
Applied mechanics

67

Copyright © 2021, Authors. This is an open access article under the Creative Commons CC BY license

DEVELOPMENT OF 
A PLANAR CABLE 
PARALLEL ROBOT 

FOR PRACTICAL 
APPLICATION IN 

THE EDUCATIONAL 
PROCESS

A s s y l b e k  J o m a r t o v
Corresponding author

Doctor of Technical Sciences, Professor*
E-mail: legsert@mail.ru 

A z i z  K a m a l
Master*

A z i z b e k  A b d u r a i m o v
Master*

*Department of Problems of Mechanics, 
Machines and Robotics

Institute of Mechanics and 	
Mechanical Engineering named after 

Academician U. A. Dzholdasbekov
Kurmagazy str., 29, Almaty, 	

Republic of Kazakhstan, 050010

Cable-driven parallel robot (CDPR) has the great potential 
for various applications in industry and in everyday life. They 
consist of an end effector and a base, which connected by seve- 
ral cables. CDPRs have a large workspace compared to the work­
space of classic parallel robots. CDPR have a simpler structure 
have good dynamic properties, high carrying capacity, mobi­
lity and low cost. The only drawback is that the CDPR cables 
can only work for retraction and cannot push. This article pres­
ents the design of a prototype of a planar CDPR with four cables 
for practical use in the educational process. This prototype of 
a planar CDPR is necessary for a better understanding of the 
design features, structure, kinematics, statics and dynamics of 
the CDPR by students. The planar CDPR performs two transla­
tional motions, due to the controlled 4 cables, and one rotatio­
nal motion of the end effector. The research of the kinematics 
and statics of the planar cable-driven parallel robot is carried 
out. Simulation of the motion of a planar cable-driven parallel 
robot in the Python programming language has been carried out.  
A design was developed and a prototype of the planar cable- 
driven parallel robot was manufactured. Experimental resear­
ches of a prototype of the planar cable-driven parallel robot 
have been carried out. The results of experimental researches 
have shown that the CDPR works well enough. During the tests 
of the prototype of the planar cable-driven parallel robot, it was 
found that the distortions of the trajectory of the end effector 
depend on the tension of the cables. It is necessary to monitor 
the tension level using strain gauges. Based on the analysis of the 
results obtained, the effectiveness of the use of the prototype of 
a planar CDPR in the educational process of the robotics course 
has been confirmed
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1. Introduction

Cable-driven parallel robots (CDPR) are a type of parallel 
robot, in which the link of the working body is supported in 
parallel by m cables with n drives. Unlike classic parallel robots, 
cable-driven parallel robots are powered by flexible cables.

CDPR in comparison with conventional parallel robots 
have lower inertial characteristics, which provides high 
speeds and acceleration of the working body. Due to the 
flexibility of the cables, CDPR can be used to solve complex 
tasks with a large workspace. However, the use of CDPR in 
existing production workshops and closed storage facilities 
is limited, which is caused by a sharp increase in the tension 
forces of the cables with an increase in the lifting height of 
the load. A feature of CDPR is that their flexible links can 
only work in positive tension, and lose their performance 
when compressed. This feature severely limits the develop-
ment and use of CDPR and requires further development of 
the development of new structural schemes.

Due to the fact that CDPRs are relatively new robots 
that fundamentally differ from classical parallel robots, prob-
lems arose in teaching students. Studies have shown that 
the presentation and video of the structures and operation 
of existing CDPRs is not enough to understand the features 

of their structure, kinematics, statics and control systems. 
Here it turned out that lecturing and showing video of the 
work of existing CDPRs is not enough for students to acquire 
sufficient competence. Planar cable-driven parallel robots are 
a new type of parallel robots, and its research is currently re
levant in the world. The research of the structure, kinematics 
and statics of the CDPR in order to create a prototype of  
a planar CDPR, simple in design, with a convenient control 
algorithm and with the possibility of practical application in 
the educational process are relevant.

2. Literature review and problem statement

One of the first CDPR was the Robocrane, developed in 
1989 in the United States by the National Institute of Stan-
dards and Technology (NIST), for use in cargo handling in 
ports, bridge construction and other areas [1, 2]. The CDPR 
Robocrane is a six-cable-suspended Stewart platform with 
six degrees of freedom. Here, cables are used instead of hy-
draulic cylinders, and gravity is an implicit auxiliary drive.

