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Abstract—Cable-Driven Parallel Robots (CDPR) have 

recently been applied in a variety of industries. Particularly 

in specialized industrial fields where dynamic features such 

as high precision in systems demand quick transitions so 

that cable-driven parallel robots have been deployed. The 

cable force is the most important factor influencing the 

control algorithm of the cable-suspended parallel robot. The 

cable force at the attachment point of the cables at the 

platform and the winch are different. Due to friction, the 

pulleys between the force sensor and the platform affect the 

force measurement accuracy. This disparity is caused by a 

variety of factors, including high acceleration, stiffness, 

cable density, and cable length. In this paper, a dynamic 

model and cable tension are designed for cable transmission 

to increase the accuracy of cable forces. The influencing 

variables of the cable force during motion are defined by 

studying the force relationship of the cable. Finally, 

experiment and numerical simulation are used to verify the 

correctness of the research content in this study. The results 

show that the model can accurately simulate the force state 

of the cable compared to the actual force measured at the 

load cell.   

 

Keywords—Cable Robot, Cable-Driven Parallel Robots 

(CDPR), kinematics, cable winding, cable tension  

 

I. INTRODUCTION 

In recent decades, robots are increasingly popular for 

many applications in various fields such as medicine, 

agriculture, construction, etc [1–4]. Furthermore, robotic 

mechanisms have been used to manipulate objects within 

a workspace. Conventional robots with serial are 

impractical for long-reach robotics, such as inspection 

and repair at shipyards and airplane hangars, since the 

workspace requirements are larger than what 

conventional robots can provide. Cable-driven 

mechanisms have gotten a lot of attention because of 

these issues, and they’ve lately been researched: high-

speed robots, aerial camera systems, multidimensional 

cranes, Robocrane [5] are just a few examples of the most 

recent research on lightweight cable suspended robots 

that can work in a variety of workplaces. Besides, there 

are many cable robot studies for different applications [6–

9]. 
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The cable robots are powered by motors that wind or 

unwind the cables from pulleys to extend or retract them 

(also called winches or drums). When compared to 

traditional serial and parallel robots, cable robots have a 

lot of benefits. They have thus been extensively studied 

and have the potential to significantly improve the 

payload, workspace, and dynamic performances of 

today’s industrial robots. They can be designed to have a 

very large workspace, a very high load capacity, or to 

generate very high-speed motions, always with a 

significant amount of energy efficiency. As a result, a 

technique must be defined to transform the intended cable 

tension into a variable that the motor drivers can 

understand, such as motor torque (or current), position, or 

velocity. Cable tension control systems are a type of 

control strategy. An open-loop cable tension control is 

used in most published test findings.  

In the framework of position tracking control [10] and 

control-based force [11], a frequent approach is to apply 

the torque of a friction-compensating motor in the winch 

[12–14]. Nonetheless, using a closed-loop technique 

significantly improves the stability of the controlled 

system. Closed-loop cable tension control is a simplified 

case of feedback force control, which is a well-known 

issue in robotics [15]. Impedance control [16] and hybrid 

position/force are two examples of its derivatives.  

The rest of the paper is structured as follows: Section 

II is the inverse kinematics Model. Section III is the 

design of the cable-winding device. Section IV is the 

Overview of the cable winch. Section V is the pulley 

friction model. Section VI is the test trajectory and 

experiment. Section VII concludes with a conclusion and 

vision on future works. 

II. INVERSE KINEMATICS MODEL  

A description of the inverse kinematics problem is to 

find the positions of the motor (qi, i= 1, 2..., n) that meet 

the static equilibrium and geometry requirements given a 

specified payload position and orientation (p, R). The 

platform requires three coordinates to identify its position 

in 3–D space. Vector Li is the point from Bi to Ai, the ith 

cable vector, and reads as Eq. (1). 

b b b b P

i i i i p iL l u a r R b= = − −  

(1)
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Where: Fb is the movement platform frame. The position 
vector point from O to Ai is shown in frame Fb; the 
position vector Bi point from P to Bi is shown in frame Fb; 
corresponds to the rotation matrix from Fb to frame Fp, ui 
is the unit of the  cable vector. 

2
b

i il L=  and 
2

b
b i

i
b

i

l
u

L
=  (2) 

where ‖.‖ denotes the Euclidean norm of a vector. 

