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Abstract. Delta robots play a critical role in high-speed industrial applications due to their parallel
kinematic structure, which provides superior precision, agility, and efficiency. This study presents
a reconfigurable Delta robot with a novel structural adaptation mechanism, allowing geometric
modifications to optimize its kinematic and dynamic performance. The research systematically
derives the robot’s kinematic and dynamic equations, examines the impact of altering the structure
of its chains, and applies genetic algorithm optimization to enhance its overall functionality. The
influence of varying arm lengths, chain structures, and joint configurations is analyzed to
determine their effects on workspace, actuator torque requirements, and operational stability. The
findings indicate that optimized chain configurations improve workspace utilization by up to
15 %, reduce actuator torque by 12 %, and enhance end-effector speed by 8 %. By integrating
structural adaptability and optimization techniques, this study demonstrates that the reconfigurable
Delta robot achieves a superior balance between precision, speed, and energy efficiency. These
advancements make it a promising solution for next-generation high-speed robotic applications in
industries such as packaging, assembly, and medical automation.

Keywords: analytical model, parallel robots, kinematic, motion planning, optimization
techniques.

1. Introduction

This robot is increasingly used for moving light and small objects at high speeds, utilizing a
position sensor to measure the device’s location and apply control commands in case of
disturbances, with a camera installed to track specific objects, among other applications. One
notable feature of this robot is the presence of fixed motors. The main distinction between delta
robots and serial robots lies in the fixed motors and lighter arms of the delta type, which not only
reduce the weight of the arms but also enhance the speed and accuracy of movements. Another
unique feature of this robot is the level of common support or parallel arms. Compliance with this
principle has made this generation the best option for tasks such as picking and placing objects
and moving loads. Similar structures can be used for functional parallel robots. One method to
address this issue is to modify the structure of parallel robots, resulting in a design that is both
suitable and efficient under various functional conditions. Modifications to the Delta robot’s
structure can include adjustments to the joints, arm length, chain type, arm positioning, and any
other changes desired by the robot designer. In 1984, Raymond Clavel, working as a marketer for
a newly established chocolate company, came up with the idea to automate the chocolate packing
process using a powerful mechanism, rather than relying on human labor. He shared the idea with
his research team at his university, and they agreed that they could develop a robot to perform this
monotonous, repetitive task quickly. In less than a year, Clavel and his team designed and built a
prototype. Although valuable, this initial version was still weak in terms of performance. After a
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week of analysis and design simplification, Clavel created a model closer to an optimal design,
which was recognized as the Delta robot. In 1991, Clavel presented his PhD thesis titled “Design
of a Fast Parallel 4-DoF Robot”, and in 1999, he was awarded the Golden Robot Award for his
work on the Delta robot [1]. In 1987, the Swiss company DEMAUREX SA acquired a license for
the Delta robot and began manufacturing it for the packaging industry. That same year, ABB
began selling its Delta robot under the Flex Picker brand. Later, a Swiss company acquired De
Marks to produce only surgical products, creating a Delta robot designed to carry a 2-kg
microscope during surgeries. Adept also developed its parallel Delta robot, known as the Quattro,
for the packaging industry. Fig. 1 shows a view of this robot. Other companies, including
Kawasaki Robotics from the United States and Fanuc from Japan, also developed 4-degree-of-
freedom and 6-degree-of-freedom Delta robots. Industries that benefited from the high speed of
this robot include the packaging, medical, and pharmaceutical sectors. It is also used in surgeries
and assembly due to its high strength [1]. After the Delta robot's success as a super-fast parallel
robot in industry, interest in studying and developing it increased in universities and academic
environments. Numerous universities began designing and implementing the Delta robot for
educational and research purposes. Tsai built an academic robot at the University of Maryland [2],
and a modified version of the robot was developed at the University of Genoa. This design
replaced the robot's parallelogram with a different mechanism. Another simplified version of the
robot, capable of achieving acceleration values six times that of gravity, was built at the University
of Western Australia. Another version, using linear motors instead of rotary motors, was
developed at the Swiss ETH and Stuttgart universities. At Tohoku University, a Delta robot was
used as part of the interface for a 6-degree-of-freedom touch robot. Later, several Delta
educational robots were built at EPFL University, considered the birthplace of this robot, under
the supervision of Professor Clavel and his research team [1]. To understand the unique
advantages of the Delta robot, it is necessary to compare it with conventional serial robots. A
conventional robot functions like a human mechanism, rotating at the joints for pick-and-place
operations. Despite their widespread use in many industries, these robots have limitations. They
are most suitable for environments where the parts they handle weigh more than 5 pounds. In
some tasks, robot mobility is more important than the precision of component placement.
However, Delta robot technology is specifically designed for handling light objects with
exceptional accuracy and speed. This design emerged when most industrial robots were of the
serial type, characterized by chains and multiple arms mimicking human movements. The name
“Delta Robot” is derived from a concept based on the deltoid muscles in humans. Each arm of the
Delta robot functions similarly to a shoulder muscle, giving it greater movement capabilities than
conventional robots [3]. Before the Delta robot, conventional robots were equipped with arms
weighing more than 40 pounds, requiring motors to be attached to the arms. These robots typically
had 4-8 rotational or linear axes to achieve desired movements. The mechanism's ability to support
such heavy arms significantly slowed production speed. Moreover, these robots were limited to
movements involving back-and-forth rotational motions. Due to the popularity of the Delta robot’s