A typical CDPR consists of three parts, including a fixed 
platform, a mobile platform, and multiple cables that are 
used to connect the fixed platform to the mobile platform  
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CDPR [3]. The length of the cable can be changed by means 
of winches driven by motors mounted on a fixed platform as 
shown in Fig. 1 [4, 5].
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Fig. 1. Scheme of CDPR with m = 4 cables

CDPR is an under-constrained, when the position and 
orientation of the end effector of CDPR is determined only 
by its gravity. In the case when the position and orientation 
of the end effector are completely determined by the lengths 
of the cables, the CDPR is fully-constrained or redundantly 
constrained. CDPR with n degrees of freedom and controlled 
by m cables can be classified into three types [6]:

– CDPR with the under-constrained n+1>m;
– CDPR with the fully-constrained n+1 = m;
– CDPR with redundantly constrained n+1<m.
For fully-constrained or redundantly constrained CDPR, 

the position and orientation of the end effector depends only 
on kinematics and statics. 

The work [7] presents the results of researches of the 
architecture of new parallel robots with a cable drive, using 
cable loops to improve accuracy. First, the winch system is 
replaced by a cable loop driven by a slider: the movement of 
the implement can be controlled by the movement of the slider. 
The disadvantage of this architecture is that the mechanism 
works with redundancy. In addition, to eliminate redundancy, 
additional springs are introduced, which complicates the de-
sign of the CDPR as a whole. In [8], the results of researches 
of CDPRs with a simpler structure are presented than in [7]. 
The paper proposes theorems characterizing the poses of the 
wrench-closure workspace. These theorems are then used to 
reveal the parts of the reachable workspace that belong to 
wrench-closure workspace. Finally, an efficient algorithm is 
presented that determines the achievable workspace for the 
subsequent synthesis of CDPRs. In work [9], a method of op-
timal dimensional synthesis of CDPR is proposed, namely, the 
search for the geometry of a planar CDPR with a given work-
space. The disadvantage of this work is the lack of accounting 
for the CDPRs control system. The work [10] presents the 
design and kinematic characteristics of an inexpensive, pla-
nar CDPR with 4 controllable cables. An easy algorithm for 
programming its work is proposed. A prototype was built and 
tests confirmed the feasibility of the system design and opera-
tion. The disadvantage of this work is the lack of detailed test 
results of the prototype of the planar CDPR. In work [11], the 
design and kinematic analysis of the CDPR with four cables 
was carried out. CDPR performs a plane motion, including two 
translational and one rotational motion. Experimental tests on 
the implemented prototype have shown the performance of the 
CDPR. The disadvantage of this work is the lack of a CDPR 
control system. These shortcomings of work [11] are elimi-
nated in work [12], here a simple and convenient algorithm is 
proposed for controlling a planar CDPR. The works [11–14] 
show the development of prototypes of planar CDPR. The dis-
advantages of these works are the complexity of the application 

of methods for the design of planar CDPR. There is no clear 
algorithm for development prototypes of planar CDPR. The 
work [15] considers the application of robotics in the practice 
of higher education from the point of view of both teachers and 
students. In [16], a robot prototype and a module for STEM 
programs were developed by interviewing STEM teachers in 
schools in Malaysia. The main aim of this research is to develop 
an inexpensive robot prototype and module to increase interest 
of Malaysian students in STEM based on the Malaysian school 
curriculum. The work [17] presents the application of the pro-
totype of the mobile robot «Robotino» on various examples 
in education. Some examples are shown here: studying the 
components, structure and modeling of mechatronic systems, 
studying automatic control, studying the collection, processing 
and application of data from different sensors, programming in 
different programming tools, studying methods of image pro-
cessing and object detection.

An analysis of the literature shows that the development 
and research of parallel cable robots is receiving a lot of at-
tention in the world. A large number of works are devoted to 
the practical designs of CDPRs and their use in various fields 
of industry. In this regard, let’s believe that it is expedient to 
continue the development of a planar CDPR with a simple 
design and a convenient control algorithm with the possibili-
ty of practical application in the educational process.

3. The aim and objectives of the study

The aim of this article is to develop an inexpensive prototype 
of a planar CDPR for practical use in the educational process. 

To achieve the aim, the following tasks were set:
– kinematic and static analysis of a planar CDPR;
– development of a control system for the motion of a pla

nar CDPR;
– build of the prototype planar CDPR;
– experimental research of the prototype planar CDPR.

4. Materials and methods 

The study used the methods for solving problems of the 
theory of mechanisms and machines and numerical methods.

CDPRs are relatively new types of parallel robots. The main 
difference from conventional parallel robots is the replacement 
of their rigid links with flexible ones (cables). A feature of the 
CDPRs is that their flexible links can only work in tension, 
and lose their performance when compressed. This feature 
severely limits the students’ understanding of the structure, 
structure, kinematics, statics and dynamics of the CDPR. Here 
it turned out that lecturing and showing video of the work of 
existing CDPRs is not enough for students to acquire sufficient 
competence. The development of a planar CDPR for practical 
use in the educational process is currently relevant due to the 
fact that working with a prototype of a planar CDPR, students 
study its structure, kinematics, statics and control and gain real 
practical knowledge in the field of robotics.

