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ABSTRACT 

The present study offers an in-depth examination of the current advancements and the prevailing state of 

parallel kinematic structures, with a particular emphasis on Delta robots. The central focus of this study is 

the design solution of the Delta robot model in the Pro/ENGINEER system. The study explores the design 

and strength calculation of the individual components of the Delta robot, in addition to determining its 

workspace. Parallel mechanisms are distinguished by their unique kinematic structure, which is embodied 

by a closed kinematic chain. The terminal effector of the mechanism is then connected to the base by 

multiple arms. This configuration offers distinct advantages, primarily in terms of enhanced rigidity and 

related properties. The direct kinematic problem is employed to derive the coordinates of the end effector 

from the known positions of the actuators. While this task is not essential for the robot's movement per se, 

it is used during initialization and calibration, when the positions of the actuators are known, and the 

position of the end effector must be determined to move it to a specific location. The inverse kinematic 

problem, on the other hand, plays a critical role in continuous calculations during movement, as it 

transforms the world coordinates of the end effector into joint coordinates. This task is essential for robot 

control, as it enables the calculation of the positions of the individual actuators, given the desired position 

of the end effector. 

Keywords-parallel kinematic structures; Delta robot; strength calculation 

I. INTRODUCTION  

In recent years, there has been an observable transfer of 
high-speed machining technologies, such as High-Speed 
Cutting (HSC), from research settings to engineering practice. 
This transition is driven by emerging trends that are generating 
new demands for robots and their applications. These demands 
are primarily related to the effective usage of robots in new 

areas of the non-manufacturing and service sectors. The 
evolution of robotics is being shaped by these factors, which 
are increasing the complexity of innovations across all 
resources involved in automated manufacturing and operational 
systems [1, 2]. This has led to a paradigm shift in the design of 
machine tools. The traditional concept of machines with long 
open kinematic chains, where the individual axes of motion are 
arranged sequentially—known as the serial kinematic structure 



Engineering, Technology & Applied Science Research Vol. 15, No. 2, 2025, 20714-20721 20715  
 

www.etasr.com Daneshjo et al.: Simulation Modeling of Kinematic Structures of Parallel Mechanisms 

 

of machines—has become an impediment to achieving the 
necessary high speeds and accelerations of the machines’ 
moving elements. Consequently, novel principles for the 
construction of machine tools have emerged, with a focus on 
closed parallel kinematic structures [3, 4]. The kinematic 
structure of manufacturing machines and industrial robots 
consists of various components that are connected by kinematic 
pairs and force elements. A kinematic pair is defined as a 
connection between two elements, each of which is movable, 
with the constraint that the motion of one element relative to 
the other is restricted. The configuration and arrangement of 
these kinematic pairs determine the workspace of the 
manufacturing machines and industrial robots. The assembly of 
kinematic pairs gives rise to the formation of a kinematic chain, 
as evidenced by several elements connected by these pairs [5]. 
The employment of parallel mechanisms is particularly 
advantageous in scenarios where alternative structures are 
inadequate or do not align with specific requirements [6, 7]. 
Devices based on parallel kinematic structures are increasingly 
gaining traction in various industries. In the domain of 
manipulation, robots equipped with parallel kinematic 
structures have become indispensable [8]. These mechanisms 
have been extensively used in research, particularly in the field 
of solar cell production, and have traditionally played a 
significant role in final processing and finishing operations, 
such as the food industry. 

II. DETERMINATION OF THE KINEMATIC SCHEME 

OF A DELTA ROBOT 

The kinematic scheme of the Delta robot is based on the 
scheme of the Hexa robot, which has six Degrees of Freedom 
(DOF). In this scheme, individual chains are combined into 
pairs that share a common path, resulting in a mechanism with 
three DOF, as shown in Figure 1. The movable platform is 
connected to the base by three kinematic chains. Each chain 
consists of a rotational drive (R) and two pairs of spherical 
joints (SS). This configuration is referred to as 3-DOF 3-
R(SS)(SS). 

 

 

Fig. 1.  Kinematic diagram and design proposal of the Delta robot: 1 – 

upper platform, 2 – drive subsystem, 3 – driving arm, 4 – spherical joint, 5 – 

driven arms, 6 – movable platform, 7 – vacuum gripper. 

