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Abstract: Cable-driven parallel robots (CDPRs) have the 
characteristics of reconfigurability, which endows CDPRs with 
flexible workspace, freely configurable degrees of freedom and 
various configurations, greatly expanding their range of 
applications. Modular design provides great convenience and 
feasibility for the realization of reconfiguration, which is a key 
issue of reconfiguration research. However, most existing CDPRs 
have problems of low modularity and low system integration, 
which brings inconvenience to the realization of reconfiguration. 
In this paper, a highly integrated and high precision cable-driving 
module is designed, which can accurately control the length and 
tension of the cable. In addition, experimental verification is 
performed. The single-module experiment shows that the module 
has good ability for cable length and cable tension control. The 
cable length control error is less than 0.2mm, and the cable 
tension control error is less than 0.8N. Furthermore, based on the 
proposed module, a CDPR with 8 cables and 6 degrees of freedom 
is constructed rapidly. The open-loop tracking error of the robot is 
measured by laser tracker. Results show that the tracking error is 
less than 4.5mm and the Root-Mean-Square-Error (RMSE) is 
2.1mm. Besides, the compliance control experiment of the robot 
shows that the tracking error in impedance control mode is less 
than 2mm, and the RMSE is 0.95mm, and the drag force in 
teaching mode is less than 2.5N, which demonstrates good 
follow-up performance. The proposed compact cable-driving 
module with high precision could be useful for the design and 
rapid construction of reconfigurable CDPRs. 
Keywords: modular design • cable-driving module • 
reconfigurable robots • cable-driven parallel robots  
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1  Introduction 
In recent years, cable-driven parallel robots (CDPRs) have 
attracted lots of attentions. They have been widely used in 
huge telescope [1], rehabilitation [2], live sporting 
broadcasting [3], disaster rescue [4], virtual reality [5], 
automatic handling [6], pick-and-place [7-8] large 3D 
printing [9] and etc. Compared with traditional parallel 
robots, CDPRs use flexible cables to drive platforms, which 
makes them have the characteristics of small inertia, large 
workspace, fast speed and acceleration, strong load capacity, 
good flexibility and low cost [10-16]. In addition, CDPRs 
have the characteristics of rapid reconfiguration, which is 
convenient for disassembly and handling. Various 
configurations can be obtained according to the specific 
requirements [17-19]. 
Modular design is a key to realize reconfiguration of 
CDPRs, especially the rapid reconfiguration. However, at 
present, most CDPRs do not consider modular design, and 
their driving and transmission devices are often installed on 
the robot frame, so it is difficult to carry out rapid 
reconfiguration according to the actual requirements. 
Nevertheless, modular design was onsidered in some 
previous studies: Seriani proposed a design scheme of 
modular CDPRs for interplanetary exploration [20]. They 
divided the main body of the robot into two parts: the 
module and the end actuator. The module adopts the 
modular design, including the cable-driving module and the 
fixed base. This kind of module design is suitable for the 
scene without fixed base. Gagliardini L et al. Proposed a 
kind of CDPR, which converted the fixed point of cable 
connection into the form of moving guide rail [21]. It can 
change the position of rope connection point according to 
different environmental requirements to realize the 
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geometric structure reconstruction, but this form cannot be 
separated from the dependence on its own guide rail base. 
J-p. Merlet et al. put forward a modular CDPR lifting 
equipment which can be used in disaster relief and rescue 
[22]. The scheme integrates the motor and winch into one 
module, but the module does not integrate the equipment 
that can measure the length and tension of the cable 
accurately. In addition, Gagliardinil et al. put forward the 
optimization strategy of CDPRs based on graph theory and 
the reconfiguration strategy based on Dijkstra shortest path 
algorithm [23-24]. 