To develop a prototype of a planar CDPR, for practical use 
in the educational process, it is necessary to select the CDPR 
structure, conduct a kinematic and static study of a planar 
CDPR, which performs only translational motion, and only 
the end effector of the working body has rotational motion. 
The next stage consists in the development and manufacture 
of a prototype of a planar CDPR. Carrying out tests of planar 
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CDPR under various operating modes and analyzing the re-
sults obtained. Based on the analysis of the results obtained, 
consider the possibilities of the practical application of a pla-
nar CDPR in the educational process of the robotics course.

To select the structure of a planar CDPR, let’s use the 
method proposed in [6]. Fig. 2 shows the kinematic scheme 
of the chosen structure of a planar CDPR consisting of  
a working body with an end effector, which is connected in 
parallel with 4 cables with a fixed frame, the cables are con-
trolled by 4 actuators. Here, only the translational motion of 
the planar CDPR is considered, and only the end effector has 
rotational motion. The planar CDPR scheme shown in Fig. 3 
has a torque-free configuration around the Z-axis at the at-
tachment point of the end effector implement pivot. A planar 
CDPR has m = 3 degrees of freedom, and n = 4 controllable ca-
bles. Then, according to the formula [6] n+1<m. CDPR has 
2 redundant constrains, and the forces must be distributed 
between the cables. This CDPR has only one solution to the 
inverse kinematic problem. The redundancy of the CDPR 
refers to the number of kinematic constraints and therefore 
static forces are usually not unambiguously determined.

To solve the direct and inverse kinematic analysis of the 
translational motion of the plane CDPR, let’s use the geo-
metric method. The solution of the inverse kinematic task 
is necessary to control the planar CDPR. Direct kinematics 
is necessary to simulate the motion and control the planar 
CDPR using sensors. The CDPR cables are attached at one 
end to the fixed frame and at the other end to the hinge of the 
end effector. The CDPR cables are in a taut position. Under 
the assumption that all cables, in any position, are always 
in a taut state, the kinematics of the CDPR is similar to the 
kinematics of parallel robots with one-sided constraints.

Fig. 2 shows a kinematic scheme of a planar CDPR, where 
the following are indicated: x, y – coordinates of the point of 
the CDPR end effector; Li – length of the i-th cable; θi – an-
gles of inclination of the i-th cable, Ai – points of attachment 
of the i-th cable to a fixed square frame with side LB.

To solve the inverse kinematic task, it is necessary to 
determine the lengths of the i-th cables Li relative to the 
attachment points Ai = {Aix Aiy}T, for the given coordinates 
of the point of the end effector of the CDPR X = {x y}T, from 
Fig. 2 there is:

, .L x A y A ii ix iy= −( ) + −( ) = …2 2
1 4 	 (1)

The angles θi are determined:

θi
iy

ix

y A

x A
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−
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= …−tan 1 1 4, . 	 (2)

To solve the direct kinematics of a planar CDPR, it is ne
cessary to determine the coordinates X = {x y}T of the CDPR 
end effector, for the given cable lengths Li. Consider cables 1 
and 2 (Fig. 2) with the coordinates of the attachment points 
to the fixed frame A1 = {0 0}T and A2 = {LB 0}T.

Then the direct kinematics of the planar CDPR is solved 
as the intersection of two circles [12], one centered at point A1  
with radius L1 and the other centered at A2 with radius L2. 
Let’s solve the equation of intersection of two circles and get 
the following result:

x
L L L
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Fig. 2. Kinematic scheme of a planar CDPR
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Here, a positive solution for y in (3) is chosen to ensure 
that the solution of the direct kinematics lies within the 
fixed frame. After solving (3), it is possible to determine the 
lengths of 3 and 4 cables from (1), to control the correctness 
of the obtained solution.

To determine the velocity of the cables, consider the 
equations of the closeness of the i-th cable [12]:

x y A L A L i n
T

ix i i iy i icos sin , , , .{ } = + ( ) + ( ){ } = …θ θ  1 	 (4)

Differentiate (4) by time:
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Invert in (5) the Jacobi matrix of i-cables:
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To determine the velocity of the cables, from the first 
line (6) let’s obtain:
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In general form (7) can be written as:


L M= X , 	 (8)

where  L M= X , is the velocity vector of the cables, M is the inverse 
Jacobi matrix of the CDPR, and  = {ẋ }T is the vector of the 
velocity of the end effector of the CDPR.