The rotation matrix R from Fb to frame Fp can be 

obtained as follows: 

b

P

c c c c s s c c s c s s

R s c s s s c c s s c c s

s c s c c

           

           

    

− + 
 

= − +
 
 − 

 (3) 

In Eq. (3), c indicates cos and s indicates sin. Also α, β, 

and γ are angles of rotation around z, y and x axis 

respectively. Below equation shows the relationship 

between kinetics, statics and dynamics of CDPR. 

The issue with CDPRS kinematics is that controlling 

the location or force of the moving base of the CDPRs is 

insufficient. The cables can only provide pulling forces, 

rather than pushing forces. The cable tension has a 

significant impact on the CDPMs’ determination 

workspace. The cable tension has a significant impact on 

the determination workspace for CDPMs [17]. 

demonstrates that the cables create tension forces to 

balance any external wrench (Fp, Mp) applied to a moving 

platform, resulting in platform equilibrium. The following 

equilibrium equations may be utilized to calculate the 

forces and torques operating on the CDPRs: 

0gW w + =  (4)

 

W is the wrench matrix of the robot and expressed as  

1

1 1 1

b b

m

b b b b

m

u u
W

b u b u

 
=  

  

 

(5)

 

 is the cable tension vector. wg is vectors of the external 

wrenches applied to the mobile platform’s center of mass. 

For CDPRs, the forward Jacobian matrix A relates the 

movement platform twist v and the cable unwinding 

velocities: 

r
A I q I

R

 = = =  with 
T

b bv  =  
 (6)

 

 

1

T

sI I I =  
 is the vector containing the cable 

velocities,  1 8

T
q q q= is the vector containing the 

motor velocities. where R is the gearbox reduction ratio, 

rw is the winch radius. b is the angular velocity. 
bv   is 

the Cartesian position of movement platform.   is the 

vector end effector velocities. The relationship between 

the kinematics, statics and dynamic can be written as Eq. 

(7). From Eq. (8), the calculation of the transmission 

design is based on the speed and tension of the cable. 

TW A= −  

(7) 

0pA + =                                 (8) 

Because A is not square, this issue can be solved by 

using a pseudo-inverse matrix. Pseudo-inverse matrix, 

linear programming, interval analysis, and other 

techniques can be used to evaluate if an inequality 

equation has a solution or not. 

The dynamic model of the CDPR can be written as 

0p e gWt I C w w − − + + =  

(9) 

where Ip is the spatial inertia of the platform. C is the 
matrix of the centrifugal and Coriolis wrenches. The 
wrench wg due to the gravity acceleration g. we is an 
external wrench. However, because the platform is 
moving at a low speed in this experiment, Coriolis and 
external wrenches may be ignored. 

 

 Figure 1. Cable Robot with 8 cables, 6 dof. 

 
Figure 2. The robot kinematic. 

III. DESIGN OF THE CABLE-WINDING DEVICE 

Cable wrapping equipment has to meet specifications 

for  functions like wrapping and unwrapping as well as 

working circumstances in construction: 

• Large driving force: The ability to resist the 

gravity of the movement platform. The primary 

purpose of the winding device is to provide a 

substantial driving force in order to let the 

movement of the mechanism to be launched. 
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• Large displacement of cable: The variation in the 

length of the drive cable is quite large so the 

equipment designed to wind the cable must be 

uniform. 

• Compactness: To preserve machine space, the 

device’s geometric structure should take up a 

minimum amount of area. 

To fulfill the above-mentioned design criteria, the cable 

reel is designed equipment consisting of three parts: the 

transmission assembly (which offers high dynamics to 

actuate the mechanism), the cable arrangement assembly 

(which assures the right cable reel on the winch), and 

spare engine assembly (which improves equipment 

reliability) 

A. Selecting Motor for System 

It is important to compute the motor selection for each 

section of the cable robot in order to assist it to operate 

and being steady. Because it is an open-loop system, 

choosing a motor for a series-type robot is very simple. 

Because selecting motors for parallel robots is more 

challenging due to the closed-loop control system, CDPR 

is divided into four parts (each pillar is a part) that can be 

divided into four separate series sections, each of which 

utilizes a gear reducer connected in series with the motor.  

The efficiency of the transmission assembly is 

2 2

hs ol d gt   =    (10)
 

where d   are the efficiencies of belt-drive transmission, 

the pair of gearbox, the pair of roller bearing ol = 0.99, d 

= 0.95,  = 0.8, respectively.   

