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Abstract 

Cable‑driven parallel robots (CDPRs) are categorized as a type of parallel manipulators. In CDPRs, flexible cables are 
used to take the place of rigid links. The particular property of cables provides CDPRs several advantages, including 
larger workspaces, higher payload‑to‑weight ratio and lower manufacturing costs rather than rigid‑link robots. In this 
paper, the history of the development of CDPRs is introduced and several successful latest application cases of CDPRs 
are presented. The theory development of CDPRs is introduced focusing on design, performance analysis and control 
theory. Research on CDPRs gains wide attention and is highly motivated by the modern engineering demand for 
large load capacity and workspace. A number of exciting advances in CDPRs are summarized in this paper since it is 
proposed in the 1980s, which points to a fruitful future both in theory and application. In order to meet the increasing 
requirements of robot in different areas, future steps foresee more in‑depth research and extension applications of 
CDPRs including intelligent control, composite materials, integrated and reconfigurable design.
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1 Introduction
Cable-driven parallel robots (CDPRs) are known as a 
type of parallel robots. In CDPRs the end-effector (EE) is 
suspended by several flexible cables, taking the place of 
rigid links in traditional rigid-link parallel robots. Com-
pared with traditional rigid-link parallel robots, CDPRs 
have much smaller inertia and higher payload to weight 
ratio, which provides high speed and acceleration of the 
EE [1–4]. In addition, due to the extension range and 
flexibility of cables, CDPRs can be applied in challenging 
tasks that require motivation with large reachable work-
space and better flexibility as well [5–8].

Research on CDPRs originates from America in 1984. 
A cable-controlled parallel manipulator is designed for 
underwater operation. In 1989, the RoboCrane project is 
started in America by the National Institute of Standards 
and Technology (NIST), which stand out for simplicity 
and extensive use especially in processing machinery, 
port cargo handling, bridge construction, welding and 
other areas, as shown in Figure 1 [9, 10].

In the late 1980s, August Design Company developed a 
video tape recorder system named SkyCam with 4 cables 

and up to 44.8  km/h maximum speed, which is widely 
used for live broadcast in large scale, especial for high-
speed tracking photography, as shown in Figure  2 [11]. 
Duan et al. [12] from Xidian University proposed a novel 
feed cable-driven structure for feed support system in 
500-m aperture spherical radio telescope (FAST) in 1999 
in China, in order to move the feed cabin of large spheri-
cal radio telescope, as shown in Figure  3. Integrated 
mechanical and electronic designing, as well as coopera-
tive control technology make FAST one of the most suc-
cessful applications of CDPRs, which is located in the 
southwest of China [13].

In the last decades, research on CDPRs gains wide 
attention and is highly motivated by the modern engi-
neering demand for large load capacity and workspace. 
CDPRs have been increasingly and widely applied in rel-
evant tasks, such as construction, rescue systems, reha-
bilitation, and even three-dimensional print.

For instance, a cooperative CDPR consists of mul-
tiple mobile cranes is designed, as shown in Figure  4. 
The cooperation problems is considered and analyzed, 
including the localization of multiple mobile cranes, 
obstacle avoidance and adaptive orientation control of 
the payload [14]. Seriani et  al. [15] proposed a modular 
CDPR deployed by a rover shown in Figure  5. Due to 
the large work scale of CDPRs, the mentioned modular 
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CDPR can be applied in inspection tasks in field and rug-
ged environment.

Varela et  al. [16] presented an experimental charac-
terization of the biomechanics of human gait by means 

of a CDPR named Cassino tracking system, which is a 
low-cost operable system used as an assessing device for 
diagnosis and rehabilitation procedures in certain clinical 
application, as shown in Figure 6.

Figure 1 NIST RoboCrane model

Figure 2 Cable‑driven SkyCam video tape recorder system

Figure 3 Large spherical radio telescope

Figure 4 CDPR of cooperative multiple cranes

Figure 5 Modular CDPR for solar collection in field and rugged 
environment

Figure 6 A treadmill gait assessment of Cassino tracking system
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Mao et al. [17] proposed a cable-driven exoskeleton for 
upper arm neural rehabilitation shown in Figure  7. The 
arm neural rehabilitation exoskeleton can provide more 
natural training experience driven by multi-stage CDPRs 
rather than rigid links. Pinto et al. [18] presented a CDPR 
called SPIDERobot with four degrees of freedom (DOFs) 
for automated architectural construction, as shown in 
Figure 8. The rotating claw can pick construction material 
with desired orientations, which is driven by four cables. 
Barnett and Gosselin [19] introduced a cable-driven 3D 
printer with large workspace rather than traditional 3D 
printers driven by rigid links, shown in Figure  9, which 
utilizes a 6-DOF CDPR for positioning and provides large 
workspace of motion. Due to the geometric feedback 

control system, the stability and accuracy of the CDPR 
3D printer are enhanced.