Analysis of the existing researches shows that the key 
issue to the modular design of CDPRs is the modularization 
of the cable-driving and controlling device. Functions of 
most existing modules are still relatively simple, which are 
not enough in the precise control of cable length and cable 
tension, and lack cable state acquisition, cable braking and 
other functions, and thus affect the performances of CDPRs, 
such as accuracy, safety, reliability and flexibility. 
Aiming at the rapid reconfigurable requirements of CDPRs, 
this paper designs a highly integrated cable driving module 
which achieves complete functions of drive, transmission, 
sensing and control. The module integrates an 
anti-overlapping cable winding bobbin, a servo motor with 
reducer, an external encoder, a tension sensor and an 
electromagnetic brake. It has the functions of real-time 
monitoring of cable length tension, compensation of cable 
elastic deformation, emergency safety braking, etc. It can 
not only achieve high-precision cable length control, but 
also high-precision cable tension control, with good safety 
and reliability. Besides, we fabricate the prototype of the 
driving module, and carry out experimental verification, 
and test the cable length control accuracy and force 
response performance of the single-mode group. Based on 
this, we use 8 cable-driving modules to construct a CDPR 
with 8 cables and 6 degrees of freedom rapidly. In addition, 
the trajectory tracking accuracy in the open-loop position 
control mode, the track tracking accuracy in the impedance 
control mode and the teaching performance in the zero 
gravity mode are analyzed experimentally. Results show 
that the module proposed in this paper has good cable 
length and cable tension control accuracy, and the 
reconstructed CDPR has good track accuracy. 

The rest of this paper is organized as follows: the 
structural design of the cable driving module is introduced 
in Section 2; experiments are carried out on a single 
module in Section 3, including the cable length and cable 
tension control experiments; section 4 presents an 8-cable 
and 6-DOF CDPR constructed with the proposed modules. 
The kinematics accuracy experiments and compliance 

control experiments are carried out to investigate the 
trajectory tracking accuracy and force control performance 
of the CDPR; section 5 is the conclusion of this paper. 

 
2  Structural design of the cable-driving 

module 
 

This section mainly introduces the proposed cable-driving 
module, including the overall structure of the module, 
winding mode, transmission mode, sensor arrangement and 
routing mode. The cable-driving module is the key part of 
CDPRs. In order to maximize the reconfigurable 
performance of CDPRs, the modular design of the 
cable-driving module is necessary. 
 
2.1  Main structure 
The model diagram of the cable-driving module designed 
in this paper is shown in Figure 1. This module integrates 
the winding bobbin, servo motor, force sensor, external 
encoder, electromagnetic brake, as well as the components 
and transmission devices. In addition to the function of 
storing cable and controlling cable output, the force sensor 
is used to detect the cable tension state in real time; the 
external encoder is used to measure the length of output 
cable; the limit switch can prevent the winch module from 
being damaged when the guide rope pulley exceeds the 
limit position and the electromagnetic brake keeps the 
tension of the rope to maintain the current state when the 
robot is powered off. Compared with the previous modular 
design, this kind of modular design has higher integration 
and a fuller degree of modularization. Because the drive, 
transmission, sensing, control and other devices are highly 
integrated into one module, this module can be used 
directly to establish CDPRs, and the number and location 
of module installation can be flexibly selected according to 
the actual situation. Furthermore, the later maintenance and 
debugging are more convenient, greatly improving the 
rapid reconfigurable ability of CDPRs. Meanwhile, through 
the reasonable design of winding mode, transmission mode, 
routing mode and sensor layout, this module also has good 
cable length control accuracy and cable tension control 
ability. The relevant experimental results are analyzed in 
the single module experiment in Section 3. 

External encoder measuring wheel Force sensing wheel

Screw Bobbin

Slider Synchronous pulley

Electromagnetic brake

Servo motor

 
Figure 1 Overall structural of the cable-driving module 



Han Yuan et al. 