parallel and fast structure, many studies and research projects have been conducted on it in the
areas of design, kinematics, dynamics, and control. The robot’s main designer, conducted the first
scientific research on the Delta robot in 1991 as part of his doctoral dissertation [4]. In his
dissertation, he explained the structure of the Delta robot, its workspace volume, analyzed its
dynamics using the virtual work method, and compared its performance with that of the SCARA
series robot. In [5], he analyzed the robot’s kinematic model and examined its working space in
terms of volume and warping. In [6], the robot’s kinematic model was derived from a geometric
analysis of its joints and interfaces. In the inverse kinematics model was introduced, followed by
an analysis of the robot’s performance using various kinematic indicators within its workspace. A
new design of the Delta robot’s 4-arm structure and dynamic brass bodies was presented in [7, 8],
where rotational degrees of freedom were achieved without adding additional actuators. In [9], a
new design based on the robot’s dynamic model was presented and evaluated using an ANSYS
model. In [10], the robot’s kinematic parameters were optimized using the Monte Carlo method
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to maximize the working space and improve the robot’s skill index. The Culling optimization
algorithm [11] presented another method of optimizing the robot’s structure based on kinematic
and dynamic indicators, including the robot’s Jacobian matrices and mass matrix. A constrained
nonlinear optimization using gradient descent and random search was employed in [12] to obtain
the robot’s kinematic parameters. The skill index and the robot's effective workspace were used
for this purpose. The generalized pattern search algorithm was described in [13]. In [14],
single-objective optimization was achieved using the genetic algorithm method, considering the
inverse kinematic index of the robot’s state number. In dynamics and control, [15] employed the
Lagrange method to determine the robot’s dynamics, accounting for the inertia of the
parallelogram arms and utilizing PD control with a nonlinear feedforward term. [16, 17] calculated
the robot’s dynamics using the virtual work method and torque control. The [18] applied this
method to a Delta robot using linear actuators instead of sliders. In [19], the authors introduced a
dynamic model aimed at overcoming gravity’s dynamic effect, using a PID control method for
cost-effective robot control. In [20], a robust control method was proposed, involving an analysis
of the robot’s nonlinear state space equations to address model uncertainties. This led to a
three-part control method for positioning system modes. In time path design, [21] introduced a
sinusoidal time curve for vector and transition tasks, aimed at minimizing time. Staiko et al. [22]
conducted dynamic and kinematic analysis of the Delta robot, examining its speed and degrees of
freedom, ultimately presenting the robot’s chain matrix and motion graph. Stan et al. [23]
improved the robot’s movement performance with a new model. J. Zhang et al. [24], through the
analysis of the Delta robot’s workspace and routing dynamics using a type of belt, enhanced speed,
accuracy, and workspace utility. John Brinker [25] introduced a random path selection algorithm,
ensuring the robot’s accuracy and high speed. Liu et al. and Gagliardini et al. [26, 27] used
machine learning to investigate the Delta robot's safety and direct kinematics, contributing to its
application in large-area painting. Jin et al. [28] presented a deformable robot structure called
Qrpara, enhancing motion capabilities with five flexible axes. Wu et al. [29] improved robot
performance by introducing a hexa robot’s deformable structure. Li et al. [30] achieved the highest
dynamic level by redesigning the deformable structure of the Steve Wart robot. Alison et al. [31]
are exploring the creation of adaptable structures capable of performing various tasks. By
analyzing power coefficients and angles, Brinker et al. [32] succeeded in enhancing the robot's
performance indicators and reducing movement limitations. Among the innovations of this
research that distinguish it from previous studies is the development of a malleable structure for
the Delta parallel robot. This structure can adapt its shape to meet specific needs, effectively
performing assigned tasks. The hypotheses of this research assume that the robot members are
rigid, some have the ability to change shape, the robot’s dynamics are fully considered, and the
joints are designed with no slack. Therefore, one of the innovations of this research is the
introduction of a new deformable structure for the Delta parallel robot, along with a method for
modifying it to achieve the desired performance. Recent advancements in Delta robot design have
focused on improving workspace utilization, motion stability, and control precision. Conventional
Delta robots utilize fixed geometric configurations, which limit their adaptability to varying
operational requirements. Several studies [4-9] have explored kinematic and dynamic
optimization, with approaches such as Monte Carlo simulation, constrained nonlinear
optimization, and dexterity-based workspace enhancement. While these methods offer
performance improvements, they do not address real-time structural adaptability, restricting their
effectiveness in dynamic industrial environments. In contrast, this study introduces a
reconfigurable Delta robot that enables structural modifications to optimize workspace, torque
efficiency, and dynamic responsiveness. By incorporating a genetic algorithm-based optimization
framework, we enhance performance metrics beyond existing fixed-geometry designs. Our
findings demonstrate a 15 % increase in workspace, a 12 % reduction in actuator torque, and an
8 % improvement in speed, surpassing the capabilities of traditional optimization techniques. This
approach provides a more flexible and efficient robotic system for high-speed industrial
applications, such as automated assembly, precision packaging, and surgical robotics.
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2. Methodology

In this section, that develops a new model based on a geometric constraint within the structure
of the Delta robot. After deriving the constraint equation using the loop method is proceed to
formulate both the inverse and direct kinematics. It will be considered the vector that connects the
origin of the robot’s fixed plane to the center of the final operator. Subsequently, applying the
known vector relationships within the robot’s kinematic chains to derive a corresponding
relationship for the position vector of interest. The joint coordinates and link lengths will facilitate
this process. As illustrated in the Fig. 1, the coordinates of points B;, 4;, and C; can be determined
relative to the {83}: 0-xyz frame (Fig. 1(b)):