The motor’s output power, which is calculated as   

gt

hs hs hs

F vP m g v
P

  

  
= = =

 

(11)

 

where m is the maximum mass of the movement platform 

is the desired control speed, g is the gravity acceleration 

with the efficient hs = 0.68. The parameters of Table I are 

substituted into (10) to derive the value of P, which is 80 

W. Considering the margin of the motor, a motor with a 

capacity of 400 W, accompanied by a 1:30 gearbox, is 

considered, based on the characteristics of AC servo 

motors offered by brands ranging from 100 W to 7.5 kW. 

After the motor has been determined, the parameters of 

the winch, the reductor can be calculated. 

B. Design of a Cable Winch 

 

Figure 3. Force wrapped on the winch. 

TABLE I. DRIVING REQUIREMENTS 

Item Fg V Lw vm 

Value 1000 N 0.05 m/s 20 m 0.5 cm/s 

As shown in Fig. 3, the radius of the winch is rw when 

there is no cable wound, and the radius is Rw when the 

cable, whose length is Lw is wound. The radius of the 

cable is rc; b is the width of each groove on the reel. 

Number of turns of cable required to get 20 (m). B is the 

length of the winch can be written as:  

2 ( )

w

w c

L
B N b b

r r
=  = 

+
 

(12)

 

The parameters of Table I are substituted into (10) to 

derive the value of B, which is 300 (mm).The torque and 

rotation speed of the motor’s output shaft should be less 

than the rated torque and speed of revolution in order to 

guarantee smooth operation. The torque of the winch 

increases while the cable force remains constant, and it 

reaches its maximum value when the cable is entirely 

wrapped around the winch. When the cable’s velocity 

remains constant, the motor’s rotation speed decreases as 

the cable is wrapped. As a result, the motor’s rotational 

speed and torque restrictions are stated as: 

0

0

g

hs t

t

F R

u

vu
n

r
















 (13) 

where o  is the reduction ratio of transmission assembly. 

Driving the winch directly from the motor is unable, thus 

an appropriate reducer to increase the winch’s torque is 

necessary. Furthermore, the use of a reducer will lower the 

robot’s speed to some amount, but it will be simpler to 

regulate and avoid a large reaction that acts directly on the 

motor, assuring the robot’s safety and the operating life of 

motor. The motor can be mounted directly for spindle 

movement, but we need a gear reducer to assure the 

motor’s safety. 

1 2

2 1

t

n z
u

n z
= =  (14) 

where: z1 is the number of teeth in the worm gear, z2 is the 

number of screw thread and n1; n2 are the numbers of 

revolution of screw gear and worm thread. From Eq. (11), 

the selected reducer is NMRV 050 (gear ratio 1/30) 

C.  Loadcell and Cable Guide  

A cable winder, as shown in Fig. 6, with a loadcell 

sensor that monitors the tension of the cable, is used to 

keep the cables from becoming tangled while winding. A 

guide includes: a screw rod with a diameter of 20 mm 

with a step of 5 mm, two 16 mm diameter guide rails, a 

lead screw nut holder, a guide bar nut, and a loadcell are 

included with the guide (200 kg). The step of the lead 

screw as Eq. (15). 
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m
m

dc

v
l

N
  

(15)

 

 

where: vm is maximum speed without load, N is the 

revolution of the motor. Lm is the max total displacement 

length and the length of nut and bearing, which is 730 mm 

Ball bearing type is tight fitting at both ends f = 21.9. The 

rotation speed for the motor is selected at about 80% 

compared to the limited rotation speed, so n = 80% and 

Nmax = 3600 rpm. The radius of the lead screw can be 

written as  

710m
v

nL
r

f

−=   

(16)
 

D. Tooth Belt Drive  

The lead screw rod has a tooth pitch of p1 = 5, and the 

under step on the cable reel p2 = 5 so we choose the gear 

ratio k = 1. The width of the belt can be written as:  

1
3

1

35 b

b

P
m

N
=  (17)

 

where m is module; P is power on the drive pulley; N is 
the number of revolutions on the drive wheel. According 
to the standard tooth width table [2] corresponding to m = 
1.5. The belt width b = 16 (mm) is suitable for the 
proposed condition. With the tooth width b = 16, the 
number of teeth needed for the pulley is from 30 teeth to 
40 teeth. Calculation of belt length: 

( )

( ) ( )

1 2

2 2

1 2 1 2

1

4 8

dL R R
A

L R R R R





− + 
 = 
 + − + − + 

 

(18)

 

 

where A is the shaft distance, Ld is the belt length and R1, 
R2 is the pulley radius 1, 2, respectively.  

