deduced that the roll, pitch, yaw XYZ (y,
B, a), and Euler ZYX («, B, y)are coincident. The rotation
matrix is given by (9), (10), shown at the bottom of the next
page, such as in (9) and (10).

The detailed expression is given by (11), shown at the
bottom of the next page, such as in (11).

The solution of the mathematical equations obtained by
modeling the problem leads to the direct and inverse kine-
matics of the manipulator. In order to orientate a vector (12),
such as:

Vi = R.V{ (12)

V; presents the vector as the initial state of the manipulator
before the rotations.

In the initial state of the manipulator, all the motor angles
6; and the angles roll, pitch, and yaw XYZ (y, B, «) are
zero. We take counterclockwise as the positive direction for
its angles. The projection of the unit vectors of the moving
benchmarks into the fixed frame in the initial state of the
manipulator gives:

V=] 0 (13)

By using (9) and the rotation matrix provided in (12), it is
possible to efficiently generate the synthesis of Vi (y, B,
a) =[V1, V2, V3] as:

sin (o) cos (y) — cos (@) sin (B) sin (y)
—cos () cos (y) — sin () sin (B) sin (y) (14)
—cos (B)sin(y)

v, =
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FIGURE 8. Roll, Pitch, Yaw XYZ (o, 8, ).

—sin (@) sin (y) — cos (&) sin (8) cos (y)

FIGURE 9. Euler angles ZYX (c, B, y)-

w1 w2 w3
o1 2 o3
u3s u u2
u2 U3 u1

FIGURE 10. Projections of Wi vectors in the fixed frame.

—cos (a) cos (B)
— sin () cos (B) (16)
—sin (B)

The vectors Wj(6;) = [ W1, W2, W3], where 6; denotes the
angles of the motors. Note that Wy is always in the (O, Us,
Us) plane, W3 in the (O, Uy, U3) plane and W3 in the (O, Uy,
Uj) plane as shown in Fig. 10.

The expressions of the vectors Wj in the fixed frame are
therefore:

Vi =

0 cosbr —sinds
Wi = | —sinf; |,Wy = 0 , W3 = | costs
cosdy —sinb, 0
(17)

V, = | —cos () sin (y) — sin () sin (B) cos () (15) To identify the problem and find the equations that relate
—cos (B) cos () 0 and the angles roll, pitch, yaw XYZ (y, B, ), the vector
R =R, Ry.Ry )
cos(a) —sin(e) O cos(B) 0 sin(B) 1 0 0
R = | sin(x) cos(w) O ]. 0 1 0 0 cos(y) —sin(y) (10)
0 0 1 —sin(B8) 0 cos(B) 0 sin(y) cos(y)
cos () cos(B)  cos (o) sin (B) sin (y) — sin () cos(y)  cos () sin (B) cos () + sin (&) cos(y)

R = | sin(x)cos(B) sin(a)sin(B)sin(y) + cos (o) cos(y)  sin («) sin (B) cos (y) — cos (&) sin(y) (11

—sin(B) cos (B) sin(y) cos (B) cos(y)
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product expressed by (18) is used as follows:

WiVi=cos(ap) i=1, 2,3 (18)
Since ap =90°, we find:
W;.Vi=0 i=1,2,3 (19)

Replacing (14), (15), (16) and (17) in (19), on gets the fol-
lowing system of (20), shown at the bottom of the next page,
such as in (20).

A. INVERSE KINEMATICS

The solution of the inverse problem in (20) allows the deter-
mination of the motor rotation angles 6; from the end effectors
orientation Roll, Pitch, and Yaw XYZ (y, B, aInverse kine-
matics plays a crucial role in the control of manipulators as it
enables the determination of the joint angles, denoted as 61,
for a given trajectory. Therefore, it can be concluded that:

cos B.sina

tanf = . . . (21)
cos y.cosa + sin y. sin B. sin«
sin y. sin cos y. sin 8. cos
tang, — SnY-Sine Feosy.sinf.cosa )
cos B.cos«
tanf3 = tany (23)

where tan(x) = tan(x-+k. ) or k is a natural number.

So, the solutions found are not unique. The manipulator
design restricts the possible solutions to the range of -60° to
60° for k=0. In this situation, the solutions are proven to be
unique by simulation using CoppeliaSim software [36] ).

B. DIRECT KINEMATICS

The solution of the direct problem in the system given by (20)
allows the calculation of the end effectors orientation roll,
pitch, and yaw XYZ (y, B, o) from the angles 6; of the motors.
Unlike serial robots, the direct kinematics in SPM is more
complex than the inverse kinematics. The straightforward
problem was solved by Bonev et al. [12], and the system can
be written as:

sin ¢¢(sin O sin B sin ¢ — cos S cos Oy)
+cosasinfycosgp =0
cos a(cos B sin B cos ¢ — cos B sin6y) 24)
+sina cos @, sing = 0
sin (B3 —¢)cos B =0
In the case of a trivial solution, where cosf =0, then 8 =
+m/2, the geometry of our manipulator limits the Euler
angles in the interval [-70°,70°] (calculated in the simulation
part with Coppeliasim), which proves that this case is impos-
sible.
For the non-trivial solution, where sin (63 - y) = 0, so