Ai:[r 0 0]7,
Bi:[r+acosf; 0 —asin6y]T, (1)
Ci: [Bi + o],
where in:
= [b cosB5; cos(B,; + 0,;) bsinf;; —cosby;sin(fy; + 0,;)]. (2)

a) b)
Fig. 1. Schematic half-side of Delta robot, a) 3D model, b) vectorizing end effector

The coordinates of the final robot operator's origin are then determined:
Pg:[-h 0 0]"+C
Xpy: (r —h) + acos 8;; + b cos 83; cos(0;; + 6,;),
Ypﬁ: b sin 93,:,
Zp

©)

51 —asinBy; — bcos b sin(8y; + 65;).

Since the chains are positioned at a 120-degree angle and are symmetrical to each other, the
obtained coordinates, written relative to the {W?} frame, should be transformed for each chain
using the rotation matrix R, f, therefore:

P, = GRgPg, 4)

where in:

o= Z 4—” 5)

sing; cosg;

cos@; —sing; 0
aR[; —
0 0

ROBOTIC SYSTEMS AND APPLICATIONS. JUNE 2025, VOLUME 5, ISSUE 1 3 1



OPTIMUM KINEMATIC — DYNAMIC PERFORMANCE OF THE RECONFIGURABLE DELTA ROBOT THROUGH GENETIC ALGORITHM OPTIMIZATION.
M. HASANLU, M. SIAVASHI

Then:

Xp,: cos@; [(r —h) + acos6,; + b cos B3; cos(0y; + 6,;)] — b sin B3; sin @;,
Yp,: sing; [(r —h) + acos 8y; + b cos B3; cos(6;; + 6,;)] — b sin B3 cos ¢;, (6)
Zp,: —asin@y; — b cos 03; sin(6,; + 05;).

To eliminate the inactive elements are squared the relationship and then sum the results:

2
(Xp‘m —(r—h+acos 91L-)) = —2b2 cos B5; sin O5; sin @; cos @; cos(8y; + 05;),

2
(Ypa —(r—h+acos 91i)) = —2b? cos 05; sin B; sin @; cos @; cos(8y; + 05;), ()
(Zp, + asin HIL-)Z = b? cos? @; sin2(6y; + 65;).

2.1. Direct kinematic

The input to the problem is the position of the end effector in direct kinematics (DK), and the
output is the position of the moving platform. Direct kinematics is commonly used in robotics for
simulation and laboratory tasks. A schematic diagram of the direct kinematics solution is provided
in the Fig. 2 designed the delta robot, it is essential to understand specific values and dimensions,
which, when combined with the fewest number of parameters, can fully define the robot’s
structure and workspace. In delta robots, there are typically four design parameters. The Fig. 1
clearly illustrates these four design parameters in Table 1.

Table 1. Influential parameters on designing delta robot

Parameter Description
R, Radius of base circular
Ry Radius of circular motion
Lg Length link 1
Ly Length link 2

Given our goal of minimizing the number of parameters in the design, the Fig. 1 demonstrates
that the radii of the base and moving circles are aligned in the same direction, indicating that the
moving circle does not rotate relative to the base circle. Therefore, to simplify the parameters are
considered the difference between the values of these two radii in our calculations. In reality, when
solving for the inverse kinematics and the working space, only the difference between these two
parameters is relevant. As a result, that will have three key design parameters, as shown in the
Fig. 2 establishes a vector relationship for the robot's parallelogram link, the Eq. (8) represents
this relationship, which effectively describes the length of the parallelogram arm in the Fig. 2:

(x = x0)2 + v —yo)* + (z—20)* = I}. ®

To substitute the coordinates of the points X,, y,, and z, from Fig. 4 into Eq. (1). By assigning
the values 1, 2, and 3 to the ith parameter, an independent relationship is derived:

(x — [(cosa;)(Lgcos8; + R)D? + (v + [(R + Ly cos 8;)(sina;)])? + (z — [L, sin 6;])? ©)
=12,

For the three branches of the desired robot, the corresponding relationships are established by
substituting values 1, 2, and 3 for the ith parameter in the Eq. (10):

(x - xl)z + (y - }’1)2 + (Z - 21)2 = rlzl (x - x2)2 + (y - y2)2 + (Z - 22)2 = T221 (10)
(x=x3)*+ (= y3)* + (z = 2z3)* = 5.
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Fig. 2. Schematic half-side of Delta robot

2.2. Inverse Kinematic

Inverse kinematics is a critical step in robotic analysis, as the selected dimensions and angles
directly influence the mechanism’s structure and determine the potential for singularities. In this
process, the objective is to calculate the operator’s position in space by solving a set of Eq. (10).
A schematic representation of the inverse kinematics solution process is depicted in Fig. 1. The
length of the line BC in space is determined by the difference between the coordinates of points
C and B, which can be calculated using the spatial distance formula:

(x — xo)2 + - yo)2 +(z— Zo)z =12 (11)

where x, y, and z are the coordinates of the end-effector at point P, and x,, y,, and z, represent
the coordinates of point B. This relationship can be formulated for each of the kinematic chains
as follows. The coordinates X, yy, and z, differ for each chain, while the value of r remains
constant across all three chains, representing the length of the line BC. Substituting this
relationship into Eq. (12) yields the solution fori =1, 2, 3:

(x — cosa; (L, cos 6; + R))2 + (y +sina; (R + L, cos Qi))z +(z+ Lgsing)? =72 (12)

To solve the inverse kinematics problem, the goal is to determine the angles of the actuators
based on the known x, y, and z coordinates of the end-effector. To accomplish this, that utilizes a
method involving variable substitution and polynomial equations. Specifically, by substituting the
corresponding values for the first kinematic chain to derive its actuator angle. This process will
be repeated for the remaining chains to fully resolve the inverse kinematics in Eq. (13):

(x — (R + L, cos Bi))z + (¥ —0)%+ (z+ L, sin6;)? = r2. (13)

After determining the coefficients of Eq. (10), these coefficients are modified as follows to
simplify the calculations. As a result, the Eq. (14) are reduced to a quadratic form, which can then
be solved straightforwardly using standard methods such as the quadratic formula:

ljcosB;j +m;sinb;; +n; =0,

(nl - ll)t% + 2m1t1 + nq + l1 = 0,

. _—mytmi+ni-[ (14)
e n - '

91 == Ztan_l(tl).

In the same manner, the angles for all three operators can be determined. After solving the
inverse kinematics problem and calculating the operator values, each operator will have two
possible solutions, resulting in a total of eight potential solutions for the inverse kinematics
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problem when considering the three operators. However, only one solution is physically feasible
and acceptable. This is because all of the robot’s branches must be oriented outward, and any
inward orientation of the robot arms would cause them to pass through a singular point, which is
not permissible. As discussed in the inverse kinematics model, the primary objective is to derive
joint variables or active interface angles from the Cartesian space variables, which represent the
robot’s final position. Due to the inherent nature of parallel robots, inverse kinematics models
typically yield multiple solutions. Consequently, the mathematical model derived here also
provides eight possible solutions. However, through systematic analysis of these solutions, the
correct one can be identified. In the program written to solve the inverse kinematics, specific
conditions are implemented to ensure that the correct solution is selected in each case. This can
be achieved by carefully examining Eq. (15), as it forms the basis for determining the valid
solution:

X?p, + (r — h)? cos? @; + a® cos? By; cos? @;
+ 2(r — h)acos 6; cos® ¢; — 2Xp (r — h) cos @; — 2Xp acosf; cos ; +Y?p_
+ (r — h)?sin? @; + a? cos? 6y; sin? @; (15)
+ 2(r — h)acos 6y; sin® ¢; — 2Yp_(r — h) sin 6;; — 2Yp a cos 6y; sin@; + Z%p,
+ a?sin® 6,; + 2Zp, asin6; — b* = 0.

Now, the aforementioned relationship is rearranged in terms of the joint space variables,
yielding the following form:

Ai sin 91i + Bi COoS 911‘ + Ci = 0, (16)
where in:

Ci=X%p, +Y?p +Z%p + (r—h)*+a*—b*>—2Xp (r —h)cosg;
— 2Yp acos 6y; sin ¢,

B; = —2Xp acosp; — 2Yp asing; + 2(r — h)a,

A =2Zpa.

(17)

Now, by employing the half-angle tangent solution method, the above trigonometric Eq. (18)
can be expressed as follows:

—A; = AL? + Bl-z — CL-Z
6:; = 2atan2 ) . (18)
L L

2.3. Direct kinematic

To derive the direct kinematic relationships, which serve as the foundation for establishing the
relationship between the robot’s joint space and its Cartesian coordinates. This Eq. (19) guides in
determining the position of the robot's moving platform based on the known joint variables:

Xp — X2+ (Yo —YV)2 + (Zp — Z)? = b2, i=123,
X, =@ —h+acosby;)cos g,

Y, =(r—h+acosby;)sing;,

Z; = —asin 6y;.

(19)

From a physical perspective, the set of equations described above, incorporating the
parameters X,, ¥, and Z,,, represents the geometric intersection of three spheres. Typically, this
configuration results in two distinct solutions. Specifically, the intersection of two spheres forms
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a circle, and the intersection of this circle with a third sphere yields two points, which correspond
to the solutions of the Eq. (1). To solve this Eq. (1), the system can be expanded and reformulated
as three equations with three unknown variables: X, Y,, and Z,. This approach allows for
determining the Cartesian coordinates of the moving platform, as demonstrated Eq. (20):

H5 H4_ Hl H3 _Kz i K22 - 4K1K3
XP—H_ZZP +H_2, YP—H_ZZP +H_2, ZP_ 2K1 )
Hl =X122 _X]_Z3 +X223 _X2Z1 +X3Zl _X3ZZ’

Hz =X1Y3 _X1Y2 +X2Y1 _X2Y3 +X3Y2 _X3Y1,
H3 = _X1L3 + X1L2 - Xle - X2L3 + X3L2 - X3L1,
H4 = _YlLZ - Y1L3 + Y2L3 - Yle + Y3L1 - Y3L2,

H5 = le3 - Y122 + Y2Z1 - Y223 + Y3ZZ - Y3Zl, (20)
b? - X? —Y?—-Z? HZ + H}
Li = ) Kl = —2+ 1,
2 H2
H5H4_+H3H1 H5X1+H1Y1
Ky =—2(- + +7,),
2 < sz H2 2
H? + H? H, X, + H3X
3=423_2(41 31+L2>.
HZ H2

As previously mentioned, solving the direct kinematic equations results in two possible
solutions. Since it has been taken the coordinate origin as the center of the fixed plane and treat
the robot as if suspended from above, all robot positions within the workspace will have negative
Z-coordinates. Therefore, it is sufficient to choose the solution that leads to a negative Z,, value
from these two results. Once Z, is determined, the corresponding X,, and Y, values can be
uniquely obtained. As discussed in inverse kinematics, the solution is considered in four possible
scenarios:

1) Two points are obtained from the intersection of three spheres, resulting in two independent
solution branches.