There is much prior work in analysis and application 
of CDPRs. In the last decades, research on CDPRs focus 
on the following aspects, including design and modelling, 
performance and optimization, control and planning.

2  Design and Modelling
2.1  Design
A typical CDPR system is made up of three parts, includ-
ing a fixed platform, a mobile platform and several cables, 
which are used to connect the fixed platform and mobile 
platform. The cable length can be changed through 
winches actuated by motors installed in the fixed plat-
form, as shown in Figure 10 [20, 21].

Due to the advantages of CDPRs, including small mov-
ing inertia and large workspace of motion, more and 
more CDPRs with novel structures and functions have 

Figure 7 Cable driven arm exoskeleton

Figure 8 Example of an architectural project of the SPIDERobot

Figure 9 Hybrid‑driven‑based cable parallel mechanism
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Figure 10 Schematic representation of a CDPR with m cables
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been developed more recently. An important charac-
teristic of CDPRs is well known as cables can be only 
driven by positive tension in order to keep the straight 
line shape rather than negative compression. A CDPR is 
under-constrained if the position and orientation of the 
EE in the robot is determined only by its gravity. While 
if the position and orientation of the EE is completely 
determined by the lengths of the cables, the CDPR is fully 
or redundantly constrained. Generally speaking, CDPRs 
with n DOFs driven by m cables can be classified into 
three types according to the mobility and statics: under-
constrained CDPRs when n + 1 > m, fully constrained 
CDPRs when n + 1 = m, and redundantly constrained 
CDPRs when n + 1 < m, respectively [22].

For fully and redundantly constrained CDPRs, the 
position and orientation of the EE only depends on kin-
ematic and static. For instance, Liu et al. [23] introduced 
two novel architectures of planar CDPRs with spring. 
Actuation redundancy is not required with spring-loaded 
mechanisms. Azizian and Cardou [24, 25], solved the 
dimensional synthesis problem in order to find two fully 
constrained planar and spatial CDPRs with a prescribed 
workspace contained in wrench-closure workspace. 
Gagliardini et al. [26] dealt with a reconfigurable CDPR 
with movable cable connection points. The mentioned 
CDPR is more suitable and flexible in complex environ-
ment where cable collisions with obstacles cannot be 
avoided within the workspace of a CDPR with fixed cable 
connection points. Zi et al. [27] proposed and analyzed a 
winding hybrid-driven CDPR, combining the advantages 
of both planar five-bar hybrid-driven mechanism and 
CDPR.

While for under-constrained CDPRs, the EE tends to 
approach the position and orientation of minimum gravi-
tational potential energy. Under-constrained CDPRs rely 
on gravity to determine the position and orientation of 
the EE, whose state can be easily changed by any external 
disturbances. For instance, Kumar [28] analyzed the kin-
ematics problem of under-constrained CDPR consists of 
multiple aerial robots, as shown in Figure 11. The payload 
is suspended by three robots with three cables.

Donohoe et  al. [29] presented a planar under-con-
strained CDPR as a force optimal mechatronic device 
with the purpose of operating on the large scale vertical 
plane. The pulley arms provide redundant DOFs, which 
improve the ability of CDPR in generating force. How-
ever, in spite of the coupling between the kinematics 
and statics of the robot, under-constrained CDPRs are 
much simpler in structure rather than fully and redun-
dantly constrained CDPRs driven by at least six or seven 
cables. Capua et al. [30] presented a mobile CDPR with 
novel structure named SpiderBot, which consists of 
four cable mechanisms, a mobile platform, dispensing 

mechanisms, rolling mechanisms and grippers at the end 
of the cable. Qian et al. [31] proposed a CDPRs for multi-
ple mobile cranes. Three cables are used to move the pay-
load together, with better stability and safety rather than 
single crane operation. In order to enlarge the operation 
scale of motion and overcome the drawback of CDPRs in 
terms of the potential collisions between the robot and 
obstacles in the workspace, Zi et al. [32] presents a recon-
figurable CDPR with a circular orbit. The spatial topology 
of the reconfigurable CDPR can be reconfigured through 
managing the branch numbers and the cable drawing 
points of the EE, as shown in Figure 12.

The key characteristic of CDPRs is that cables can 
be only driven by positive tension in order to keep the 
straight line shape rather than negative compression, 
which limits the development and application of CDPRs. 
In order to overcome the shortcoming, more and more 
novel design are proposed though structure synthesis in 
the last decades combining CDPRs with other mecha-
nisms, including grid links, springs, flexure hinge and 
other mechanisms or actuators, such as shape memory 
alloy and pneumatic artificial muscles.

