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Abstract. Robot manipulators are classified as serial manipulators and parallel manipulators. Parallel 

manipulators are classified into planar and spatial parallel manipulators (SPMs). The parallel manipulators have 

moved and fixed platforms connected with serial chains. The parallel manipulators have many linkages, which create 

a singularity problem. The singular positions of SPMs have also gained substantial attention in various industrial 

applications due to their intrinsic advantages in precision, flexibility, and load-bearing capabilities. The 3-PRPPS 

SPM has three prismatic joints, one spherical joint, and one revolute joint. This work changed the fixed base with a 

circular guided base to avoid singularity issues. The manipulator was modeled with direct kinematic relations. The 

Jacobian matrix for position and orientation was derived. The workspace was taken as the common area of the three 

circles, whose radius was the maximum arm length. The position and orientation of the end effector were traced. In 

the form of the end effector traces, no singularities in the mechanism were observed. The path of the robot 

manipulator was observed in all the possible positions and orientations. The multi-body simulation was also 

conducted on the 3-PRPPS manipulator, the main findings of which are presented in this article. 

Keywords: process innovation, automation, workspace, kinematic analysis, multi-body simulation, Jacobian matrix, 

production quality. 

1 Introduction 

In recent trends of automation of production lines, 

robot manipulators have played a vital role in industrial 

automation. Robots’ targeted purposes are to increase 

productivity and production quality compared to human-

produced goods with non-avoidable human errors. The 

present configurations of the robot manipulators suffer 

from unavoidable conditions inside the workspace, i.e., 

the working region of the robot is called singularity. 

These singularities have a finite number of 

possibilities based on the numerical and orientation data, 

which can be predetermined to avoid these configurations 

of the manipulators and the position of the end effectors 

where the voids occur. These particular conditions, 

referred to as singularities, suffer from factors such as 

low reachability, high torque ratio, prone to failure of the 

entire system, and involve changing the working behavior 

[1–3]. 

These points where the robot voids occur are avoided 

during the workspace defining stage, and the positions of 

the workpiece are changed based on these void regions.  

Due to the presence of these voids in the manipulator’s 

configuration, most robot applications are based on point-

to-point actions, continuous paths that suffer from 

positions in between the trajectory, which affects the 

manipulator during actuation [4]. 

Even during the manipulator’s point-to-point actions, 

these singular configurations are avoided. The nature of 

the robot’s design, i.e., robot types, plays a significant 

role in occurrences of this singular position [5]. Among 

these two robot design, the parallel manipulators are most 

affected during actuation with the presence of singular 

regions. Major robotic researchers and scholars are 

working towards avoiding these singularities in their 

works. 

This research was initiated to bring out the most 

possible and feasible mechanism that can be easily 

implemented in the existing manipulator. Adding a slight 
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change in the position of the base of the arm in a parallel 

manipulator changes the nature of singular region 

occurrence in the workspace through the introduction of 

redundant links in the manipulator. 

The changes are significantly more significant when 

all the arms in the parallel manipulator are reoriented 

during actuation [6]. With these phenomena illustrated by 

scholars [7], the proposed 3-PRPPS spatial parallel 

manipulator is developed to show how a simple change in 

the structure targets a significant change in the singular 

regions inside the workspace [8, 9]. 

The following objectives are addressed in this article: 

– to understand the behavior of the singularity region 

in a workspace; 

– to understand the singularity behavior in parallel and 

serial manipulators. 

2 Literature Review 

Many research works in workspace singularities 

highlight the significance of the problem statement. 

Particularly, research works [10–12] explained the 

concept of prismatic actuators and the effect of 

singularities in the workspace. The presence of rotational 

actuators allowed singularities to develop inside the 

workspace. Adding each rotary joint in the manipulator 

leads to a proportional increase in the singular region 

inside the workspace. Öltjen et al. [13] concluded that 

redundancy reduces singularity possibilities. 

Fontes and da Silva [14] developed a model of the 

parallel manipulator, where the base of each arm of the 

parallel manipulator was mounted on the linear prismatic 

joints, i.e., on the redundant links to provide a much more 

reliable singularity-free workspace of the manipulator. 

In the further development of the work by Silva et al. 