From Eq. (18) we can define the length of the belt. The 

existence of a mechanical part that serves as a static 

limitation on the cable is generally the origin of any 

forward static friction between the released cable and the 

force sensor; these forces cannot be measured directly at 

the winch since they are not visible at the force sensor. In 

fact, without additional information on the applied forces 

provided by the force sensor in the Coulomb static friction 

mode, they cannot be adjusted via an open-loop technique. 

However, dynamic forward friction can be included after 

calculating the associated Coulomb coefficient, which is 

the displacement of the force contact point between a 

cable and the force sensor.  

IV. OVERVIEW OF THE CABLE WINCH 

The winch is the winding part in the lifting machine, 

which converts the rotational motion into the reciprocating 

motion of lifting and lowering the platform movement. 

The characteristics are shown like that: 

 

Figure 4. Schematic of cable winch. 

• The drum is usually cylindrical in shape, with 

holes at both ends for mounting with the shaft, 

rotating movement. 

• Material of the drum: steel. 

• The working surface  cut into a circular threaded 

groove with a step larger than the cable diameter 

to avoid the cables rubbing against each other 

(grooved drum). 

• Reel winch can be used to wind  multiple layers of 

cable overlap. 

Design of cable drum winch, diameter 100mm, shaft 

diameter 25 mm using UCF bearing with 25 mm inner 

diameter with design as shown in Fig 4. In addition, the 

pulleys to guiding the cable winding on the winch are 

designed uniformly in order to avoid cable tangles so that 

the cable wraps around the drum right at the pre-designed 

groove. The cable guide set includes: 2 chrome-plated 

steel smooth rods to help orient and increase the stiffness 

of the drum, 1 lead screw to guide the cable into the 

designed groove, 1 connecting detail between the 2 rods, 

slide and lead screw bar, and install a loadcell measuring 

the cable tension  to avoid overloading leading to cable 

breakage. The guide is driven through a belt mechanism 

located at the end of the drum as shown in Fig 5.  

 

Figure 5. 3D model of the designed device. 

V.
 

PULLEY FRICTION MODEL

 
Whenever pulleys or cables are designed, it is important 

to define the friction forces contacting surface between 

them. To determine the tension Tj, which is necessary
 
to 

pull the belt counter-clockwise. Euler-Eytelwein equation 
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with kinetic friction between the surface of pulley and 

cable, wrapping angle ai in of the ith pulley, p is the 

friction coefficient. The schematic of a pulley system is 

shown in Fig. 6. 

 

Figure 6. The guide of three pulleys for a cable. 

1e
P

j jT T  

−=
 

(19)
 

The cable’s elasticity and gravity are ignored. In the 

case of force equilibrium, a force Fr is acting to guide the 

pulley with velocity v in the same direction as Tj, as 

defined by below equation. 

( )1 ,sgnj j R jT T v F−= +
 

(20) 

Tj, Tj-1 is the tension before and after the pulley. The 

pulley’s friction force is determined by Coulomb 

coefficient of friction and viscous friction parameter Fpv.  

,Rj i N j pvF F F v= +
 (21)

 

where: FN,j is the normal force to pulley jth.  

It is possible to determine the normal force from both 

the first and second tensions applied to the pulley by the 

cosine law. The Coulomb friction in the static model can 

be described as follows. 

2 2

, 1 12 cosN j j j j j jF T T T T− −= −  +  (22) 

,Rj j N jF F=
 

(23) 

For greater precision, both Coulomb and viscous 

friction should be considered. The viscous impact is too 

minimal because our CDPR system operates at a speed of 

less than 10 m/s. As a result, viscous friction is omitted in 

this analysis. We can also regulate the pose by taking use 

of the Coulomb friction term’s simplicity. 

2 2

, 1 12 cosN j j j j j jF T T T T− −= −  +  

( )
33 3

2

3 3 1 1

1 1 1

2 cos 1
j

Rj k j j j

j j k

F n n n T 
−

+ −

= = =

 =  − +
  

  (24) 

Coulomb friction, on the other hand, has limitations is 

that it ignores pre-sliding dynamics at low velocities. Dahl 

friction can be used to model the pre-sliding dynamics. 

These dynamics are nonlinear when the velocity is close 

to zero. The Dahl friction first-order non-linear ordinary 

differential equation is presented. The Dahl friction model 

can be expressed in the following way [18, 19]. 