2) One of the spheres is tangent to the circle formed by the intersection of the other two
spheres, yielding a single solution.

3) The centers of two spheres coincide, resulting in an infinite number of solutions.

4) The three spheres do not intersect, indicating that no solution exists.

After presenting the position kinematics of the Delta robot is now paid attention to the velocity
kinematics. In general, analyzing a robot's velocity kinematics leads to the calculation of the
Jacobian matrix. This matrix is essential in the field of robotics, as it is used not only in kinematic
calculations but also provides valuable information about the robot's motion. The Jacobian matrix
is defined as follows:

x=]q. 1)

The final end-effector position vector is represented by x, while the vector of joint variables is
represented by q. This defines the Jacobian matrix as the inverse of the standard Jacobian matrix:

IxX =]qq, q=]%, (22)
where in:
] =13 x (23)

This notation is simply a convention, indicating that once the J, and J, are obtained as
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matrices, the core work is complete. From this point onward, the standard form of the Jacobian
matrix can be derived.

2.4. Calculation of J, and J,, matrices

To calculate the Jacobian matrix again, refer to the Fig. 2 is expressed the closed-loop equation
for the ith base as follows:

OP + PC, = 0A, + A,B, + B,C,. (24)
After differentiating this Eq. (25) with respect to time, it obtains:
Vp =Wwyq; X Qq; + Wy X bi' (25)

That V, represents the linear velocity of the moving plate:

a;=4,B, b;=BC,

The w;; represents the angular velocity of the jth link in chain i. For this robot, the input vector
is g=1[0,; 61, 651", and the output vector isV, = [Vpx Vpy Vpz]”. Therefore, in
Eq. (26) corresponds the w;; to the input joint velocities, and the w,; are associated with the
passive joints and should be excluded from the relation. To eliminate the velocities of the passive

joints, and both sides of the Eq. (25) that are multiplied by the b; vector:
b;V, = wy;(a; X by). (26)

By expressing Eq. (27) in the coordinate system (x; y; z;):

_ cos 0y; ‘ sin @3; cos(0y; + 65
‘a; = a[ 0 l, ‘b;=b cos 03; ,
sin 911' sin 03i sin(@li + 92i)_ 27

0 Vpy COS @; + Vpy, Sin@; | 27)

'wy = [—éul, Wy = | —Vpx sing; + vy, cos g, |.
0 Upz

By substituting the above values in Eq. (27) obtains the simplified relationships:
]l’xvp,x +]iyvp,y +]izvp,z = asin 8y; sin 6; 911’: (28)

where in:

Jix = cos(8y; + 05;) sin O5; cos @; — cos O3; sin ¢;,
Jiy = cos(6y; + 65;) sin B; cos @; — cos O3; sin @;, (29)
/iz = Sin(@li + 921') sin 93,:.

By writing Eq. (29) for i = 1, 2, 3, which leads to three scalar equations, and arranging them
in a matrix form obtains the desired result in Eq. (30):

LY =49, (30)

where in:
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]1x ]1y ]12
Ix = ]2x ]Zy ]22 . (31)
]3x ]3y ]32

2.5. Singularity
Singularity is a critical issue in robot design, as it helps identify areas where the robot’s
movement may encounter difficulties. To analyze singularity, the first step is to calculate the
Jacobian matrix. The Jacobian matrix typically defines the relationship between Cartesian space
and joint space. Referring to Fig. 2, that writes the vector relation for a closed loop or one of the
branches:
OP + PC = 0A + 4B + BC. (32)
By taking the time derivative of Eq. (33) obtains the following Eq. (33):

Uy =Wy X Ly + Wy, X Ly. (33)

Now, to eliminate the angular velocity of the second arm w, internalize the entire relationship
in Lb:

L7 = Wil x ;)

cos 64; sin 65; cos(8,; + 05;)
Ly=1L, | 0 l: Ly =Ly cos 63; ’
sin eli sin 911' Sin(91i + 92i) (34)

= | —Vpx Sin @; + v, cos @; |.

v,

0 Vpy COS @; + Uy, Sin @;
w; = |—éil, v,

After simplifying the mathematics, it obtains:

v, =]Jq,

f0x 0x 0x]

26, 06, 0065
oy ay dy (35)
/=36, a6, 6,

0z 0z 0z

06, 06, 065

The Jacobian matrix derived from the Eq. (35) is critical because the robot experiences
singularities at the points where the determinant of the Jacobian matrix equals zero. These singular
points represent configurations where the robot loses degrees of freedom and cannot move freely.
It is essential to avoid operating the robot at these points. By analyzing the Jacobian matrix, to
identify the singular points as follows.

Table 2. Point singularities in Jacobian matrix

Case Condition (fori =1, 2, 3)
_ 92i = 0,71' 921' + Bli = O,TI.'
Ja=0 0y, =07 | s, =0,m
Jg =0anddet(Jqg) =0 0y =0,
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2.6. Delta robot’s dynamic

To solve the dynamic problem begins by making certain assumptions, followed by solving
Lagrange's equation (Eq. (37)). For the solution is assumed that the mass of the robot’s second
link, or the parallelogram mechanism, behaves as a point mass, and its moment of inertia is
negligible compared to other components. In reality, the second link of the robot is significantly
lighter than the first. Table 3 presents the weight specifications of two delta robots.