The inverse task of determining the CDPR velocity, re-
sult (7), is solved directly, here the inversion was performed 
symbolically from (5) to (6) with little calculations and 
there is no singularity problem. However, in order to solve 
the direct problem of determining the CDPR velocity, it is 
necessary to invert (8):

 X M L= −1 .

Due to redundant constraints, M is not a square matrix, 
but has a size of n×2 for the plane case; therefore, it is not 
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possible to invert M, but there are two options for solving the 
direct task of determining the velocity [12]:

1) choose only two cables to obtain a reduced square 
inverse Jacobi matrix. For example, as in the case of solving 
the direct problem, choose cables 1 and 2. Then the direct 
solution to the problem of determining the velocity of the 
CDPR with 4 cables will be:

 X M L= ⋅−
12

1
12,

where M12 is the matrix M with rows 3,4 removed, and  L M= X ,12 
is the velocity vector 1 and 2 of the cable. After determining 
the velocity, it is necessary to verify that the input data  L M= X , 
was correct by evaluating the ignored rows by equation (8);

2) an alternative approach to the direct problem of deter-
mining the velocity of the CDPR is to use the limited Moore-
Penrose pseudo-inversion [12]:

 X M L,= ⋅#

where

M M ML MT T# ,= ( ) ⋅
−



1

when using any of the approaches, the solution to the direct 
task of determining the velocity is subject to singularities. 
The singularity conditions are derived from the determinants 
of four possible square 2×2 submatrices of the matrix M:
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θ θ θ θ π
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2 1 2 1

3 2 3 2

4 3
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0 0

0 0
4 3

1 4 1 4

, ,

sin , .

θ θ π
θ θ θ θ π 	 (9)

Singularities arise when two cables are in one straight 
line; this is only possible at the edge of the theoretical kine-
matic workspace, that is, at the edges of the fixed frame. (9) 
gives the singularities of the planar CDPR with 4 cables.

To simulate the statics of the CDPR, let’s use the equi-
librium equations. A workspace in which all cables are under 
positive tension, with all possible forces applied in Cartesian 
coordinates, is called a static workspace. For static equili
brium, the sum of the forces applied by the cables to the 
moving point should be equal to the resulting external forces 
acting on the end effector of the CDPR.

Fig. 3 shows a scheme of the forces acting at the point of 
the end effector of the CDPR [12].
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Fig. 3. A scheme of the forces acting at the point of the end 
effector of the CDPR

Statics equations:
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Here, gravity is ignored because it is assumed to be per-
pendicular to the plane of the CDPR. In (10) Ti – the tension 
of the i-th cable, (opposite to the direction of the unit length 
of the cable) − =

=
∑
i

i i RT
1

4


L F . = {cosθi sinθi}T, FR = {fx fy}T – the resulting 
vector force of external forces acting on the end effector of 
the CDPR. Let’s write (10) in the form:

ST F= R ,

where

S L L= − …− 
 

1 4 ,

S is a static Jacobi matrix of 2×n size, and T = {T1…T4}T is  
the vector of scalar tensions of the cables Ti.

For planar CDPR with 4 cables:
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There is a special duality between force and velocity: the 
corresponding Jacobi matrices are related by the relation 
from (7) and (11) S = –MT.

The kinematic and static calculation of the planar CDPR 
was carried out in the Python programming language. To 
develop the system configuration of the prototype of a planar 
CDPR, let’s use the method proposed in [11]. To develop a con-
trol system for a planar CDPR, let’s use the method proposed 
in [12]. Testing a prototype of a planar CDPR will be carried 
out by drawing a circle with the end effector of the CDPR. 
Next, a check will be carried out for the coincidence of the tra-
jectory drawn by the end effector of the CDPR with the circle.

5. Results of researching the planar cable-driven  
parallel robot

5. 1. Kinematic and static analysis of a planar CDPR
To simulate the motion of a planar CDPR, let’s take 

the dimensions of the side of the square of the fixed frame 
LB = 1000 mm. The end effector of the planar CDPR X = {x y}T  
makes a circular motion under the action of a constant 
external force FR = {1 1}T. The calculations of the planar 
CDPR model were carried out in the Python programming 
language [18] for two types of trajectory of the end effector – 
circle and four-petal flower:

1) The trajectory of motion of the end effector of a planar 
CDPR in the form of a circle is shown in Fig. 4 and is de-
scribed by the equations:

x t

y t
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≤ ≤
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200 0 5

200 0 5

0 6

cos . ,

sin . ,

.

π
π

The calculation of the change in the lengths of the cables 
Li, i = 1,…,4 by the (1), for the trajectory of the end effector 
of the planar CDPR in the form of a circle, in Fig. 5 shows 
their graphs.