 

·4· 

2.2  Cable winding device 
The cable control accuracy in cable-driving module is 
mainly determined by the mapping relationship between 
the winding bobbin and the motor angle. The reasonable 
cable winding method can guarantee the cable control 
accuracy of the cable-driving module to a greater extent. 
For the winding method of CDPRs, the common one is a 
traditional winch winding. In addition, there are winding 
bobbins with spiral groove. And this paper proposes the 
smooth bobbin winding method. The structures of the three 
winding modes are shown in Figure 2. 

  

 

a) traditional  
winch 

b) bobbin with 
spiral groove 

c) smooth bobbin 
without groove 

Figure 2 Three different methods for cable winding 
For the traditional winch winding mode, there is no 

special design for the winding winch, and the cable is 
directly led out and recovered from the winch. Therefore, 
this method is easy to stack and stagger cables, which 
makes cables extremely irregular and difficult to ensure the 
control accuracy. 

To solve the problem that the traditional winch winding 
is difficult to control the cable accuracy, some scholars put 
forward a bobbin winding method with spiral groove [25]. 
This method avoids the situation that cable is stacked and 
staggered with each other in winch winding method, and 
spiral groove matching with cable is added on the bobbin, 
so as to better avoid the sliding of the cable on the bobbin. 
However, because of friction, wriggle of the cable is more 
obvious. In addition, because of the difficulty in spiral 
groove machining, it is easy to have inconsistent depth 
during the processing. And there are also problems in 
matching the cable with the initial position of the spiral 
groove; besides, this spiral groove can only be suitable for 
cables with a specific diameter range, while others are not 
easy to maintain high-precision control, so the general 
performance of this bobbin is not good. 

In order to solve problems in spiral groove bobbin 
winding method, a smooth bobbin winding method is 
adopted in this paper. Compared with the spiral groove, the 
machining accuracy of the smooth bobbin can be better 
guaranteed, and it can be suitable for cables with different 
diameters and materials. By means of guide pulley and 
screw, the cable can be evenly wound on the drum in a 
spiral form, which greatly relieves wriggle of the cable, so 

the control accuracy of the cable length is more accurate. In 
addition, the smooth bobbin does not have problems in 
matching the spiral groove with the cable, which is more 
convenient for installation, debugging and cable 
replacement. 

 
2.3  Transmission module 
The transmission part of the cable-driving module includes 
servo motor, coupling, synchronous pulley driving 
mechanism, screw driving mechanism, circular guide rail 
and winding bobbin. From the model diagram in Figure 1, 
the output end of servo motor and the input end of winding 
bobbin are connected by coupling; the coupling adopts 
elastic quincunx coupling, which can effectively reduce 
vibration and compensate radial, angular and shaft errors. 
The screw and the circular guide rail are used to fix the 
guide pulley, through which the spiral winding can be 
carried out on the winding bobbin. The circular guide rail is 
arranged symmetrically, which is easy to install and highly 
reliable. The winding bobbin is arranged below the 
transmission screw, which reduces the volume of the 
module, makes the screw more uniform and improves the 
service life of screw. 
 
2.4  Sensor arrangement and cable layout 
Through the reasonable arrangement of cable layout, the 
acquisition accuracy of the sensor can be greatly improved. 
The sensor arrangement and cable layout are shown in 
Figure 3. One end of the cable is fixed on the cable bobbin. 
After passing through the bobbin, the cable first passes 
through the guide pulley, and then passes through the force 
sensing wheel at the measuring end of the force sensor. The 
force sensor is used for measuring the cable tension, and 
the cable is pressed on the force sensing wheel from the left 
side to the top with 120 degrees. After coming out from the 
force sensing wheel, the cable passes through the external 
encoder measuring wheel used for measuring the output 
length of the cable. The external encoder measuring wheel 
is connected with the input end of the external encoder 
through a flexible coupling. The force sensor is arranged in 
front of the external encoder to avoid the effect of the 
vibration of the cable on the force information collection. 
The external encoder arranged at the outermost end of the 
module can measure the actual output length of the cable 
more directly. In order to improve the accuracy of cable 
control, this paper adopts the control method of external 
encoder measurement combined with cable elastic 
deformation compensation. The output length of the cable 
is measured by the external encoder, and the cable 
deformation at the end platform and the output end of the 
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module is superimposed to obtain the actual cable length. 
The calculation formula can be written as: 퐿� = 퐷�휃�2 + 퐹퐿�퐸퐴 (1) 