Table 3. Delta robot’s information in [34
Component | Material | Mass (Kg)
Link 1 AL 1.5895
Link 2 AL 0.0408

End effector | Plastic 0.1108

The second link’s mass is around 40 to 60 grams, which will not have a significant effect in
practice. Now, using this assumption is considered the second link as a point and calculate the
entire robots kinetic energy and potential. The total number of variables in this problem is 6, of
which 3 are dependent variables:

q=1I[%206,0,065]". (36)
In this case, Lagrange’s equation becomes:

k
d (dy oL aT;
- =0 1 i=1n. 37
dx(@q,) Q; + ’Laqj' j=1n (37)

i=1
Calculate the kinetic and potential energy using the following formulas:

Tiotar =T1 + T2+ T3, Vigpw = Vi + Vo + V5,

. 1 _
T, = =m,l202%, V,=—-muglsing,,

2 2
. 1
T, = mppl202%,  V, = —Emﬂ,glsin 0;, (38)
3
T3 = Emntvz, V3 = —my. gz,

Z=X*4Y%427Z%, L=T-V,

where my,, mgj,, and m,, represent the mass of the first arm, follower arm, moving plate,
respectively. To obtain the Lagrange coefficients must be solved the constraint equation, which is
shown below:

G=@-x)+@-y)*+(@z—-2)—-1;=0,
x; =cosq; (Lgcos@; +R), y;,=sina;(L,cosf; +R), z;=—L,sinb;, (39)
an =2(x—x), ap=200-y), aiz=2(z-2z).

The first set of Lagrange equations (in Eq. (40)), including the Lagrange coefficients, can be
expressed as follows:

dy (0L oL dy (0L oL
dx (ax> ax Alall + 12a21 + /’{3a31’ dx (ay) ay = /’{1a12 + lzazz + /’{3(132,
(40)
dy JdL\ oL
dx (62) az = hagz + Aa,3 + A3ass.
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In the above relations, the only unknowns are the Lagrange coefficients, which can be
determined by solving the system of three equations with three unknowns. The second set of
Lagrange equations involves the operators and the corresponding required forces. By solving the
Lagrange equations for g, to g, the required torque is determined as a function of the operator’s

angles:
k

d (0dL aL ar; )

=57 Y I o
d (0L JaL

T, = E(E) - a6, — 44,
d (0L JaL

2= (6_92) ~ 30, A2z, (42)
d (0L daL

3= 5(6_93> _6_93 1036

2.7. Reconfigurable delta robot

Figs. 1 and 2 focus on which represent a robot with geometric and dynamic characteristics.
First, the a, is calculated:

(Rs + Rr cos a, — d3)2 + (d; + pp — Rrsina,)? = da. (43)

The parameters in Eq. (45) can be expressed as follow.

Table 4. Parameters on Eq. (43)

Parameter Description
dq Offset between D; and platform
d, Distance between D; and 4;
ds Vertical distance between pitch and D;
D Rate progress of Pitch axis

Now, to simplify Eq. (45) and arrive at Eq. (46):
kysina, + k, cosa, = k;. (44)
The constants in Eq. (46) can be expressed separately as follows:

ky = —2Rr(d, + pp), k, =2Rr(R; —ds),

ks =d5 — R} — Rr? —d3 + 2Rpd3 — d — p*@* — 2d,po,

2kiks £ 4KkTKS — 4(kF + k3) (k5 — k3)
2(kf + k3)

(45)

sina, =

cosa, =+/1—sin? a,.

The fixed coordinate system X,Y,Z, is considered the reference system. The coordinates of
the point force F; = (in, Fy, in), corresponding to the point A4; = (Axl-, Ay, Azi), are dependent
on the angular displacement, which is related to the engine. The angle of the square frame plays a
crucial role. Additionally, the coordinates of B; = (Bxi, Byi,Bzi), as shown in the Fig. 2, are
generally calculated using the following relationships [34]:

’

ROBOTIC SYSTEMS AND APPLICATIONS. JUNE 2025, VOLUME 5, ISSUE 1 39



OPTIMUM KINEMATIC — DYNAMIC PERFORMANCE OF THE RECONFIGURABLE DELTA ROBOT THROUGH GENETIC ALGORITHM OPTIMIZATION.
M. HASANLU, M. SIAVASHI

Fi = [Rf COS 9,: 0 Rf sin 0,:]’
A; = [R,cosay cosf; + Fx; R,sinay; R,cosay;sinf; + Fz], (46)
B; = [Lgcosa;cosB; + Ax; By; L,cosay;sin; + Az].

The angle 6; is the angular coordinate of each kinematic chain R:
R =R +R,.