[15], an experimental analysis of the redundant 

manipulator kinematics for the nature of energy 

consumption with the 3PRRR manipulator. The PR joint 

in the manipulator was redundant in the system. 

Mostashiri et al. [16] showed that a redundant 

manipulator problem describes infinite solutions. The 

major problem with a spatial parallel manipulator is less 

or minimal singularity-free workspace. Parallel 

manipulators have many advantages compared to robot 

manipulators’ disadvantages [17]. Due to this, many large 

load-carrying applications are using parallel 

manipulators. 

Singularities in robotics refer to specific configurations 

or joint positions where the robot’s end-effector (the part 

of the robot that interacts with the environment) loses one 

or more degrees of freedom, resulting in a breakdown or 

loss of control [18]. This effect can occur when the 

robot’s links or joints become aligned to create a 

mathematical singularity, leading to instability, 

inaccuracy, and even complete loss of control [19]. These 

singularities can be particularly problematic in 

applications where precision, safety, and reliability are 

paramount, such as in medical robotics, aerospace, and 

industrial automation [20]. 

Briot and Goldsztejn [21] identified two types of 

singularities. Villalobos et al. [22] suggested the FSM 

method to handle singularities. Stejskal et al. [23] applied 

the Monte Carlo method to calculate singularity. Kieffer 

[24] studied the RCRCR mechanism singularities. 

Sakurai and Katsura [25] studied the static singularity 

solutions. Therefore, singularity is still a significant 

problem in current mechanisms and robotics. 

The singularity avoidance is the gap considered in the 

3PRPPS mechanism, and these manipulator arms are 

replaced with the circularly guided base. The end effector 

motions are observed in various ways with Matlab 

simulations and multi-body simulation software. The 

robot end effector of the 3PRPPS mechanism shows no 

singularity due to the circular guide base. 

The singularity problem is proposed to be eliminated 

by solving the following objectives: 

– to develop a new mechanism by modifying the 

existing mechanism; the fixed base should be replaced 

with a circular guide; 

– new mechanism in a Jacobian matrix should be 

derived with direct kinematic relations; 

– to calculate the workspace of the manipulator; 

– to trace the pose of the end effector to identify 

singularities and singular free workspace. 

3 Research Methodology 

3.1 The proposed model- 3 PRPPS spatial parallel 

robot 

The 3-PRPPS spatial parallel is modeled as shown in 

Figure 1. 

 

Figure 1 – The proposed 3-PRPPS Spatial parallel manipulator 

Various methods for removing the singularity in the 

workspace were studied, including actuation and 

kinematic redundancy. Among these two methods of 

solving the problem of avoiding singularity, the 

kinematically redundant robots perform precisely, have 

lower energy consumption, and increase the 

manipulator’s stiffness.  
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This article explains the robot manipulator, from its 

construction to how the manipulator works. It is essential 

to know the robot’s construction to understand how it 

works during precision operations and avoid the singular 

configuration during the operation of the manipulator. 

The robot follows both polar and Cartesian coordinate 

systems (Figure 2) to achieve the end effector position. 

 
a 

 
b 

Figure 2 – Coordinate systems: a – orientations of the base  

of three arms along the circular base; b – global and end-

effector Cartesian coordinates in 3D space 

Initially, a polar coordinate system is used to position 

the reference frame, and the following frames follow the 

Cartesian coordinate to have a coordinated performance 

for a singular free workspace. 

The polar coordinate system in the 3-PRPPS parallel 

manipulator allows the robot to actuate the base to 

position itself along the non-singular configurations. The 

parallel manipulator’s possible configurations with a 

singular orientation are predetermined. Along the motion 

of the base frame, during singular conditions, the base is 

rotated along the circular guide to position it in such 

orientations where singularity does not exist. 

The three arms of the manipulator are positioned along 

the circular base with radius RG and angles ϕ1, ϕ2, and ϕ3 

from the center, respectively (Figure 2a). This is a global 

reference frame of the entire robot manipulator, and it is a 

reference frame for retaining the original positions of the 

manipulators during actuation. 

The 3D space of the Cartesian coordinate system is 

implemented in the workspace (Figure 2b). The robot’s 

base frame / the reference frame in the polar system is 

considered the origin of the entire Cartesian system 

where the circular base is considered to move along the 

circular base through all four quadrants. 

A robot with several links has various kinds of joints. 