Where: 퐷�  is the diameter of the measuring wheel of the external 
encoder; 휃�  is the angle of the measuring wheel of the external 
encoder; 퐹 is the tension of the cable; 퐸 is the Young's modulus of the cable; 퐴 is the cross-sectional area of the cable; 퐿� is the theoretical length of the cable; 퐿� is the actual length of the cable; 
The Young's modulus of the cable can be obtained through 
the Young's modulus calibration experiment. 

External encoder

Force sensor

 

Figure 3 Sensor arrangement and cable layout  
 

3  Single cable-driving module experiment 
The control accuracy of cable length and cable tension are 
two important indexes for cable-driving module. In the 
process of modular design, the cable-driving module should 
not only improve the rapid reconfigurable performance of 
CDPRs, but also have good cable length and cable tension 
control accuracy. Therefore, we carried out the cable length 
control accuracy experiment and cable tension response 
performance experiment for a single module, and the 
experimental setup is shown in Figure 4. 

Guide rail
Slider

Driver

Controller

Cable-driving 
module

Data acquisition 
computer

 
Figure 4 Experimental setup for the single cable module tests 

In the experiment, the module is fixed on one end of the 
guide rail and the cable is led out from the module fixed by 
the slider, then it is connected with the load at the other end 
of the guide rail after passing through the slider. The target 
ball of the laser tracker is placed on the slider to measure 
the actual length of the cable. We choose API series laser 
tracker, whose three-dimensional spatial position 
measurement accuracy is 0.015mm; The external encoder 
adopts 12 unit aperture absolute encoder, and the angle 
measurement accuracy is 0.0879 degrees and Maxon RE35 
DC brush motor is selected, with rated output torque of 106 
Nm and maximum speed of 5760rpm. The reducer is 
Maxon GP22C, the reduction ratio is 16, and the 
transmission efficiency is 0.95. The lead of screw is 2mm 
and the diameter of drum is 30mm. 
3.1  Cable length control  
During the operation of the cable-driving module, the end 
of the cable will be subject to the constantly changing 
tension. Therefore, in order to analyze the cable length 
control accuracy of the driving module under the condition 
of changing load, we install a tension spring at the output 
end of the module to keep the initial value of the rope force 
at 30N. The motor releases the cable 180 degrees each time 
(corresponding to the cable length change of 47.12mm), so 
that the cable tension decreases gradually. We took the 
actual length of the cable measured by the laser tracker as a 
reference, and compared with the results measured by the 
embedded encoder of the motor, the measurement results of 
the external encoder of the module, and the cable length 
calculated by means of external encoder measurement 
combined with cable elastic deformation compensation. 
Meanwhile, the accumulated errors in the process of the 
motor angle change are calculated respectively. The results 
are shown in Figure 5.  

 
Figure 5 Comparison of the accumulated errors of the cable 
length measured by embedded motor encoder, external encoder 
and external encoder with compensation 

From the accumulated error results of the embedded 
encoder and external encoder, it is clear that the 
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accumulated error of the cable length measurement 
increases gradually with the increase of the motor angle. 
When the motor angle increases to 1440 degrees, the 
accumulated error of embedded encoder is 2.98mm. The 
external encoder can reduce it to 1.52mm. In addition, 
when external encoder measurement combined with cable 
elastic deformation compensation is used, the accumulated 
error is small and the maximum error is 0.178mm. 
Consequently, compared with the general method of cable 
length measurement, the cable-driving module designed in 
this paper has smaller accumulated error of cable length 
measurement in the process of cable tension change and 
better cable length control accuracy. 
3.2  Cable tension control  
In order to realize the impedance control [26-27], the 
cable-driving module of CDPRs needs to have a good 
precision of the force control. According to the actual 
situation of force control, we plan step force response 
experiment, ramp force response experiment and dynamic 
force response experiment respectively to analyze the 
accuracy of cable tension control of cable-driving module. 