The distance between the fixed coordinates X,YyZ, and point F; is represented by R;. Based
on the previously established relationship, B, is calculated as follows:

Byi = La Sin(ai) + Ayi- (47)

A moving triangular platform is considered at points C;, C,, and C; with distance r and center
p, where the coordinates of C; = (X,Y,Z) are given, and the coordinates of C, and C; can be
calculated as follows:

Cos =X +71c0s0,; Y Z+rsind,,). (48)

The angle represents the kinematic chain of points C, and C; and based on the calculation of
X, Y, Z coordinates, three equations resulting from the following relationship can be derived [34]:

(C;—By) - (C; — B) =L,
Hence:
X2+ Y2+ 724+ Ky X+ K,Y + KizZ + Ky = 0. (49)

The K;, can also be obtained for j = 1, 2, 3, and 4 using the general and global parameters and
coordinates of the mechanism. For X, Y, and Z, Eq. (51) can be described as follows:

The coefficients W, to W, are obtained using the K;, coefficients. By inserting Eq. (52) in
Eq. (50), that obtains a quadratic equation. In this equation, the unknown Z is determined as
follows:

aZ?+bZ +c=0. (51)

The coefficients a, b, and c of Eq. (52) are determined as follows:
a=1+W12+W32,
b = K11W1 + 2W1W2 + K13 + 2W3W4, (52)
Cc = K11W2 + sz + W42 + K14, + K12W4.

According to Eq. (54), Z, and Z, are related to the global coordinates, X and Y. Therefore,
point P is expressed as the following Eq. (53) [35]:

r ro . .

P=(X+ §(cos 6,+cosb;) Y Z+ §(51n 0, + sin63) ). (53)

To analyze the velocity and condition of the mobile platform in comparison to the fixed
platform [35]. Referring to the angular changes of the joints as ¢; = ¢;. In this study, g, is derived.
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The velocity vector of the platform is assumed as follows:

v =10,v]T,

where v is the velocity vector for any point on the moving platform:

v=A'"(B'qs + Bq). (54)
The parameters in the previous relationship can be defined as follows:

Table 5. Parameters on Eq. (54)

Parameter Description
Active Jacobean matrix A
Mechanism coordination qq4
Bl
Passive Jacobean matrix B

The system performance index represents the expression of the system’s cost functions in
relation to dynamic changes and system inputs and outputs. Essentially, to define the cost function
or performance index of the system as J, with the goal of minimizing this index. This is because
that expects the system to perform better and achieve higher efficiency when this index reaches
its lowest value [36]:

MSV = min(J7)). (55)

To track the coordinates of point P on the moving platform, are obtained them through a direct
solution and apply the following displacement analysis:

a3 = 0.25sint, a, = 0.25cost.

Using Eq.56 and the performance index J (refer to Eq. 55), the moving speed of the moving
platform are calculated as follows:

v=(A"'B)§ =Jq. (56)

Additionally, the measurement index (refer Eq. (50)) represents the robot’s ability to produce
end-effector speed and is calculated using the following relationship [37]:

1
IM] = ——. 57
Jaetyn) 7
3. Result and discussion

Kinematics is a branch of mechanics that describes the motion of objects and fluids without
considering the forces that produce this motion. In robotics, direct and inverse kinematics focus
on determining the position of the end effector and how it changes with respect to variations in
joint angles. When examining articulated mechanisms, such as various robot types, kinematics
studies how each of the robot's joints or links relates to a reference frame. This includes analyzing
how motion evolves over time and how position and orientation may not always follow a straight
path. Obtaining the final position and configuring the robot are crucial steps in robot programming.
The two main challenges in robot positioning — direct and inverse kinematics — are highly
significant. The goal of direct kinematics is to determine the position and orientation of the end
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effector based on the configuration of the robot’s joints and links. In contrast, inverse kinematics
aims to compute the positions and orientations of the robot’s intermediate links in relation to the
position and orientation of the end effector. Several coordinate frameworks, such as Cartesian,
cylindrical, and spherical coordinate systems, can be employed to describe the robot’s position.
The choice of coordinate system depends on the robot’s specific kinematic structure.

3.1. Direct kinematic

In robot direct kinematics, the final operator's coordinates are checked if the link length is
known. Therefore, it is possible to present the following results. These figures illustrate the
behavior of the end effector in the direct kinematics (DK) approach, showing both angular
directions (Fig. 3) and Cartesian coordinates (Fig. 4). The results indicate that small variations in
initial conditions lead to precise and predictable movements, confirming the accuracy of the
derived kinematic model. The smooth transition patterns in both figures validate the correctness
of the Delta robot’s kinematic equations and confirm that the system maintains stability under
standard operating conditions.

200

150 K

100

Rotation - deg
g - 8

=)
S

-150

200 L L L L L L I
0 0.5 1 1.5 2 25 3 35 4 4.5 5
t-sec

Fig. 3. Angular directions of end effectors in DK approach
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a) Directional position b) Directional reference

Fig. 4. Cartesian directions of end effectors in DK approach
3.2. Dynamic approach

Dynamic analysis of delta robot mechanical systems, such as mechanisms or robotic arms,
plays an important role in increasing their efficiency. Generally, dynamic analysis is performed in
two ways: direct dynamics and reverse dynamics. In direct dynamics, the torques applied to the
mechanical system are determined, and it is desirable to determine the position, velocity, and
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linear and angular acceleration. Fig. 5 presents the position, velocity, and acceleration profiles of
the end effector in the dynamic analysis. The results demonstrate that the reconfigurable Delta
robot maintains consistent acceleration profiles, avoiding abrupt variations that could introduce
mechanical stress or instability. The velocity curves indicate optimal motion trajectories, ensuring
smooth movement across the workspace. These results validate the effectiveness of the proposed
structural modifications in enhancing motion efficiency.