The configuration of the Delta robot is determined by the 
designated kinematic scheme, which stipulates the assembly of 
a three-dimensional model through the usage of the 
Pro/ENGINEER program. To ascertain the dimensions of its 

constituent parts, it is imperative to determine the torque 
necessary to articulate a single arm. This torque is then used to 
select the optimal type of drives, whose torque will be the 
primary determining parameter for sizing the individual 
components of the mechanism [9]. The upper platform 
constitutes the stationary component of the Delta robot and is 
composed of L-profiles of material 11 343, with dimensions of 
40 × 60, in two lengths, and is cut at an angle of 60°, which 
will subsequently be welded together into a single unit. The 
lower platform constitutes the movable component of the Delta 
robot, exhibiting three degrees of mobility. The fabrication of 
this component involves the use of 5 mm steel of class 11 500. 
The end effector is attached to the lower platform. 

III. DESIGN OF JOINTS FOR CONNECTING THE 

DRIVE AND DRIVEN ARM 

The design of the Delta robot in this study incorporates two 
alternative designs of universal joints, which collectively 
provide three degrees of motion for the movable platform. 

A. The Equivalent of a Universal Joint 

The mechanism under consideration consists of spherical 
bearings and a sliding bearing. The kinematic scheme, as 
depicted in Figure 2, presents the rotation of the mechanism 
around two axes. The rotation around the x-axis is achieved 
through the engagement of the sliding bearing, while the 
rotation around the y-axis is enabled by the ball bearings, 
which are responsible for the movement of the driven arms. 

 

 

Fig. 2.  Kinematic diagram and model of the universal joint: 1 – driven 

arm, 2 – sliding bearing, 3 – bearing arrangement, 4 – ball bearing, 5 – fork, 6 

– retaining pin. 

B. Spherical Joint 

The ball joint is composed of material BS. 970 230M 07Pb, 
which is defined as leaded low-carbon steel with a hardened 
surface and zinc plating. The inner support ring is composed of 
drawn steel SAE 1070, and the assembly in its entirety is 
lubricated with a specialized agent. This ball joint is well-suited 
for harsh conditions due to its resistance to wear and its ability 
to withstand vibrations and high impact loads. In comparison to 
the universal joint, it is notable for its reduced weight and its 
structural simplicity. The schematic of the spherical joint, with 
the corresponding dimensions are presented in Figure 3 and 
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Table I, respectively. Consequently, it was selected as the 
optimal solution for the Delta robot's design. 

C. Selection of the Effector 

The selection of the effector is dependent on various 
factors, primarily the type of material, size, weight, and shape 
of the object being manipulated. Delta robots, in particular, use 
mechanical, vacuum, and magnetic effectors. For the Delta 
robot under consideration, a vacuum effector equipped with a 
flexible suction cup was selected on the basis of its cost-
effectiveness, ease of maintenance, affordability, and 
adaptability to grasping diverse materials. The effector is 
firmly attached to the movable platform using a system of 
screws and nuts, as illustrated in Figure 4. It is hypothesized 
that the effector will be capable of handling objects with a flat 
upper surface, such as cylindrical shapes, made from different 
types of materials, with a maximum weight of up to 0.5 
kilograms. 

 

 

Fig. 3.  Spherical joint with the corresponding dimensions. 

TABLE I.  DIMENSIONS OF THE SPHERE (MM) 

A B C D E F H J K L K Q 
Sphere 

diameter 

Weight  

(100 pieces) 

M6×1 31.4 24.6 12.7 7 9.5 11.5 11.9 5.52 31.7 10 14.2 7.75 2.3 kg 

 

 
Fig. 4.  Attachment of the accessory to the movable platform and method 

of grasping the handling object. 

The suction cup model ZPT25CN-B01, featuring 
supporting ribbing, was selected from the SMC automation 
catalog and is composed of acrylo-Nitrile Butadiene Rubber 
(NBR) material, with a diameter of 25 millimeters. 

D. Selection of Ejector 

The selection of the ejector is contingent upon the 
maximum vacuum pressure with which it operates. To 
ascertain the vacuum pressure (p) necessary to elevate the 
desired object, it is imperative to use: 

� � ��� � ����� � ���	�
��
������
� �,����
�,��������,�����

�
33091 ! � 33" !    (1) 

where FS is the suction force, F is the sum of gravitational and 
inertial forces of the manipulated object, kP is the safety factor 
for gripping, equal to 4, and S is the area under the suction cup, 
as portrayed in Figure 5. The EZH 10BS-06-06 effector, 
selected from the SMC automation catalogue, has been 
designated for use in this application. The effector functions at 
a maximum vacuum pressure of 46 kPa. 

 

 

Fig. 5.  Diagram showing the forces acting during the vertical lifting of the 

handling object. 