03 = y. Replacing the value mentioned in (24), yields to the
following outcomes:

[Alcosa+Agsinot=0 (25)

Aszcosa + Agsina =0
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A| = sin 6] cos 03

Ay = sin6 sin B sin63 — cos B cos 6] 26)
A3z = cos 6, sin 5 cos 83 — cos B sin H,

A4 = cos 6rsin 63

Since cosa and sino cannot be zero at the same time, (26)
yield a zero determinant, such as:

A1A4-Ar2A3 =0 (27)
Replacing the values of A; in (27):
cosB(qycos B+ qsinB) =0 (28)
Or:

q; = sin#j cos B,co0s3 sin B3 — cosd; sin H
q, = sin 6 sin 6sinb; sin O3 + cosd; cos B, cosHz
(29)

Since cospB = 0 is impossible, then the solution of (28) is the
following:

qycosf+q, sinf =0 (30)

So, the solution takes the following form:

B = tan~! (_—ql) 31)

92
Replacing (31) in (26) leads to «, such as:
—A
a = tan™! ( 3) (32)
Ay

So, for the present manipulator, the solution of the direct
problem is expressed by (33), as follows:

y =03

— a2
et () e

-A
o= tan”! (—3)
Ay

IV. EXPERIMENTAL RESULTS AND DISCUSSION BASED
COOPELIASIM ENVIRONEMENT

Virtual reality extensively utilized for kinematic and dynamic
modeling of robots [31]. These tools provide a secure envi-
ronment for code testing and enable alterations to be made to
the model. Additionally, they facilitate the simulation of intri-
cate settings. Many general-purpose robot simulators allow
visualizing and analyzing the kinematics and/or dynamics of
arobot. Even free open-source robot simulators like Webots,
Gazebo, and CoppeliaSim are available. However, most sim-
ulators are not well suited to simulate closed kinematic chains
(parallel robots) and require advanced knowledge of the soft-
ware to do so. Some simulators used to simulate parallel
manipulators are special simulators developed specifically
for a particular manipulator. Unfortunately, there are no spe-
cial simulators developed for SPM and very little academic
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work on the simulation of spherical parallel manipulators
(Fig. 11). The CoppeliaSim software was selected as the robot
simulation tool because it seems to be the most suitable for
simulating parallel manipulators. The software library has
some parallel manipulators (delta robot, Steward Platform).
In this study, we will present the solution of the inverse
kinematics obtained by the simulation in CoppeliaSim, and
then we will compare this solution with the mathematical
solution to validate our kinematic analysis, we will present
a detection of collisions, which allows us to determine the
limit Euler angles of the manipulator.

A. SOLVING THE INVERSE KINEMATICS

The first step of the robot simulation procedure is to create
an adequately defined manipulator model in CoppeliaSim,
so that the motion simulation of the manipulator model is
consistent with the behavior of the physical prototype. To do
this, we must first import the CAD assembly of the manipula-
tor into CoppeliaSim as a mesh, 3D object: STL format. The
spherical parallel manipulator is a closed chain manipulator.
The scene hierarchy encompasses multiple chains. To estab-
lish a closed chain, puppet objects are employed to establish
connections between the base and the terminal pieces of these
chains. There are three chains: the first chain goes from the
first actuated joint to the end effectors, the second chain goes
from the end effectors to the second actuated joint and the
third chain goes from the end effectors to the third actuated
joint. The puppet objects connect the second and third chains
to the base. To connect each chain to the base, we need two
puppet objects: one is the tip associated with the actuated
joint that we call the closing tip and the other is the target
associated with the base that we call the closing target, and
then we connect them by a CI link. We have to define the
groups of inverse kinematics; there is only one group of
inverse kinematics with three elements: the tip associated
with the platform and the two puppet objects associated with
the base: closing tip 1 and closing tip 2.

B. COLLISION DETECTION

To add collision detection, it is necessary to designate the
specific objects for which the software will do calculations
pertaining to collision detection. According to our kinematic
analysis, the angles of rotation of the actuated joints (the
angles of rotation of the motors) can be expressed as a func-
tion of the Euler angles of the platform in the fixed reference
frame. The CI equations describe these relationships. It is
important to acknowledge that the convention employed for
the angles in question is (roll, pitch, yaw), also known as
the Euler ZYX convention. The corresponding total rotation

TABLE 2. Prototype tests results.

Configuration | Angles 0 Cutentated O peasured Error%
6" 30.01 29.17 2.8
oy o5 53.4 51.74 3.11
o5 40.38 38.84 3.81
i 5.99 5.82 2.84
o o 6.59 6.39 3.03
o 6 5.86 2.33

matrix for this convention is provided as follows:
R=R; () Ry (B) Ry () (34)

While the convention that CoppeliaSim uses is Euler XYZ,
and the total rotation matrix is given by:

R =Ry (ac) Ry (Be) Rx (ve) (35)

Consequently, it can be concluded that:

o The rotation angles around the ZYX axes in the math-
ematical model are equal to the rotation angles around
the XYZ axes, respectively, in CoppeliaSim.