1S
T of g 05
> £
o L NI A S N 4o
02 04 06 08 1 12 14 16 18 2
t-sec 0.5
s ; ; ; ; ; : ; ; ; g :
E osf 1 01 -
§ [ ] 0.05 5 0.1
N 0 0 005
05t ; i i i ; ; i # : £ o
0 02 04 06 08 1 12 14 16 18 2 -0.05 -0.05
t-sec y-m 0.1 01 X-m
a) End effector position b) Position

zZ—m/s

0

0 0

. - 2
ij—m/s 4 4 i —m/s’

. -0.5 -
j-m/s 05 s

¢) Velocity d) Acceleration
Fig. 5. Position, velocity and acceleration of end effectors in dynamic approach

i 0 0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8 2
t-sec
Fig. 6. Actuator torques of links

This Fig. 6 the torque requirements for different actuator joints during dynamic motion. The
analysis shows that modifying the chain structure leads to significant torque reduction (up to
12 %), reducing energy consumption and mechanical wear. The results suggest that an optimized
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structural configuration minimizes unnecessary torque loads, improving long-term operational
efficiency while maintaining high-speed capabilities.

3.3. Optimization process

Optimization algorithms inspired by nature have shown considerable success as smart
optimization methods alongside classical methods. Among these methods are mentioned genetic
algorithm (GA) inspired by the biological evolution of humans and other creatures. This method
is used in solving many optimization problems in various fields, such as determining the optimal
path of automatic agents, designing the optimal controller for industrial processes, solving major
industrial engineering problems such as designing the optimal layout for industrial units, solving
queuing problems, and also in the design of intelligent agents. As matter of fact, GA works based
on following operating procedures in Fig. 7.

Initialize
Population
Evaluate Evaluate
Fitness Fitness
Replace Termir}a}ion
Poplrl)lz(ltion Yes Condition
Met ?
No
Mutation Selection
Crossover

Fig. 7. Operations in GA

Similarly, there are different deals must regularly execute in toolbox of optimization (Fig. 8)
of MATLAB for calling GA to run cost model of this research (Table 6), and as a result, the
optimization assumption, optimal output, and reports of the GA performance are shown in Table 7
and Fig. 9, respectively.

Fig. 9 shows the performance of the genetic algorithm optimization used to refine the robot’s
structural parameters. The cost function gradually converges, indicating that the optimization
process effectively fine-tunes the design variables to maximize workspace efficiency and
minimize actuator torque. The steady decrease in the cost function demonstrates the effectiveness
of the genetic algorithm in balancing multiple performance objectives.

Table 6. Optimization steps in Fig. 8

Deal Define
1 Select solver as Genetic Algorithm (single objective optimization algorithm)
2 Call fitness function with true syntax as @function _name
3 Set variables number based on model
4 Input lowerband of design variables
5 Input upperband of design variables
6 Determine number of Chromosome
7 Push start bottom to opimize cost function
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Fig. 8. Optimization toolbox of MATLAB
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Fig. 9. Representation of optimization toolbox results

The results of multi-objective optimization are represented as a Pareto front in Fig. 10. The
Pareto front in Fig. 10 represents the trade-off between multiple optimization objectives, such as
minimizing torque, maximizing speed, and optimizing workspace. The results indicate that a
well-defined compromise solution exists, allowing engineers to select an optimal design
configuration based on specific application requirements. This validates the effectiveness of the
multi-objective genetic algorithm, ensuring an optimal balance between conflicting performance
criteria.

Table 7. Optimal results and cost functions

Parameter Value | Function Index
K; 563.1 First Skill
K, 5.1 Second | Inverse number position
a 35.0
h 099.0 Third Minimum singularity
Cost function | 357.43
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Fig. 10. Pareto data of optimization

4. Conclusions

This study presents a reconfigurable Delta robot with an optimized structure to enhance
kinematic and dynamic performance. Through a comprehensive analysis of kinematics, dynamics,
and structural modifications, we demonstrated that altering the chain configurations significantly
affects workspace, actuator torque, and operational speed. The genetic algorithm optimization
approach successfully identified optimal geometric parameters, leading to a 15 % increase in
workspace, a 12 % reduction in torque demand, and an 8 % improvement in end-effector speed.
These findings validate the effectiveness of adaptive structural modifications in improving robotic
performance. The results highlight that a reconfigurable Delta robot offers superior adaptability
compared to conventional fixed-geometry Delta robots, making it highly suitable for applications
requiring high-speed precision operations, such as automated assembly, packaging, and medical
robotics. The integration of structural optimization not only enhances efficiency but also reduces
energy consumption and mechanical stress, paving the way for more agile, intelligent, and
energy-efficient robotic systems. Future research will focus on real-time adaptive mechanisms,
advanced material integration, and Al-driven control algorithms to further enhance the Delta
robot’s responsiveness and versatility in dynamic environments. By bridging the gap between
theoretical optimization and practical implementation, this study contributes to the advancement
of next-generation high-speed parallel robotic systems. Future research should acknowledge
contributions that enhance the practicality of this paper. Utilizing PZT sensors on a Delta robot
can regulate vibrations along the x, y, and z axes. Various active and passive approaches and
tactics exist to do this [38-41]. Moreover, in control engineering, hybrid controllers integrated
with optimization methods can significantly augment the performance of Deltas at both extensive
and limited scales. Examples encompass PWM, LQR-PID, sliding mode-PID, Fuzzy-PID,
PID-PSO, LQR-MOPSO, and H.. control [42-46]. Ultimately, it is recommended to enhance
Deltas with a DC-DC converter [47].
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