IV. CALCULATION OF THE TORQUE REQUIRED 

FOR ARM MOVEMENT 

To calculate the torque, it is necessary to determine the 
approximate masses of the moving parts of the robot that are in 
the chain following the drive, towards the moving platform. 
Furthermore, the manipulated object attached to the moving 
platform will be considered. The maximum mass of the 
manipulated object is set to 0.5 kg, and the maximum 
acceleration of the Delta robot is a= 1 ms

-2
. 

A. Calculation of the Mass of Moving Components 

The present study is an expansion of an initial design of the 
Delta robot. The mass of components can be determined using 
the mass properties command in Pro/ENGINEER. The mass of 
the moving components is a crucial metric in the analysis: 
moving platform 0.15 kg, vacuum effector 0.2 kg, spherical 
joint 0.035 kg, driving arm 0.35 kg, driven arm 0.25 kg. Due to 
the complexity of the calculations, a simplified model situation 
has been chosen, in which the moving platform of the Delta 
robot moves vertically upward. 

B. Static Equilibrium of Forces 

The inertial force FA and the gravitational force FG are 
divided by a factor of three because they are distributed among 
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the three arms, where the force FC that moves the platform is 
generated, as presented in Figure 6. The mass of the platform 
m1, the effector, and the controlled object, is 0.85 kg. 

#$%�& '$( � 0    '*( + 
����
�, � 0     '� � -� � .     (2) 

'
 � -� � !     '*( � 	/�
��
�,    (3) 

 

 

Fig. 6.  Representation of the acting forces. 

C. Static Equilibrium on the Driven Arms 

The arms are subjected to tensile forces acting at points B 
and C (FB, FC). In addition, the weight of the arms FG2 is 
incorporated into the calculations. The mass of the driven arms, 
spherical joints, and connectors, denoted by m2, is measured at 
0.8 kg, as shown in Figure 7. 

#$%�& '$0 � 0     '*0 + '10 � 0    (4) 

#$%�& '$( � 0     '2( + '3( + '45 � 0     '45 � -5 � . (5) 

'67 � '87 9 ':2    (6) 

 

 
Fig. 7.  Representation of the forces acting on the rod 2. 

D. Static Equilibrium on the Drive Arm 

The tensile forces acting on the drive arm are: 

#<�1= '<> � 0, '6> + ?@> � 0   (7) 

#<�1= '<7 � 0, ?@7 + '67 + ':3 � 0, ':3 � -3 � . (8) 

#<�1= A<@ � 0, A@ + '6A � B + ':A � B
2 � 0 (9) 

A@ � '6A � B 9 ':A � B
2 , '6A '67CDE F , ':A � ':3CDE F (10) 

A@ � -1�
.9!�3 9-2�.
CDE F � B 9 -3�.CDE F � B

2  (11) 

where AG is the torque required for the movement of the entire 
system, '2H  is the force component, FB is the torque inducing 
component, '4H  is the force component, '4,  is the torque 
inducing component, ?GI , ?GJ  are the reactions on the drive 
shaft, -, is the mass of the drive arm equal to 0,35 kg, and l is 
the lenght of the drive arm equal to 250 mm, as exhibited in 
Figure 8. 

 

Fig. 8.  Representation of the forces acting on the driving arm. 

According to the established motion equations, the angle α 
exerts a significant influence on the magnitude of the torque, as 
displayed in Figure 9. The range of angle α for the Delta robot 
is determined by its design, varying from -40° to 75°. The 
maximum torque of 13.484 Nm is attained at an angle of 
α=75°, as presented in Figures 9 and 10. A servomotor of the 
type Q1AA04010D, characterized by its low inertia, has been 
selected for the drive, manufactured by ALL Motion. In 
addition, a planetary gearbox from the same supplier, 
designated as the AE050-100 model, has been chosen for its 
optimal gear ratio in relation to the motor's torque, its low 
inertia, and its minimal backlash. These components have been 
selected from the catalog due to their technical specifications, 
which are deemed to be adequate for the intended application. 

 

 

Fig. 9.  Graph showing the dependence of angle α on torque. 
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Fig. 10.  Extreme working positions of the Delta robot during upward 

movement. 

V. DESIGN OF THE ARM SUPPORT PIN 

The support shaft of the Delta robot is used for the purpose 
of transferring the torque from the gearbox shaft to the mobile 
components of the Delta robot. As evidenced in the diagram in 
Figure 11, the support shaft is subjected to combined loading, 
encompassing torsion and bending. Consequently, the 
calculations for its diameters are contingent on these two types 
of loads (or its reduced load). The connection between the 
arm's support shaft and the motor's output shaft is modeled as a 
connection that allows for rotation, rather than a fixed 
connection. 