Figure 11 Under‑constrained CDPR of multiple aerial robots

Figure 12 Reconfigurable CDPRs with a circular orbit
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Structure synthesis is a systematic and efficient way 
for mechanism design. Though structure synthesis, one 
can obtain different types of mechanisms according to 
desired number of links and DOFs, and it. For instance, 
Dong et al. [33] proposed a novel design of a snake arm 
robot with twin actuation construction. Due to the com-
pliant joint construction, the robot has a great flexibility 
and an appropriate stiffness. Suh et al. [34] proposed the 
innovative pulleyless rolling joint, which can avoid slack 
and unwanted bending of cables with elastic fixtures. Cui 
et al. [35] designed a CDPR exoskeleton with 7 DOFs for 
dexterous motion training of the whole arm, including an 
additional wrist module and eight cables routed through 
the exoskeleton cuffs to realize the motion of the whole 
arm. Mao and Agrawal [36] presented a CDPR upper arm 
exoskeleton with 5 DOFs. The workspace of the CDPR 
exoskeleton can be optimized through the adjustable 
cable routing points. Zhao et  al. [37] designed a CDPR 
in order to imitate the motion of human necks. In the 
mentioned CDPR, a pneumatic muscle active support is 
applied to imitate the spinal muscles, and cable actuators 
imitate neck muscles, respectively. Gao et  al. [38] pre-
sented a low motion-noise humanoid head/neck simu-
lator driven by seven cables, which can generate 1-DOF 
jaw movement and 3-DOF neck movement. A general-
ized model of multi-link CDPRs is presented by Lau et al. 
[39]. The kinematics and dynamics model of the multi-
link CDPR are established allowing for arbitrary cable 
routing. The inverse dynamics analysis is carried out for 
an 8-link and 24-DOF neck model actuated by 76 cables, 
as shown in Figure 13.

2.2  Kinematics and Dynamics
Compared with inverse kinematic problems of series 
robots, the inverse kinematic problems of parallel robots 
is easier. Inversely, the forward kinematic problems of 
parallel robots become more difficult. Gao et al. [40] pre-
sented a novel bio-inspired CDPR with a flexible spine. 

In order to minimize the tension actuating on the cables, 
optimization of the cable placements are carried out by 
combing the bending statics of spring and torque balance 
equations. Based on interval analysis, Berti et  al. [41] 
presented an efficient algorithm for solving the direct 
geometrico-static problem of under-constrained CDPRs. 
The tests conducted have indicated that accurate results 
can be obtained with the mentioned algorithm, regard-
less of the accuracy of cable model.

For under-constrained CDPRs, kinematics and stat-
ics must be analyzed simultaneously because they are 
coupled. Carricato and Merlet [42, 43], established the 
direct geometrico-static modeling of a 3-DOF under-
constrained CDPRs and present an effective procedure 
for elimination. With this method, one can obtain the 
least degree univariate polynomial free of spurious fac-
tors when dealing with the coupled kinematics and stat-
ics problem of under-constrained CDPRs. Jiang and 
Kumar [44] presented a CDPR consisting of multiple aer-
ial robots, which can be used for cooperative transport 
of payloads. The kinematic model of the CDPR is estab-
lished on the basis of dialytic elimination, which is used 
to determine the position and orientation of each aerial 
robot as well as the payload.

CDPR is a feasible way to achieve motion in large work-
space. However, inevitable vibrations and sagging of long 
cables dramatically reduce the positioning accuracy in 
large workspace applications, which cannot be neglected 
during the dynamic modelling of CDPRs. The dynamic 
model can be established with different approaches, such 
as Lagrange equation, Newton–Euler equations, Kane 
equation, Udwadia–Kalaba equation, principle of virtual 
work, etc. [45–48]. For instance, Du et al. [49] addressed 
dynamic modeling of large CDPRs on basis of a variable 
domain finite element method. The influences of cable 
length and mass variation are both taken into account. 
In conventional researches, cables in CDPRs are usually 
treated as simple linear elements for simplicity, which 
cause the inaccuracy of cable modelling. To overcome 
the shortcoming, a dynamic model for CDPRs is pre-
sented considering the slowly time-varying length of 
cables in Ref. [50]. Khosravi and Taghirad [51] discussed 
the dynamics of a fully-constrained CDPRs with elastic 
cables, considering longitudinal vibration of cables when 
establishing the dynamic model. For multilink CDPRs, 
Joint interaction forces and moments cannot be ignored, 
which is considered for the first time according to the 
objective function and constrains in inverse dynamics of 
multi-link CDPRs [52]. Wang et al. [53] proposed a new 
three dimensional dynamics of cable-driven soft robot 
by combining the geometrically exact Cosserat rod the-
ory and Kelvin model, which is validated by comparison 

Figure 13 8‑link 24‑DOF neck model actuated by 76 cables
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between the numerical results in both two and three 
dimensional cases.