Each joint has its nature of orientation in the 3D space. A 

joint’s degree of freedom (DOF) is determined by the 

modes of restrictions that it has during actuation. Figure 3 

represents the DOF motions the robot has relative to its 

joints. 

 

Figure 3 – DOF for the individual arm 

The relative DOF of the robot is found by using the 

spatial DOF of a mechanism in its 3D space. The DOF of 

a spatial mechanism is calculated from the Chebychev–

Grübler–Kutzbach criterion [26]: 

 𝐷𝑂𝐹 = 6(𝑙 − 1) − ∑ (6 − 𝑖)𝑃𝑖
5
𝑖=1 − 𝐹𝑅, (1) 

where l – the number of of moving bodies; Pi – the 

number of i-th links; FR – the number of joints. 

A manipulator workspace is defined as the mobility 

region that can be found for each arm of the robot 

manipulator separately, forming a unique region bounded 

by a singular curve separating the region where the arm’s 

mobility is restricted. For the points located inside this 

workspace, the manipulator has a similar inverse 

kinematic solution, and for the points located on this 

curve, the solution of the inverse kinematics of the robot 

manipulator is unique and requires special care since the 

two branches of the workspace meet at this curve. 

The workspace of the proposed robot manipulator is 

obtained by setting the actuator lengths to their extreme 

positions, i.e., the maximum and the minimum value that 
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a link of the arm can take during its motion. The 

intersection of the mobility region of the arms obtains the 

workspace of the manipulator (Figure 4). 

 

Figure 4 – Mobility regions of the arms of the manipulator 

along the X-Y plane and spatial configuration 

The common region of the three circles is shown in 

spatial and planar space. Depicted regions are annular in 

the X-Y plane and can be expressed in the form of the 

equation as follows: 

 
(𝑥 − 𝑥𝑖)

2 + (𝑦 − 𝑦𝑖)
2 = 𝑙3𝑖 𝑚𝑎𝑥

2 ;

𝑥𝑖 = 𝑙3𝑖 𝑐𝑜𝑠(𝜃𝑖) ;  𝑦𝑖 = 𝑙3𝑖 𝑠𝑖𝑛(𝜃𝑖) .
 (2) 

At each instantaneous position along the vertical axis, 

i.e., along the Z-axis, the robot follows the same 

workspace as in the planar configuration. Using the 

prismatic actuators along the vertical axis makes it 

possible to justify the work volume along the Z-axis. 

During the actuation of the manipulator, the singular 

points occur in the workspace for the manipulator’s arms 

configuration. 

Initially, the orientation of the base of the arms of the 

manipulator during the robot’s construction was 

discussed. This orientation of the arms plays a vital role 

in positioning the manipulator to avoid singular 

configurations during actuation. The orientation of the 

base along the circular guide is changed when the 

singularity is predetermined for the configuration in the 

workspace. 

For reference, the polar system positions are used. The 

position of the base is changed regarding Arm 1 during 

actuation, and calculations for the orientation of the end 

effector are considered with the relation between the 

angle of the arms from Arm 1, considering Arm 1 is 

always on the X-axis. These positioning conditions of the 

proposed manipulator ensure that the end effector is 

never configured in its singular configuration. 

3.2 Kinematics of the mechanism 

The inverse kinematics is analyzed for a known end 

position of the end effector. The solution to the inverse 

kinematics provides the actuator positions of the links 

and joints. The manipulator is designed to divide its 

mechanisms into planar and spatial configurations. The 

orientation of the end effector is specified based on its 

required rotation in 3D space. 

A rotation matrix is derived from the desired 

orientation of the end effector, which the operator defines 

during operation. 

The flowchart shown in Figure 5 explains the 

procedure for determining the proposed manipulator’s 

inverse kinematic solution. 

 

Figure 5 – Flow chart for Inverse kinematic function of the proposed parallel manipulator 

The proposed robot’s kinematics is studied using 

vector algebra for more straightforward calculations of 

the variables. The 3D robot’s vector space is designed in 

two steps. The workspace is divided into 2 projections 

with respect to the global work frame, X-Y and Y-Z 

orientations. 

Initially, the X-Y orientation is studied considering the 

planar orientations of the robot. 