 

 
Fig. 11.  Diagram of the loading of the supporting shaft. 

In the diagram, AK  is the bending moment, AL  is the 
torsional moment, 'M  is the force of the arm's weight, ?2I , ?2J 
are the reactions on the gearbox shaft, and ?GJ is the reaction 
generated at the bearing. 

A. Sum of Moments at Point B 

If the aforementioned moments are summarized: 

#<�1= A<6 � 0     (12) 

?@7 � N + 
'O 9 '6A� � 
N + !� � 0  (13) 

?@7 � '�
N+!�
N � 
63,6920��
55+20�

40 � 74,725N (14) 

B. Calculation of Bending Moments 

To calculate the bending, the theory of virtual cuts is 
employed: 

AU1 � ?@7 � >1    (15) 

AU2 � ?@7 � >2 9 ' � 
>2 + !�  (16) 

To determine the bending diagram, it is necessary to 
calculate the value of MO at three points: 

<V >� � 0     AK � +74,725 � 0 � U Nm (17) 

<V >5 � 20     AK � +74,725 � 20 � 1,494.5 Nm(18) 

<V >, � 55     AK5 � +74,725 � 55 9 30 � 
55 + 20� �0 Y-      (19) 

C. Diameter Check (d) according to the HMH Theory 

The relationship that combines the loading due to torsion 
and bending for material 11 500 is: 

Z[\] � 100A !    (20) 

Z[\]5 ^ Z�	
05 9 3 � _	
05    (21) 

Z�	
0 � H�`abcd      _	
0 � He`abce   (22) 

The section modulus for bending fK and for torsion fL is 
calculated as: 

f� � g�[h
,5      fL � g�[h

�i    (23) 

Z[\]5 ^ j H�`ab���hh�
k5 9 3 � j He`ab���h/l

k5
  (24) 

m ^ nop�`ab�h�� q��,�ope`ab�/l� q�
r�st�

l �
no/�u�,��h�� q��,�o/�u���/l� q�

����
l ^ 11,22 mm  (25) 

In order to facilitate the process of diameter calculation a 
simplified methodology is applied, whereby the inscribed circle 
d is the sole parameter under consideration, as shown in Figure 

12. The diameter of the support shaft (14,3 ≥  11,22 mm), 
designated as d, meets the stipulated requirements for strength 
calculation. 

 

 

Fig. 12.  The support shaft of the drive arm and its two dimensioned cross-

sections. 
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D. Strength Check of Diameters (D1,d1) 

In order to simplify the calculation, the inner diameter d1, 
which is formed by the fillet groove, is selected. In this 
calculation, the bending load is neglected. The parameter D1 = 
20 mm, and the permissible range is specified as: 

_[\] � 55A !, m1 � 16,71--  (26) 

_	
0 � He`abce     (27) 

The section modulus for torsion fL  for a tubular cross-
section is calculated as: 

fL � g�
v�w[���i�v     (28) 

_	
0 � He`ab��
x�y���/l�x
� ������
x�y���/l�x

� 19,74  (29) 

_[\] ^ _	
0  , 55 ^ 19,74   (30) 

where Z[\]  is significantly higher than Z	
0 , therefore, the 
selected diameter of the support pin meets the strength 
requirements. 

VI. CHECK OF THE DRIVE ARM OF BENDING 

The connection between the drive shaft and the gearbox 
shaft is replaced with a virtual fixed support, thereby 
restraining the shaft against movement. The force exerted at the 
end of the arm is the sum of the torque (FBM) and the weight 
(FT) of the remaining moving components, while the weight of 
the drive arm itself is negligible. The acceptable normal stress 
for the diminishing load of material 11500 is σdov= 100 MPa. 

A. Calculation of the Bending Moment 

The method of virtual cuts will be used: 

AK � 
'M 9 '2H� � >�   (31) 

To determine the bending diagram, the value of MO at the 
endpoints will be calculated: 

<V >� � 0 --     AK � +63,6 � 0 � 0  (32) 

<V >5 � 250 --     AK � +63,6 � 250 � 15900 Y-(33) 

B. Strength Check 

Z	
0 � Hd`abcd     (34) 

The section modulus for bending fK for a tubular cross-
section is calculated as: 

fK � g�
v�w[��v�,5     (35) 

Z	
0 � Hd��
x�y���x�h�
� �������
/z�y/���/z�h�

� 43,8 A ! (36) 

Z[\] ^ Z	
0      100 ^ 43,8   (37) 

where Z[\]  is significantly higher than Z	
0 . Therefore, the 
selected diameter meets the strength requirements. Figures 13 
and 14 display a 3D model and a diagram of the action of FBM 
on the driving arm. 