A static analysis of the planar CDPR was carried out 
according to (11), with a constant external force FR = {1 1}T. 
Calculations have shown that with such a force, let’s obtain 
that the tension of cables 3, 4 is zero, and cables 1 and 2 have 
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non-zero tension. In Fig. 6 shows the tensions in the cables 
for the trajectory of the end effector of a planar CDPR in the 
form of a circle.

 
Fig. 4. The trajectory of motion of the end effector 	

of a planar CDPR in the form of a circle

 
Fig. 5. The graph of the change in the lengths 	

of the cables L ii , ,..,=1 4

 
Fig. 6. Tensions in the cables for the trajectory of the end 

effector of a planar CDPR in the form of a circle

2) The trajectory of motion of the end effector of a planar 
CDPR in the form of a four-petal flower is shown in Fig. 7 
and is described by the equations:

x t t
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The calculation of the change in the lengths of the ca-
bles Li, i = 1, …, 4 by the (1), for the trajectory of the end ef-
fector of the planar CDPR in the form of a four-petal flower, 
in Fig. 8 shows their graphs.

A static analysis of the planar CDPR was carried out 
according to (11), with a constant external force FR = {1 1}T. 
Calculations have shown that with such a force, let’s obtain 
that the tension of cables 3, 4 is zero, and cables 1 and 2 have 
non-zero tension. In Fig. 9 shows the tensions in the cables 
for the trajectory of the end effector of a planar CDPR in the 
form of a four-petal flower.

 
Fig. 7. Trajectory of motion of the end effector of a planar 

CDPR in the form of a four-petal flower

 
Fig. 8. The graph of the change in the lengths 	

of the cables L ii , ,..,=1 4

 

Fig. 9. Tensions in the cables for the trajectory of the end 
effector of a planar CDPR in the form of a four-petal flower

The results of static calculations showed that some cables 
have zero tension when the end effector of the planar CDPR 
moves under load.

5. 2. Development of a control system for the motion 
of a planar CDPR

To control the stepper motors of CDPR, it is necessary to 
determine the angles of rotation of the drums of the winches 
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βi, i = 1,…,4 expressed as a function of the end effector, posi-
tion X = {x y}T. Let’s take r as the radius of the winch drum. 
Let’s assume that all 4 winches have the same radii. Let’s 
define all βi equal to zero when the end effector is located in 
the geometric center of a square fixed frame. Let’s determine 
the initial lengths of the cables equal to L0i =  2LB, the change 
in the length of the i-th cable ΔLi = L0i–Li. The angles βi are 
determined by the formula βi = ΔLi/r.

Consequently: 

β

β

β

=

( )

( )





















=

− −( ) + −( )

−

1

4

01 1

2

1

2

04

1

X

X

.

.

.

.r

L x A y A

L

x y

xx A y Ax y−( ) + −( )

























4

2

4

2

.	 (12)

Due to the complexity of installing the position sensor of 
the end effector, which is needed to create position feedback, 
let’s use stepper motor encoders. 

Fig. 10 shows a block diagram of a planar CDPR control 
system. This feedback circuit will only work well if sufficient 
tension is maintained on all cables at all times.

Generator 
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Inverse 
Kinematics 

Python 
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Kinematics 

Python 
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Fig. 10. A block diagram of a planar CDPR control system

Let’s define the angles βi
*, i = 1, …, 4 through the encoders 

of the motors, and then let’s find the corresponding cable 
lengths Li. Solving the direct task of the CDPR kinematics, 
let’s find the position of the end effector X*. Next, let’s use the 
PI-controller to reduce the trajectory error e = X*–X.

5. 3. Build of the prototype planar CDPR
For the build of a prototype of a planar CDPR, a config-

uration of its system was developed, taking into account the 
convenience and clarity when demonstrating its work to stu-
dents. The configuration of the system of the prototype of the 
planar CDPR is shown in Fig. 11. Here the following initial 
data are selected: dimensions of the fixed frame 1×1×0.2 m, 
payload 0.5 kg, maximum end effector velocity 1.5 m/s.
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Fig. 11. The configuration system of the planar CDPR

According to the configuration of the planar CDPR 
system shown in Fig. 11, four winches need to be developed.  

Fig. 12 shows the design of the developed CDPR winch, 
which consists of a drum mounted on a shaft with two 
bearings at both ends. The drum is connected to the  
Nema17-17HS8401S stepper motor through a coupling. An 
encoder is attached to the end of the drum.

 
Fig. 12. Design of the CDPR winch

The stepper motor controller (Fig. 13) is based on the 
Arduino Uno controller with a CNC Shield v3 expansion 
board and stepper motor drivers using the Arduino GRBL 
software. With the help of the Arduino controller, the CDPR 
is controlled by the computer via the USB port.