The planar configuration of the robot and leg 

configuration is shown in Figure 6. Spatial configuration 

is shown in Figure 7. 
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Figure 6 – Construction of the robot and arm  

considering its planar configuration 

  

Figure 7 – Configuration of the robot in its spatial structure 

The mathematical relations are developed from 

forward kinematic relations, and the Jacobian matrix is 

derived for position and orientation. 

The single arm of the robot is converted into vector 

form to solve unknown variables in the following way. 

Solving this orientation of the robot gives the following 

equations: 

 

𝑂𝐴1
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  + 𝐴1𝐵1

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝑂𝑃⃗⃗⃗⃗  ⃗ + 𝑃𝐵1
⃗⃗ ⃗⃗ ⃗⃗  ⃗;

𝑎1⃗⃗⃗⃗ + 𝑠1⃗⃗  ⃗ = 𝑝 ⃗⃗⃗  + 𝑏01
⃗⃗⃗⃗⃗⃗ ;

𝑏01
⃗⃗⃗⃗⃗⃗ = 𝑅1

0 · 𝑏1
⃗⃗  ⃗;

𝑎1⃗⃗⃗⃗ + 𝑠1⃗⃗  ⃗ = 𝑝 ⃗⃗⃗  + 𝑅1
0 · 𝑏1

⃗⃗  ⃗,

  

or in a general form: 

 𝑎1⃗⃗⃗⃗ + 𝑠1⃗⃗  ⃗ = 𝑝 ⃗⃗⃗  + 𝑅 · 𝑏1
⃗⃗  ⃗, (3) 

where 𝑎i⃗⃗  ⃗ – vector between the origin of the reference 

frame and the base frame at point Ai; 𝑠i⃗⃗  – vector between 

the points A and B, which changes the length AB, 

determining the position of the floating frame; 𝑏i
⃗⃗⃗   – vector 

between the working point and contact point of the 

floating frame at point Bi; 𝑝  – vector between the working 

point and the origin of the reference frame. 

Notably, 𝑎i⃗⃗  ⃗ and 𝑏i
⃗⃗⃗   are predefined during the 

construction of the robot, and 𝑝 ⃗⃗⃗   is the required point with 

respect to the reference frame. 

The only unknown variable 𝑠i⃗⃗  is determined from (3): 

 𝑠1⃗⃗  ⃗ = 𝑝 ⃗⃗⃗  + 𝑅 · 𝑏1
⃗⃗  ⃗ − 𝑎1⃗⃗⃗⃗ . (4) 

Solving equation (3) using the rotation matrix (4) 

results in a solution of the value of the unknown variable 

s𝑖⃗⃗ . 
The angle 𝜃𝑖 is calculated using the following 

equation, according to the dot product relation for the 

angle between two vectors: 

 𝜃𝑖 = 𝑎𝑟𝑐𝑐𝑜𝑠 (
𝑠𝑖⃗⃗  ⃗·𝑎𝑖⃗⃗⃗⃗ 

|𝑠𝑖⃗⃗  ⃗|·|𝑎𝑖⃗⃗⃗⃗ |
). (5) 

The Y-Z plane is considered for solving the other 

variables using vector algebra for the spatial orientations.  

The single arm of the robot is converted into vector 

form to solve unknown variables in the following way. 

Solving this orientation of the robot gives the following 

equations: 

 

𝑂𝐵𝑖
⃗⃗ ⃗⃗⃗⃗  ⃗ + 𝐵′𝑖𝐵𝑖

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝑂𝑃⃗⃗⃗⃗  ⃗ + 𝑃𝐵𝑖
⃗⃗ ⃗⃗ ⃗⃗  ;

𝑥𝑖⃗⃗⃗  + 𝑡𝑖⃗⃗ = 𝑝 + 𝑏0𝑖
⃗⃗⃗⃗  ⃗;

𝑏0𝑖
⃗⃗⃗⃗  ⃗ = 𝑅𝑖

0 · 𝑏𝑖
⃗⃗⃗  ;

𝑥𝑖⃗⃗⃗  + 𝑡𝑖⃗⃗ = 𝑝 + 𝑅𝑖
0 · 𝑏𝑖

⃗⃗⃗  ,

 (6) 

where 𝑥𝑖⃗⃗⃗   – vector between the origin of the reference 

frame and point 𝐵′𝑖; 𝑡𝑖⃗⃗  – vector between points 𝐵′𝑖 and 

𝐵𝑖 . 