In the step force response experiment, a step force signal 
from 10N to 15N is given to the module. Figure 6 shows 
the actual force response curve, the desired force response 
curve and the error between the actual force and the desired 
force under the action of step force signal. 

 
Figure 6 Response of the module with step signal input: actual 
cable tension, desired cable tension and their error 

Before the step response, the actual cable tension and the 
desired cable tension are both 10N. When receiving the 
step force signal, the actual cable tension responds rapidly. 
After 0.05 seconds of oscillation, it is stable to the desired 
cable tension. Its RMSE is 0.07N, which has good step 
force response performance. 

In the ramp force response experiment, the rope 
maintains 8N tension at first, and then sends the slope force 
control signal from 10N to 30N to module within 5 seconds. 
Figure 7 illustrates the actual force response curve, the 

desired force response curve and the error change between 
the actual force and the desired force. 

 
Figure 7 Response of the module with ramp signal input: actual 
cable tension, desired cable tension and their error 

Under the signal of ramp force, cable tension reaches to 
10N rapidly in 0.34 seconds and increases accurately with 
the desired cable tension curve and is stable at 30N. The 
RMSE of the actual cable tension in ramp process is 0.22N 
and the RMSE of the stable cable tension is 0.04N. As a 
result, the module proposed in this paper has good ramp 
force response performance. 

Dynamic force response experiment is to verify the force 
retention performance of the cable in the process of motion. 
The cable tension is kept at 10N at first, then the module 
drives the cable to move back and forth and records the 
actual cable tension data in real time. Figure 8 displays the 
results of dynamic force response experiment. 

 

Figure 8 Variation of the actual cable tensions in reciprocating 
movement: actual cable tension, desired cable tension and their 
error 

According to the experiment results, there are only small 
floating variations for cable tension in the back and forth 
process. After calculation, the RMSE of the cable tension is 
0.23N, and the maximum error is 0.72N. This means that 
the cable-driving module in this paper has pretty good 
ability in force retention performance. 
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Summarily, the cable-driving module designed in this 
paper has good control accuracy of cable tension and good 
dynamic response. 
4  Experiments on a 6-DOF CDPR driven by 
8 modules 
In addition to the good performance of the signal module, 
CDPRs constructed with modules designed in this paper 
also needs to have good performance. As a result, a CDPR 
with 8 cables and 6 degrees of freedom is built rapidly. 
Figure 9 shows the model of this CDPR; Table 1 displays 
its configuration parameters, including attachment points 퐵�(푖 = 1~8) expressed in global frame and attachment 
points 퐴�(푖 = 1~8) expressed in local frame. Additionally, 
the kinematic accuracy experiment and compliance control 
experiment of the CDPR are carried out. Figure 10 shows 
the layout of experiment site. The actual trajectory of the 
end moving platform is measured by the API laser tracker 
and compared with the desired trajectory of the robot. 

Cable-driving 
module

 
Figure 9 Structure of the 6-DOF CDPR driven by 8 cables  
Table 1 Geometric parameters of the CDPR (Ai expressed in local 
frame Oe; Bi expressed in global frame OG) 

Attachment point X（mm） Y（mm） Z（mm） 
A1 -42.6 30.9 -26.3 
A2 -42.6 -30.9 -26.3 
A3 16.2 -50.1 -26.3 
A4 16.2 50.1 -26.3 
A5 -16.2 50.1 26.3 
A6 -16.2 -50.1 26.3 
A7 42.6 -30.9 26.3 
A8 42.6 30.9 26.3 
B1 -406.6 291.5 672.8 
B2 -396.3 -306.7 671.7 
B3 397.5 -297.3 671.7 
B4 387.3 301.5 671.5 
B5 -404.0 291.6 3.4 
B6 -396.7 -305.0 4.3 
B7 398.9 -296.6 5.9 
B8 391.7 300.8 5.8 