« Meanwhile, in CoppeliaSim, the unit vectors of the two
references have the same direction, so we have to mul-
tiply the Euler angles in CoppeliaSim by (—1).

O = —Y

Be=—=B, ye=—V (36)
A comparison between the calculation validated through vir-
tual reality CopeliaSim software and the real angular position
was conducted. The two used configurations shown in Fig. 12
are QiCI and 91_02. The objective of the comparative analysis is
to verify that the robot is able to reach the desired position

with high accuracy and to check its repeatability aptitude.
Preliminary tests reveal that the estimated rotation angles
for the motors corroborate with the experimental test
(Tablel). These data confirm the accuracy of the mathemati-
cal model and the compliance of the implemented robot. The
relative error percentage falls within the range of 2-4%. Part
of the error was obtained because the axes of the 9 swivel
joints do not coincide perfectly with the center of rotation,
so the model is not perfectly isotropic. Still, the deviation of
the axes of the joints is negligible, about 0.1 (mm). The major-
ity of the errors are due to the simulation parameters (choice
and parameters of gears, the configuration of the joints, etc.).
It should be mentioned that, unlike serial manipulators, the
joint errors in the manipulators are not cumulative, so if we
calculate the real Euler angles, we find them quite close to
their theoretical values. For example, we will model a circular
trajectory in the Coppeliasim software to obtain the motor
rotation angles 6;. The found angles are transformed into a

—sinf;. (—cosw.cosy — sina.sinf.siny) + cost. (—cosB.siny) = 0

c0s8;. (—sina.siny — cosa.sinB.cosy) — sind;. (—cospB.cosy) =0 (20)

—sinB3. (—cosa.cosf) + cosfsz. (—sina.cosf) = 0
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FIGURE 12. Prototype configuration with Euler angles, a) Configuration 1; b) Configuration 2.

Gcode program in order to execute it by the prototype realized
via the Mach3 software.

The workspace of the manipulator is a cone of angle
equal to twice the angle of inclination @J,,x, more than the
height increases more that the opening of the cone increases
(Fig. 13). Theoretically, the pointer of the end device (e.g.
laser pointer) can draw circles with any radius, it is just
necessary to play on the height of the circle position. The
maximum height of the circle has a limit so the maximum
radius that the manipulator can draw is limited too (Fig. 14).
For illustrative purposes, the values R = 1 cm and H =20 cm

were considered as an experimental scenario, as shown in
Fig. 15.
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C. PATTERN RECOGNITION AND TRACKING

In order to ensure the multifunctioning characteristic of the
proposed spherical parallel robot, a visio application is also
tested considering two targets. The first scenario was based
on virtual reality simulation. In order to make it as universal
as possible, two scenarios are tested and programmed. Fist-
bul, a flyer object detection is performed based on received
information from the camera (Fig. 16). It was observed that
the robot performs with a high fidelity, with a relative error
of 1%. For the second scenario, a human being displacement
is introduced (Fig. 17). The virtual reality tests show that the
robot could track the human movement with the same accu-
racy as the first scenario. Such high precision is ensured to the
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FIGURE 15. Results of a circular trajectory and presentation of the motor angles.

flexible structure of the robot and the important dimensions REMARK 1
of the cible objects. In addition, the quality of the used camera All meta-data videos about the conducted tests and virtual
ensure a good and redable information. reality simulation are accessible via the link below:
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https://drive.google.com/drive/folders/1MId-J09152Gd96
WU7TOrKkWrhgRQeEY V?usp=sharing

V. CONCLUSION

Given the importance of robotics and the problems involved
in optimizing their precision and repeatability, it is necessary
to consider the optimization of both the mechanical architec-
ture and the control system of robots. In this context, this
article presents a detailed mechatronic design of a parallel
spherical robot with an eagle-eye architecture. The design
is functional thanks to the addition of 3-axis motion driven
by stepper motors and controlled by a Mach 3 board CNC.
The geometry and various construction elements have been
optimized to improve the design compared with similar exist-
ing robots to enhance and facilitate the assembly/disassembly
operation. At the same time, the choice of materials has
been carefully considered to lighten the design, reduce
energy consumption and ensure that the robot is eco-friendly.
To minimize the cost of the development budget, a series of
virtual reality experiments based on CoppeliaSim robotics
simulator is being used to set the robot in the design phase
and during prototype testing by calculating motor rotation
angles from well-defined trajectories and to develop control
programs in G code. The robot is programmed to execute
circular trajectories on a blank sheet of paper using a laser

VOLUME 12, 2024

pointer. Minor deviations from the intended direction were
seen, as the laser pointer effectively tracked the circular
course. The experiments on the experimental prototype prove
the efficiency of the robot with a measured error of 0.1 mm
and 0.05°, thus, 1% for pattern tracking and up to 4% for
the circular trajectory tests.
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