Notably, 𝑎𝑖⃗⃗  ⃗  and 𝑞𝑖⃗⃗⃗   are predefined vectors; 𝑏𝑖
⃗⃗⃗   is 

obtained from equation (3); 𝑥𝑖⃗⃗⃗   is obtained by solving 

using the known variables: 

 𝑥𝑖⃗⃗⃗  = 𝑎 + 𝑞𝑖⃗⃗⃗  + 𝑠𝑖⃗⃗ . (7) 

Also, the unknown variable 𝑡𝑖⃗⃗  is obtained as follows: 

 𝑡𝑖⃗⃗ = 𝑝 + 𝑅𝑏𝑖
⃗⃗⃗  − 𝑥𝑖⃗⃗⃗  . (8) 

Equation (8) contains the same rotational matrix (4). 

3.3 The Jacobian matrix 

The Jacobian matrix of the robot in its planar 

configuration is as follows. From the closed-loop 

kinematic chains 𝑂 − 𝐴𝑖 − 𝐵′
𝑖 − 𝑃 − 𝑂 (𝑖 = {1, 2, 3}), 

the position column-vector p of the point P can be 

expressed in the base frame (Figure 8): 

 𝑝 = [
𝑝𝑥

𝑝𝑦
] = 𝑎𝑖 + (𝑏𝑖 − 𝑎𝑖) + (𝑝 − 𝑏𝑖), (9) 

where ai and 𝑏𝑖 – position vectors of points 𝐴𝑖 and 𝐵′𝑖 , 
expressed in the base frame. 
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Figure 8 – 3-PRPPS manipulator in the planar configuration 

Equation (9) can be written as follows: 

 

𝑝 = 𝑎𝑖ℎ𝑖 + 𝑠𝑖𝑢𝑖 + 𝑏𝑖𝑘𝑖;

ℎ𝑖 = [
𝑐𝑜𝑠𝜓𝑖

𝑠𝑖𝑛𝜓𝑖
] ;  𝑢𝑖 = [

𝑐𝑜𝑠𝜀𝑖

𝑠𝑖𝑛𝜀𝑖
] ;

𝑘𝑖 = [
𝑐𝑜𝑠 (𝛾 + 𝜂𝑖 + 𝜋)

𝑠𝑖𝑛 (𝛾 + 𝜂𝑖 + 𝜋)
] ,

 (10) 

where 𝑎𝑖 – the distance between points O and 𝐴𝑖; 𝑠𝑖 – 

the distance between points 𝐴𝑖 and 𝐵′𝑖; 𝑏𝑖 – the distance 

between points 𝐵′𝑖  and 𝑃. 

Equation (10) also includes three unit vectors: 

 ℎ𝑖 =
𝑂𝐴𝑖

||𝑂𝐴𝑖||2
;  𝑢𝑖 =

𝐴𝑖𝐵
′
𝑖

||𝐴𝑖𝐵
′
𝑖||2

;  𝑘𝑖 =
𝐵′

𝑖𝑃

||𝐵′
𝑖𝑃||

2

.  

Equation (10) can be rewritten in variations marked 

with “𝛿” sign: 

 

𝛿𝑝 = 𝛿𝑎𝑖ℎ𝑖 + 𝑎𝑖𝛿𝜓𝑖𝐸ℎ𝑖 + 𝛿𝑠𝑖𝑢𝑖 + 𝑠𝑖𝛿𝜀𝑖𝐸𝑢𝑖 +

+𝛿𝑏𝑖𝑘𝑖 + 𝑏𝑖(𝛿𝛾 + 𝛿𝜂𝑖)𝐸𝑘𝑖;

𝐸 = [
0 −1
1 0

] .