 
Fig. 13. Stepper motor controller: 	

1 – Arduino Uno controller; 2 – CNC Shield v3 expansion 
board; 3 – stepper motor drivers; 4 – USB cable

Fig. 14 shows a general view of connecting stepper mo-
tors to the CDPR control controller.

 
Fig. 14. A general view of connecting stepper motors to the 

CDPR control controller

The prototype of the planar CDPR is shown in Fig. 15.
The technical parameters of the prototype of the planar 

CDPR are shown in Table 1.



Applied mechanics

73

Table 2 shows the technical parameters of the planar 
CDPR stepper motor

 
Fig. 15. The prototype of the planar CDPR

Table 1

Technical parameters of a planar CDPR

Length of planar CDPR 1 m 

Height of planar CDPR 1 m 

Payload 0.5 kg 

Pulley radius 0.02 m 

Drum diameter 0.05 m 

Stepper motor Nema17-17HS8401S

Speed 0.5 m/s 

DOF 3 DOF 

Settling Time 4 sec 

Table 2

Technical parameters of the planar CDPR stepper motor

Step angle (deg) 1.8

Motor length (mm) 48

Rated current (A) 1.7 

Phase resistance (ohm) 1.8

Phase inductance (mH) 3.2

Holding torque (N∙cm Min) 52

Detent torque (N∙cm Max) 2.6

Rotor inertia (g∙cm2) 68

Lead wire (No.) 4

Motor weight (g) 350

Fig. 16 shows the program interface for controlling a pla-
nar CDPR.

Here it is possible to manually control the planar CDPR 
end effector. Students can make translational motions of the 
end effector: forward-backward, left-right. It is possible to 

reproduce two preset trajectories of the planar CDPR end 
effector: a circle and a four-petal flower (Fig. 16).

 
Fig. 16. Program interface for controlling planar CDPR

For testing, the design of the prototype planar CDPR has 
a back wall (Fig. 15), on which white paper is attached, for 
drawing the specified trajectories with the end effector.

5. 4. Experimental research of the prototype planar 
CDPR

Checking the work of the prototype of the planar CDPR 
was carried out when the end effector was drawing the tra-
jectory of a circle with a radius of r = 200 mm, the equation of 
which looks like:

x t t

y t t
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π
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To draw this trajectory, a blue marker was attached to the 
end effector of the planar CDPR prototype. A total of three 
tests were carried out. In Fig. 17 shows in three colors (blue, 
black, green) the trajectories of the circle drawn by the end 
effector of the planar CDPR, and the red color shows a per-
fect circle. 

Let’s determine the maximum deviations of the radii of 
the circles from the radius of the ideal circle by the formula:

∆r r ri i
max max ,= −

∆r1 27max = mm,  ∆r2 21max = mm,  ∆r3 17max = mm.  To evaluate 
the work of the prototype of a planar CDPR, let’s determine 
the degree of repeatability of the trajectories. Let’s determine 
the average value of the maximum deviations of the radii of 
the circles from the radius of the ideal circle by the formula:

∆ ∆r rav i
i

max max .= =
=
∑1

3
21 67

1

3

 mm.

The average value of the maximum deviations of the radii 
of the circles from the radius of the ideal circle is 10.8 % of 
the length of the radius of the ideal circle, which indicates the 
insufficient accuracy of the work of the planar CDPR.
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Fig. 17. Trajectories of the CDPR end effector are blue, 

black, green colors; reference trajectories is red

In the course of drawing the specified trajectories, it 
was found that the distortions (Fig. 17) of the trajectories 
occur as a result of a sudden loss of tension in any cable.  
It has been found that controlling sufficient cable tension 
is an important factor. When developing a planar CDPR 
control, it is necessary to include strain gauges to control the 
tension level in the cables.

6. Discussion of research results of the planar  
cable-driven parallel robot

The results of the kinematic and static analysis of the 
planar CDPR showed that the tension of the cables is highly 
dependent on the parameters of the trajectory of the end 
effector. Fig. 9 clearly shows that when the planar CDPR 
moves along the trajectory of the four-petal flower, the cables 
are subjected to significant variable tension in comparison 
with the usual circular motion (Fig. 6).

Fig. 10 shows the developed block diagram of the planar 
CDPR control system. Here, to simplify the control system, 
to create position feedback, stepper motor encoders are used. 
When analyzing the operation of the control system of the 
planar CDPR, it turned out that the feedback circuit will 
work well only if sufficient tension is constantly maintained 
on all cables.

A prototype of planar CDPR has been built, which consists 
of a fixed square frame, four winches, four stepper motors with 
encoders and four cables (Fig. 15). The CDPR winch (Fig. 12) 
consists of a drum attached to a Nema17-17HS8401S stepper 
motor and an encoder. The Arduino Uno stepper motor con-
troller with the CNC Shield v3 expansion board (Fig. 13) is 
connected to a computer via a USB port.