CDPR

Data acquisition 
computer

Laser tracker

Host 
computer

 
Figure 10 Experimental setup for the 6-DOF CDPR tests  

4.1  Kinematic accuracy experiments 
First, the desired trajectory of the CDPR moving platform 
is given, then the desired length of eight cables is 
calculated through the inverse kinematics of the CDPR [28], 
and eight cable-driving modules are operated in the cable 
length control mode. The actual position of the CDPR 
moving platform is measured by the laser tracker and the 
error between the actual trajectory and the desired 
trajectory can be calculated. Consequently, the open-loop 
accuracy of the CDPR in the position control mode can be 
evaluated. In this section, experiments of plane line 
trajectory, plane circle trajectory and space spiral trajectory 
are carried out. These three experiments are without load. 
Moreover, experiment of circle trajectory under large load 
is analyzed too. 

In the plane line trajectory experiment, the line trajectory 
running in the XOY plane is selected for analysis when Z 
coordinate is 200 mm. Figure 11 shows the actual trajectory, 
the desired trajectory and the distance error between them 
based on the X axis. 

 
Figure 11 Line trajectory test: actual trajectory, desired trajectory 

and their error 

Comparing the actual trajectory with the desired 
trajectory, it is observable that the actual trajectory is closed 
to the desired trajectory. The maximum error of distance 
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error is 1.97mm, the RMSE is 1.54mm. This confirm that 
the actual line trajectory has a good accuracy. 
In the plane circle trajectory experiment, the circle running 
in the XOY plane is selected for analysis when Z 
coordinate is 200 mm. The radius of the circle is 150 mm. 
The trajectory starts from point (150,0) and rotates one 
circle in the counterclockwise direction. Figure 12 displays 
the actual circle trajectory, the desired circle trajectory, and 
the distance error between them. 

 
Figure 12 Circle trajectory test: actual trajectory, desired 

trajectory and their error 

According to the results in Figure 12, the maximum 
distance error between the actual trajectory and the desired 
trajectory is 4.47mm, and the RMSE is 2.11mm, which 
indicates that there is a good precision when running the 
circle trajectory. 

The spiral trajectory selected in this paper has a rising 
pitch of 100 mm and a spiral radius of 150 mm. Figure 13 
shows the desired spiral trajectory and the actual spiral 
trajectory. Meanwhile, Figure 14 illustrates the distance 
errors between the actual spiral trajectory and the desired 
spiral trajectory. The maximum distance error between the 
actual spiral trajectory and the desired spiral trajectory is 
3.73mm, the RMSE is 2.09mm. As a result, the space spiral 
trajectory has good control accuracy. 

 
Figure 13 Space spiral trajectory test: actual trajectory and 

desired trajectory   

 
Figure 14 Error of the spiral trajectory test.  

In addition to different trajectories, it is important for 
CDPRs to have good trajectory accuracy under large load, 
so we carried out trajectory accuracy experiment under 
large load. 2kg load is added at the moving platform and a 
circle trajectory the same as before is selected in XOY 
plane when Z coordinate is 200mm. The laser tracker is 
used to record the actual position of the moving platform in 
real time. By comparing the positions of desired trajectory 
and actual trajectory, Figure 15 shows the distance errors 
between desired trajectory and actual trajectory under large 
load. 
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Figure 15 Errors of the circle trajectory between desired 
trajectory and actual trajectory under large load condition 

From calculation results in Figure 15, the maximum 
distance error between the actual trajectory and the desired 
trajectory is 2.99mm, and the RMSE is 1.65mm. Obviously, 
the CDPR proposed in this paper has good trajectory 
control accuracy under the condition of large load. 