 (11) 

After dot multiplying equation (11) by 𝑠𝑖𝑢𝑖
𝑇, it can be 

obtained: 

 

𝑠𝑖𝑢𝑖
𝑇𝛿𝑝 = 𝑠𝑖𝛿𝑎𝑖𝑢𝑖

𝑇ℎ𝑖 + 𝑠𝑖𝑎𝑖𝛿𝜓𝑖𝑢𝑖
𝑇𝐸ℎ𝑖 +

+𝑠𝑖𝛿𝑠𝑖 + 𝑠𝑖𝛿𝜀𝑖𝑢𝑖
𝑇𝐸𝑢𝑖 + 𝑠𝑖𝛿𝑏𝑖𝑢𝑖

𝑇𝑘𝑖 +

+𝑠𝑖𝑏𝑖(𝛿𝛾 + 𝛿𝜂𝑖)𝑢𝑖
𝑇𝐸𝑘𝑖 ,

 (12) 

or in a vector form: 

𝑨 [
𝛿𝑎
𝛿𝑝

] = 𝐻𝑎 [

𝛿𝑎1

𝛿𝑎2

𝛿𝑎3

] + 𝐻𝜓 [

𝛿𝜓1

𝛿𝜓2

𝛿𝜓3

] + 𝑩 [

𝛿𝑠1
𝛿𝑠2

𝛿𝑠3

] +

+𝐻𝑏 [

𝛿𝑏1

𝛿𝑏2

𝛿𝑏3

] + 𝐻𝜂 [

𝛿𝜂1

𝛿𝜂2

𝛿𝜂3

] ;

𝑨 = [

𝑚1 𝑠1𝑢1
𝑇

𝑚2 𝑠2𝑢2
𝑇

𝑚3 𝑠3𝑢3
𝑇

] ;  𝑩 = [

𝑠1 0 0
0 𝑠2 0
0 0 𝑠3

] ;

𝑚𝑖 = −𝑠𝑖𝑏𝑖𝑢𝑖
𝑇𝐸𝑘𝑖  (𝑖 = {1, 2, 3});

𝐻𝑎 = 𝑑𝑖𝑎𝑔[𝑠1𝑢1
𝑇ℎ1𝑠2𝑢2

𝑇ℎ2𝑠3𝑢3
𝑇ℎ3];

𝐻𝜓 = 𝑑𝑖𝑎𝑔[𝑠1𝑎1𝑢1
𝑇𝐸ℎ1𝑠2𝑎2𝑢2

𝑇𝐸ℎ2𝑠3𝑎3𝑢3
𝑇𝐸ℎ3];

𝐻𝑏 = 𝑑𝑖𝑎𝑔[𝑠1𝑢1
𝑇𝑘1𝑠2𝑢2

𝑇𝑘2𝑠3𝑢3
𝑇𝑘3];

𝐻𝜂 = 𝑑𝑖𝑎𝑔[𝑠1𝑏1𝑢1
𝑇𝐸𝑘1𝑠2𝑏2𝑢2

𝑇𝐸𝑘2𝑠3𝑎3𝑢3
𝑇𝐸𝑘3],

 (13) 

where A and B – direct and inverse Jacobian matrices 

of the manipulator, respectively, in its planar 

configuration. 

Assuming that A is non-singular, i.e., the manipulator 

does not meet singular configurations of the 2nd type. 

Multiplying equation (13) with A–1 and introducing the 

Jacobian matrices 

 
𝐽𝑎 = 𝑨−1𝐻𝑎; 𝐽𝜓 = 𝑨−1𝐻𝜓;  𝐽 = 𝑨−1𝑩;

𝐽𝑏 = 𝑨−1𝐻𝑏; 𝐽𝜂 = 𝑨−1𝐻𝜂

 (14) 

allows for obtaining the following: 
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[
𝛿𝑎
𝛿𝑝

] = 𝐽𝑎 [

𝛿𝑎1

𝛿𝑎2

𝛿𝑎3

] + 𝐽𝜓 [

𝛿𝜓1

𝛿𝜓2

𝛿𝜓3

] +

+𝐽 [

𝛿𝑠1
𝛿𝑠2

𝛿𝑠3

] + 𝐽𝑏 [

𝛿𝑏1

𝛿𝑏2

𝛿𝑏3

] + 𝐽𝜂 [

𝛿𝜂1

𝛿𝜂2

𝛿𝜂3

] .

 (15) 

Notably, J is the kinematic Jacobian matrix of the 

manipulator; the matrices 𝐽𝑎, 𝐽𝜓 , 𝐽𝑏 , and 𝐽𝜂 are the 

sensitivity coefficients of the position and orientation of 

the end effector variations in the polar coordinates of the 

points 𝐴𝑖 and 𝐵′𝑖 . 
In the proposed manipulator, link 4 is prismatic and 

has lower or no singular points along the vertical axis. 