The test of the work of the prototype of planar CDPR 
was carried out when the trajectory of a circle with a radius of 
r = 200 mm was drawn by the end effector. The average value 
of the maximum deviations of the radii of the circles from the 
radius of the ideal circle is 21.67 mm, which is 10.8 % of the 
length of the radius of the ideal circle, which indicates the 
insufficient accuracy of the planar CDPR.

The obtained results of the work allow to solve the prob-
lem of creating planar CDPRs for teaching students, due to 
simple algorithms of kinematic and static analysis, a control 
system without complex sensors.

Compared to the prototypes of planar CDPRs develo
ped in [11–14], our prototype does not have complex sen

sors included in the control system to maintain positive 
tension. In our case, this problem is solved by introducing 
a correction coefficients step motors that are determined 
experimentally.

The main limitations in this development of a planar 
CDPR is the control system of a planar CDPR, which re-
quires the use of more advanced control algorithms, taking 
into account the dynamics of the planar CDPR.

The main disadvantage in the development of a planar 
CDPR is the insufficient consideration of the influence of 
the tension of the cables on the accuracy of the trajectory 
of the end effector. Further research is needed to improve 
the accuracy of the planar CDPR. For this, it is necessary to 
carry out the development of a planar CDPR, taking into ac-
count the sagging of the cables. In addition, it is necessary to 
consider the influence of external forces acting perpendicular 
to the plane of motion of the planar CDPR and which cause 
vibrations of the cables.

7. Conclusion

1. A kinematic analysis of a planar CDPR has been 
carried out, which performs only translational motion, and 
only the end effector has rotational motion. The graphs of 
the change in the lengths of the cables of the planar CDPR 
for circular motion and four-petal flower motion were ob-
tained. The method of kinematic analysis of a planar CDPR 
is convenient and easy to calculate, unlike other methods. 
A static analysis of a planar CDPR was carried out, which 
performs only translational motion, and only the end ef-
fector has rotational motion. The graphs of the tensions 
of the cables of the planar CDPR for circular motion and 
four-petal flower motion were obtained. From the analysis 
of the results of modeling the kinematics and statics of the 
planar CDPR, it can be seen that the tension in the cables 
strongly depends on the parameters of the trajectory of the 
end effector. It is clearly seen here that when the planar 
CDPR moves along the four-petal flower trajectory, the 
cables are subjected to significant variable tension in com-
parison with the usual circular motion. This result is very 
important for students to understand that the kinematic 
and static of a planar CDPR strongly depends on the law 
of motion of the end effector, in contrast to parallel robots 
with rigid links.

2. A control system of a planar CDPR with position 
feedback through the encoders of stepper motors, assuming 
a constant sufficient tension of all cables is developed. This 
control system is convenient for students to use during the 
assembly and control of the planar CDPR and, unlike other 
control systems, does not contain complex sensors.

3. A prototype of a planar CDPR has been built. The 
configuration of the system of the prototype of the planar 
CDPR has been developed, which consists of a fixed square 
frame, four winches, four stepper motors with encoders and 
four cables.

4. Experimental researches of the prototype were car-
ried out, which showed the efficiency of the planar CDPR 
design. Checking the work of the prototype of the planar 
CDPR was carried out by drawing the trajectory of a circle 
with the end effector. In the course of the experiment, it was 
found that the deviation of the trajectory from an ideal circle 
occurs as a result of a sudden loss of tension in any cable. 
The average value of the maximum deviations of the radii of 
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the circles from the radius of the ideal circle is 10.8 % of the 
length of the radius of the ideal circle. The use of a prototype 
of a planar CDPR in the educational process of a robotics 
course for students, gave the effect of a better understanding 
of the structure and features of the CDPR. In addition, the 
students developed a great interest in the production of new 
prototypes of the CDPR. In the course of independent work 
on the prototype of a planar CDPR, the students quickly 
learned how to control it and carry out kinematic and static 

calculations, which confirms the advantage of our prototype 
over other prototypes of the planar CDPR.

Acknowledgments

This research has been funded by the Science Committee 
of the Ministry of Education and Science of the Republic of 
Kazakhstan (Grant No. AP09259339).