In general, through the trajectory accuracy experiments 
under no load and large load conditions, the maximum 
error of the open-loop trajectory accuracy of the CDPR 
constructed by modules mentioned in this paper is no more 
than 4.5mm when it is running under different conditions. 
Compared with the overall size of the robot 850X650X650 
mm3, it has a good open-loop trajectory accuracy. 

4.2  Compliance control experiment 
Section 4.1 verify the kinematic accuracy of the modular 
CDPR and the precise cable length control ability of the 
cable-driving module. In this section, to verify the force 
control ability of the module, the compliance control 
experiments are carried out, including the track following 
experiment in impedance mode and the direct teaching 
experiment in zero-gravity mode. 
4.2.1 Trajectory tracking experiment in impedance control 
mode 
The force-based impedance control method of the CDPR in 
this paper consists of two main control loops, one is the 
large loop of impedance control and the other is the small 
loop of cable tension control [29-31]. Figure 16 shows the 
control block diagram. 

 
Figure 16 Control diagram of the impedance control mode 

In the whole control process, the current module angle 

obtains the moving platform pose state through the robot 
forward kinematics at first [32]. After that, the moving 
platform force is obtained by the force-based impedance 
control model. The force-based impedance control model is 
expressed as: 퐹��� = 퐾(푋� − 푋�) + 퐵�푋�̇ − 푋�̇� + 푀�푋̈� − 푋̈�� (2) 
Where: 퐹��� is the moving platform; 퐾 is the stiffness matrix; 퐵 is the damping matrix; 푀 is the inertia matrix; 푋� is the desired end position; 푋� is the actual end position. 

The desired force 푇� of each cable can be solved by 퐹���  through the force distribution algorithm. Then, 
according to the difference between the desired cable 
tension 푇�  and the actual cable tension 푇� , the actual 
cable tension can be adjusted through the small loop of 
cable tension control, so as to complete the impedance 
control. 

The force distribution algorithm in this paper adopts the 
following methods: according to the virtual work principle 
[33], the relationship between the cable tension and the 
external force of the moving platform is as follows: 푱�푭 + 푾풆풙 = 0 (3) 
Where: 푱 is the Jacobian matrix of moving platform pose and cable 
length; 푭 = [퐹�, 퐹� … 퐹�]� is the force of 8 cables; 푾풆풙 is the external force and external moment. 
From formula (3), 푱� is a matrix of 6 rows and 8 columns, 
the number of equations is 6, the number of unknowns is 8, 
so the distribution of 푭  has infinite solutions and 
constraints need to be added to optimize the solution. As a 
result, the optimization objective function is established 
based on the principle of minimum energy consumption in 
this paper. Its constraint equation formula is as follows: 퐹��� = � 퐹���

���  (푖 = 1~8) (4) 

In addition, since the cable can only produce pull force, 
which means the value of cable tension must be positive, so 
the value of cable tension has a lower limit of 퐹��� ; 
Moreover, because of the limitation of motor power, the 
force of cable can not be increased infinitely, there are also 
an upper limit of 퐹���, which can be expressed by the 
formula: 퐹��� ≤ 퐹� ≤ 퐹���  (푖 = 1~8) (5) 
The trajectory tracking experiment in impedance control 
mainly verifies the trajectory tracking accuracy and the 
cable tension following accuracy of CDPR after the 
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application of impedance control. The same line trajectory 
as Section 4.1 is selected as research object, and the 
distance error between the actual and desired trajectory is 
analyzed, which is shown in Figure 17. 

 
Figure 17 Trajectory tracking error between the actual and 

desired end-effector positions under impedance control mode 

According to the result of Figure 17, the maximum 
distance error is 1.93mm, and the RMSE is 0.97mm. 
Therefore, the robot's trajectory has good accuracy under 
the impedance tracking. 