( ) ( ), ,
1 sgn( )

d j j d j j

Rj

dF T F T
v

dx F




 

= − 
  

 

(25)
 

, ( ) (1 )sgn( )Rj

x

F

d j j RjF T F e v


−

= −
 

(26)
 

By simplifying the model with an exponential function 

α=1, FRj is the maximum value of the friction force. The 

problem with the linear Dahl model is that the exponential 

function is related to position and represents the zero slope 

across the graph. Fd,j is the Dahl friction of jth pulley,  

represents the slope of the friction with respect to position 

at the zero crossing, that determine the pre-sliding range, x 

is the relative displacement between the cable and the 

pulley, and  define the pre-sliding shape and takes the 

value  = 1.14.26 in most cases. Decoupling tension and 

friction factors can be utilized to generate a value for the 

tension that includes Dahl friction because Dahl friction is 

a function of Coulomb friction. Two of these factors are 

the loss factor and the friction coefficient. By 

incorporating equation, Eq. (5) for kinematics and 

dynamics may be enlarged. The Dahl model is part of a 

modified version of the kinematics equation, which is 

written as: 

 
3

1

1 sgn( )j

x

T

j p

j

T e v T A




 

−

+

=

 
 + − =
 
 

  

(27)

 

VI. PERFORMANCE OF CABLE FORCE TRANSMISSION 

The cable force at the winch is the actual force 

measured by the force sensor. The desired force and the 

actual force are almost similar when the terminal 

acceleration is very small. The first significant assessment 

indicator is cable overshoot, which measures the highest 

departure of cable force from the desired force. The 

following is the expression: 

( )
100%m O

O

F t F

F


−
=   

(28)
 

 

The target force is specified as FO, while the moment 

when the actual cable force is at its greatest is defined as 

tm. The average relative error is ε  , defined as follows:  

1

( )1
100%

i n
O

i O

F t F

n F


=

=

−
=   (29)

 

We evaluate the error conditions in the cable-force 

transmission process using the average relative error ε  in 

Eq. (29). 

VII. TEST TRAJECTORY AND EXPERIMENTAL SETUP 

A CDPR is used for experimental cases with system’s 

parameters (Table II). A desired trajectory representing a 
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typical motion simulation application has been built to 

assess the efficacy of alternative control techniques. S-

curves are used to create the trajectory, which ensures that 

the velocity and acceleration profiles are consistent. The 

frame Fb has an x-axis that runs the length of the CDPR, a 

y-axis that runs the length of the CDPR, and a z-axis that 

runs the height of the CDPR. The XY trajectory has a 

400x430 mm rectangle edge and is meant to move the 

objects which is shown in Fig.7. 

 

Figure 7. Rectangle trajectory with Z = 200mm. 

TABLE II. CDPR SPECIFICATION FOR EXPERIMENTS 

Specification Value 

Degree of Freedom 

Number of cables 
Size structure 

Maximum load 

Minimum load 40 kg 
Moving velocity (Vp) 

Applied voltage 

Power of motor 

6 

8 
6000 × 6000 × 1200 mm 

250 kg 

40 kg 
0.05 m/s 

200–300 V, 50–60 Hz 

400W 

In the case of low speed, Fig. 8 shows the tension data 

collected experimentally and through simulations. The 

orange line is the tension profile that was the target force 

and blue lines represent the tension profiles that were 

measured. With the Dahl friction model, the inaccuracy 

throughout the whole range of motion was greatly reduced. 

The total error was computed across the completed range 

of movement. The mean and standard deviation of the 

error for Dahl models were 17.9  and 20.5 N, respectively. 

The Dahl friction is more precise at low speeds. If the 

system requires high positioning precision and many 

movement transitions, pre-sliding is the most important 

component of the dynamics in addition, the error due to 

noise of the sensor is read. Factors affecting the error 

include the production tolerance of the loadcell, the 

impact of the air on the axial suspension. In general, the 

actual tension measured at the force sensor and the desired 

force is up to 96% similar to the original desired condition. 

From the comparison of the string tension including the 

friction compensation, it can be concluded that the cable 

drive is relatively stable in accordance with the tension 

requirement.  

 

Figure 8. Describe tension data profiles in the case of low-speed 

VIII. CONCLUSIONS 

This paper presents a cable-winding mechanism that 

can generate a large cable-driving force, organize the 

cable uniformly and achieve high dependability. The 

device fulfills the required specifications. The 

transmission assembly converts the motor’s high speed 

and low torque into the cable’s supplied speed and high 

driving force. The minimum cable tension limit expresses 

the need that the cable be maintained tight. The maximum 

cable tension is mostly determined by the greatest load 

that may be safely applied to the robot’s mechanical 

components. An internal cable tension feedback control 

loop in which the desired tension is the MPC’s output. 

This is a strategy that is not based on a motor velocity 

control model that is a proposal for future research. 
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