The orientation of the end effector along the rotations 

in the X and Y axes, i.e., the changes in the angles α and 

β, respectively, are restricted to a magnitude of axial 

rotations based on the selected spherical joint. At the 

maximum, the permissible rotation on the spherical joint 

varies from 0–60o magnitude. 

4 Results 

The use of Cartesian links in the spatial configurations 

of the robot does not need any calculations of 

kinematically singular points along the vertical motion. 

The restrictions of the actuators are only found when 

there is a presence of rotational joints, i.e., used to orient 

the manipulator along the X and Y axes with rotations 

along the Z-axis. Singular points are affected majorly 

along the X and Y axes only. These equations are solved 

in Matlab, and the path of the end effector is generated 

for various positions and orientations. 

The results were obtained during the validation 

process of the proposed parallel manipulator. The 

singular free movement of end effectors is recorded in the 

3D workspace to avoid all types of singularities 

(Figures 9, 10). 

3-PRPPS spatial parallel manipulator is also modeled 

in MSC Adams software to understand the dynamics of 

the manipulator. Initially, the links are defined in the 

software for the proposed manipulator (Figures 11, 12). 

Joint actions are defined as required in the 

corresponding joints. The timed functions are defined in 

the joints one by one to understand the dynamic nature of 

the manipulator in real-time. 

 

Figure 9 – Different orientations of the robot manipulator 
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Figure 10 – Changes in the length of link 3 of the robot manipulator for the spiral path represented 

 

Figure 11 – Link configurations used for validation in MSC ADAMS 

    

Figure 12 – Different positions and orientations of the manipulator 
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5 Discussion 

The values were obtained in both Matlab and MSC 

Adams software. Matlab software is made to validate the 

results in the mathematical equations with respect to the 

inverse kinematic solutions. 

On the other hand, in the MSC Adams software, the 

joint motions are applied to understand the end effector 

positions, i.e., the manipulator’s forward kinematics is 

studied. 

The 3-PRPPS parallel spatial manipulator was 

constructed mathematically in Matlab to perform the 

inverse kinematic solutions. Different orientations of the 

robot manipulator are shown in Figure 9. 

Various paths were constructed so the manipulator 

could follow and understand the changes in the length of 

the links. For the path, the values of X and Y increment 

by value 1 over a period of –60 to 60. The changes in the 

link lengths are studied and plotted in the graph, along 

with the positions in the X and Y axes separately. 

The following was obtained from the dynamic analysis 

using the MSC Adams software. The motion of the end 

effector along the X-Y plane where the arms are initially 

extended to a required horizontal position and then guide 

prismatic link is actuated to form a circular path. 

This proves the ability of the manipulator to 

manipulate the workspace into its required orientations to 

reach a required position. Through this manipulator 

working mechanism, any complex trajectory can be 

planned accordingly. 

6 Conclusions 

The article proposes a new mechanism, i.e., 3PRPPS, 

which contains three prismatic joints, one revolute, and 

one spherical joint. The robot mechanism has been 

modeled with direct kinematic relations. The 3PRPPS 

spatial manipulator’s fixed base is replaced with a 

circular guide. The end effector motion has been studied. 

During the motion, singularities have not been found. 

The total workspace is singular-free. The behavior of the 

singularity region in the confined workspace has been 

studied carefully to operate with the behavioral nature of 

the links and joints in the parallel manipulators and 

finalize the configuration of the robot manipulator. 

Singularities are categorized into three types; all three 

singularity types have been considered for carefully 

avoiding the singular configurations during the actuation 

of the links in the workspace. The position and 

orientation configurations have been explained to 

understand the singularity-free pose of the end effector 

and achieve maximum utilization of the workspace. 

Using prismatic joints in a parallel manipulator helps 

reduce singular zones in the workspace. The 

manipulator’s customisability in every aspect helps to fit 

it into industrial applications. 

There are requirements for precise and continuous path 

planning in the industry. The proposed parallel 

manipulator can achieve the applications. Currently, 

functioning parallel manipulators can be replaced with 

the same design concept to achieve maximum utilization 

of the available singular-free workspace and the complex 

trajectories inside the workspace. 
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