References

1.	 Bostelman, R., Albus, J., Dagalakis, N., Jacoff, A., Gross, J. (1994). Applications of the NIST robocrane. Proceedings of Interna-

tional Symposium on Robotics and Manufacturing Maui Hi, 14–18. Available at: https://tsapps.nist.gov/publication/get_pdf.

cfm?pub_id=820484

2.	 Albus, J., Bostelman, R., Dagalakis, N. (1993). The NIST robocrane. Journal of Robotic Systems, 10 (5), 709–724. doi: http://doi.org/ 

10.1002/rob.4620100509 

3.	 Jomartov, А. А., Kamal, A. N., Abduraimov, А. (2021). Overview of cable parallel robots. Vestnik KazNRTU, 143 (3), 202–210.  

doi: http://doi.org/10.51301/vest.su.2021.i3.27 

4.	 Varela, M. J., Ceccarelli, M., Flores, P. (2015). A kinematic characterization of human walking by using CaTraSys. Mechanism and 

Machine Theory, 86, 125–139. doi: http://doi.org/10.1016/j.mechmachtheory.2014.12.006 

5.	 Verhoeven, R. (2004). Analysis of the workspace of tendon-based Stewart platforms. Duisburg: Department of Mechanical Engi-

neering, University of Duisburg-Essen, 169. Available at: https://d-nb.info/972304770/34

6.	 Zanotto, D., Rosati, G., Minto, S., Rossi, A. (2014). Sophia-3: A Semiadaptive Cable-Driven Rehabilitation Device With a Tilting 

Working Plane. IEEE Transactions on Robotics, 30 (4), 974–979. doi: http://doi.org/10.1109/tro.2014.2301532 

7.	 Liu, H. W., (2012). Conceptual design and dynamic analysis of novel cable-loop-driven parallel mechanisms. Qu bec, 195. Available 

at: https://robot.gmc.ulaval.ca/fileadmin/documents/Theses/hanwei_liu.pdf 

8.	 Gouttefarde, M., Gosselin, C. M. (2006). Analysis of the wrench-closure workspace of planar parallel cable-driven mechanisms. 

IEEE Transactions on Robotics, 22 (3), 434–445. doi: http://doi.org/10.1109/tro.2006.870638 

9.	 Azizian, K., Cardou, P. (2012). The Dimensional Synthesis of Planar Parallel Cable-Driven Mechanisms Through Convex Re

laxations. Journal of Mechanisms and Robotics, 4 (3). doi: http://doi.org/10.1115/1.4006952 

10.	 Berti, A., Merlet, J.-P., Carricato, M. (2015). Solving the direct geometrico-static problem of underconstrained cable-driven 

parallel robots by interval analysis. The International Journal of Robotics Research, 35 (6), 723–739. doi: http://doi.org/ 

10.1177/0278364915595277 

11.	 Jin, X., Jun, D., Pott, A., Park S., Park, J., Seong Young Ko, S. (2013). Four-cable-driven parallel robot. 13th International Conference 

on Control, Automation and Systems (ICCAS 2013). Gwangju, 879–883. Available at: https://www.researchgate.net/publication/ 

260393125_Four-cable-driven_parallel_robot

12.	 Williams, R. L., Gallina, P., Vadia, J. (2003). Planar Translational Cable-Direct-Driven Robots. Journal of Robotic Systems, 20 (3), 

107–120. doi: http://doi.org/10.1002/rob.10073 

13.	 Ottaviano, E., Ceccarelli, M., Paone, A., Carbone, G. (2005). A Low-Cost Easy Operation 4-Cable Driven Parallel Manipulator. 

Proceedings of the 2005 IEEE International Conference on Robotics and Automation, 4019–4024. doi: http://doi.org/10.1109/

robot.2005.1570734 

14.	 Ottaviano, E., Chablat, D., Moroz, G. (2011). A comparative study of 4-cable planar manipulators based on cylindrical algebraic 

decomposition. Proceedings of the ASME 2011 International Design Engineering Technical Conferences & Computers and Infor-

mation in Engineering Conference IDETC/CIE, 1253–1262. doi: http://doi.org/10.1115/detc2011-47726 

15.	 He, Y., Liang, L. (2019). Application of Robotics in Higher Education in Industry 4.0 Era. Universal Journal of Educational Re-

search, 7 (7), 1612–1622. doi: http://doi.org/10.13189/ujer.2019.070715 

16.	 Zainal, N., Din, R., Nasrudin, M., Abdullah, S, Rahman, A. H. A., Abdullah, S. N. H. S. et. al. (2018). Robotic prototype and module 

specification for increasing the interest of Malaysian students in STEM education. International Journal of Engineering & Techno

logy, 7 (3.25), 286–290. Available at: https://www.sciencepubco.com/index.php/ijet/article/view/17583

17.	 Crnokic, B., Grubisic, M., Volaric, T. (2017). Different Applications of Mobile Robots in Education. International Journal on Inte-

grating Technology in Education, 6 (3), 15–28. doi: http://doi.org/10.5121/ijite.2017.6302 

18.	 Python. Available at: https://www.python.org/downloads/