VII. CHECK OF THE DRIVEN ARM OF BUCKLING 

In certain instances, the driven arm is subject to 
compression (e.g., during the inclined lifting of the moving 
platform). While the arm appears to meet the compressive 
requirements, its length necessitates the implementation of a 
buckling check. The modulus of elasticity in tension for steel 
class 11500 is E= 2×10

5
 MPa. The proportional limit of the 

material of the rod, is designated by σU = 335 MPa. The length 
of the rod, l, is set at 600 mm, while the constant, n, is 
determined based on the type of support for the rod ends, in 
this case n = 1. 

 

 

Fig. 13.  Diagram and 3D model showing the action of the force '2H on the 

driving arm. 

 
Fig. 14.  Diagram of the force FBM acting on the driven arm. 

A. Quadratic Radius of the Cross-Section 

The following is a calculation of the quadratic radius of the 
cross-section: 

<	$& � |}	$&G � ����l������
� [� � �� � 2 --     (38) 

~	$& � g�[�
i� , @ � g�[�

�     (39) 

B. Slenderness of the Rod 

The rod demonstrates a tendency toward slenderness: 

� � �$`�� � i��5 � 300 --   (40) 

and the way of limiting this slenderness is: 

�	 � g& � | �r� � g� � |5����
,,� � 76,76 -- (41) 

C. Determination of the Critical Force Using Euler's Formula 

Because λ > λm, Euler’s formula can be used to determine 
the critical force: 
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'L� � g����}`��&���� � g��5�����5��,�i���i��� � 1102,45 Y (42) 

where the minimum principal central moment of inertia of the 
rod cross-section: 

~	$& � g�[�
i� � g���

i� � 200,96 --�  (43) 

A safety factor of k = 5 will be used, which modifies: 

' � �e��      31,8 � 220,49   (44) 

The force F = 31.8 N acting on the rod is significantly less 
than 'L� , therefore the rod is in stable equilibrium. The 
approximate workspace of the Delta robot was assembled 
based on its structural parameters, using model situations in the 
Pro/ENGINEER program. The present work includes the 
design solution of the Delta robot model in the 
Pro/ENGINEER program, which will be further developed 
within the research of parallel kinematic structures. A 
significant portion of the research focuses on the design and 
sizing of the Delta robot's individual components, using 
fundamental static and strength equations. This approach also 
facilitates the estimation of the robot's approximate workspace, 
as presented in Figure 15. 

 

 

Fig. 15.  Approximate workspace of the educational Delta robot. 

VIII. CONCLUSIONS 

Parallel mechanisms have been demonstrated to be highly 
effective in practical applications and industrial production, 
particularly in the domains of handling and manufacturing 
devices. Recently, these mechanisms have garnered significant 
attention in the field of machining due to their remarkable 
dynamic capabilities at elevated platform speeds. The enhanced 
rigidity of their construction, attributable to their closed 
kinematic chain, underlies these advantages. Research on these 
structures has been conducted in university laboratories 
alongside research in the engineering industry [10, 11]. Despite 

the significant interest and investment in their development, the 
commercial success of parallel concepts remains limited 
[12,13]. Nevertheless, there is a strong inclination towards 
further development, as evidenced by the increasing frequency 
of conferences dedicated to this subject. Despite their recent 
emergence in the context of the long-standing tradition of 
classically designed machine tools, parallel mechanisms show 
promise for a promising future. Presently, their usage is 
confined to a specialized domain within the field of machining. 
As the design and construction of parallel mechanisms evolves, 
the selection of suitable applications for these machines 
becomes crucial. A particular emphasis has been placed on the 
selection of appropriate kinematic topologies for specific 
application tasks, with consideration for the development of 
modularity and the subsequent reconfiguration of these 
mechanisms. The advantages of parallel mechanisms, including 
enhanced dynamic properties and reduced stress on the 
structure, contribute to a reduction in energy consumption. 
Nevertheless, previous studies indicate that the creation of 
parallel mechanisms has not always been associated with a 
clear objective. Since their inception, these mechanisms have 
undergone a protracted development process. An analysis of 
machines with parallel kinematic structures has led to the 
conclusion that they are increasingly being used in industry, not 
only in the field of handling, but also in manufacturing. 
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