For the following accuracy of the cable tension, this 
paper selects the No. 4 cable-driving module as the 
research object, and analyzes the following accuracy by 
comparing the errors between the actual cable tension and 
the desired cable tension. Figure 18 shows the desired cable 
tension curve, the actual cable tension curve and errors 
between them. It is clear that the cable tension has a good 
following accuracy, with the maximum error of 1.06N and 
the RMSE of 0.31N after calculation. 

 
Figure 18 Variation of the cable tension in one of the 8 modules: 
desired cable tension, the actual cable tension and their error  

4.2.2Direct teaching experiment in zero-gravity mode 
In this paper, the zero-gravity control method based on joint 
torque is used to realize the direct teaching [34]. A 
six-dimensional force sensor is installed at the moving 
platform of the CDPR to collect the drag force between the 

hand and the moving platform in real time. The total mass 
of the sensor and the connecting piece is 379.8g, so the 
program approximately uses 3.8N to compensate the 
gravity. In order to test the flexibility of the moving 
platform, the approximate triangle trajectory is dragged 
randomly during the experiment, and the actual drag force 
of the moving platform are recorded in real time. Figure 19 
displays the drag force curve of the moving platform in 
three directions. Among them, the maximum drag force in 
X direction is 2.38N, the maximum drag force in Y 
direction is 0.95N, and the maximum drag force in Z 
direction is 1.93N. Obviously, the drag force is relatively 
small in all directions, thus, the CDPR has good drag 
flexibility in zero-gravity mode. 

 
Figure 19 Variation of the drag force on the moving platform in 
three directions under direct teaching test 
5  Conclusions 
This paper designs a highly integrated cable driving module, 
which has good accuracy in cable length and cable tension 
controlling. The experimental results show that the cable 
length control error is less than 0.2mm, the cable tension 
control error is less than 0.8N, and the response time of the 
module is less than 0.05s for a step signal input, which has 
good dynamic response. 

In addition, a CDPR with 8 cables and 6 DOFs is 
constructed of the proposed module. Experiments of 
kinematic accuracy and compliance control are carried out 
respectively. The open-loop trajectory tracking errors are 
all less than 4.5mm under both position and impendence 
control modes. Results show that the module proposed in 
this paper can reconstruct a CDPR quickly while achieving 
good accuracy. 

The module in this paper integrates driving, transmission, 
sensing, and control functions. It realizes the high 
integration of the module. Rapid construction and 
reconstruction of modular CDPRs can be completed by the 
modules. In the future, the performance of the CDPR can 
be further improved by combining with more advanced 
control algorithms. 
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Figures

Figure 1

Overall structural of the cable-driving module

Figure 2

Three different methods for cable winding



Figure 3

Sensor arrangement and cable layout

Figure 4



Experimental setup for the single cable module tests

Figure 5

Comparison of the accumulated errors of the cable length measured by embedded motor encoder,
external encoder and external encoder with compensation



Figure 6

Response of the module with step signal input: actual cable tension, desired cable tension and their error



Figure 7

Response of the module with ramp signal input: actual cable tension, desired cable tension and their error



Figure 8

Variation of the actual cable tensions in reciprocating movement: actual cable tension, desired cable
tension and their error



Figure 9

Structure of the 6-DOF CDPR driven by 8 cables



Figure 10

Experimental setup for the 6-DOF CDPR tests



Figure 11

Line trajectory test: actual trajectory, desired trajectory and their error



Figure 12

Circle trajectory test: actual trajectory, desired trajectory and their error



Figure 13

Space spiral trajectory test: actual trajectory and desired trajectory



Figure 14

Error of the spiral trajectory test.



Figure 15

Errors of the circle trajectory between desired trajectory and actual trajectory under large load condition

Figure 16

Control diagram of the impedance control mode

Figure 17



Trajectory tracking error between the actual and desired end-effector positions under impedance control
mode

Figure 18

Variation of the cable tension in one of the 8 modules: desired cable tension, the actual cable tension and
their error



Figure 19

Variation of the drag force on the moving platform in three directions under direct teaching test