3  Performance and Optimization
Performance analysis plays an important role as the fun-
damental tools in optimal design of CDPRs, including 
workspace, stiffness, sensitivity, etc. [54–56]. Cables can 
only exert tension, namely unilateral actuating property, 
traditional performance analysis methods for research on 
rigid-link robots can hardly applied directly in CDPRs. 
Thus, various analysis methods on performance of 
CDPRs were proposed in the last decades.

Due to the larger extension range of cables rather than 
rigid links, the workspace of CDPRs becomes larger than 
that of rigid-link parallel robots. The force-closure work-
space of CDPRs is defined as a set of positions where 
the cable tensions can balance arbitrary external forces 
exerted on the EE. Since cables can only pull rather than 
push the EE, it is usually hard to meet the desire require-
ments for the wrench-feasible workspace of CDPRs. 
The workspace of CDPRs can be obtained with differ-
ent numerical generation methods presented in many 
literatures [57–60]. Taking a planar CDPR as the object, 
Azizian et al. [61] proposed a graphical method in order 
to generate the constant-orientation wrench-closure 
workspace. Via installing springs connecting the fixed 
platform and the EE, the constant-orientation wrench-
closure workspace can be adjusted [62]. The influences 
of spring parameters on CDPR workspace are analyzed. 
On the basis, the optimization is carried out to obtain 
the feasible parameters of spring. Ouyang and Shang 
[63] developed a new computation method to generate 
the force-closure workspace of CDPR. The linear matrix 
inequalities are solved and the null space of the matrix of 
the robot is derived.

Positional accuracy and load capacity of the EE rely on 
high stiffness of the robot in practice engineering. For 
CDPRs, the stiffness is depended on the stiffness of cables 
as well as the internal tension exerted on the cables. 
Although the flexible property of cables can increase the 
flexibility of CDPRs, the low stiffness of cables should be 
considered which limits the accuracy of the whole robot 
system. Yeo et  al. [64] introduced a CDPR with tension 
resolution equipment, which is able to effectively regu-
late stiffness of the whole CDPR, as shown in Figure 14. 
There is a novel variable stiffness device installed along 
each cable. Yuan et al. [65] analyzed the dynamic stiffness 
of CDPR through identifying the natural frequencies of 
the system. The static stiffness of CDPRs was evaluated 
according to the variation of the EE. Arsenault [66] eval-
uated the stiffness throughout the workspace of a spatial 
3-DOF CDPR. In addition, the intuitive stiffness indices 

are mapped and extracted on the basis of the stiffness 
matrix.

The accuracy is one of the most important indica-
tors that should be considered for design and control of 
a CDPR. There are many factors that would reduce the 
accuracy of CDPRs, such as design tolerance, assembly 
error, thermodynamic error, control response, etc. The 
influence of these error sources can be investigated via 
error modelling and sensitivity analysis, which can assist 
the designer to establish the mapping relation graph 
between the pose error of the EE and these error sources. 
On the basis of sensitivity analysis, the pose error of the 
EE can be minimized through precision machining and 
assembly. The error model of CDPRs can be established 
with different algorithms, such as the matrix differen-
tiation method, perturbation method, vector analyzing 
method, etc. In Ref. [67], large-scale 3D printing with 
cable-driven parallel robots are presented with accept-
able accuracy amplitude (< 4 mm) in horizontal plane in a 
maximum workspace of 13.6 m × 9.4 m × 3.3 m. In order 
to simplify the formulation of the calibration algorithms, 
Chen et al. [68] derived the error model of a humanoid-
arm CDPR with passive spherical joint based on inverse 
kinematics. The accuracy of the humanoid-arm CDPR 
is obviously improved and the pose errors of the EE are 
reduced to less than 2 mm after the self-calibration algo-
rithm based on error analysis, as shown in Figure 15.

As mentioned, the performance analysis is conducted 
aiming at optimization of CDPRs design. The best perfor-
mance in terms of workspace, stiffness, sensitivity, etc., 
should be considered to obtain the feasible parameters 
that meet the requirement of different tasks. For instance, 
Jamshidifar et  al. [69] developed a general model 
for redundant-constrained CDPRs, as shown in Fig-
ure  16. External disturbances are exerted in the desired 

Figure 14 Two‑DOF planar CDPRs prototype with variable stiffness 
device
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direction, stiffness optimization is conducted in order to 
minimize the unwanted perturbations. The stiffness and 
dexterity of CDPRs can be presented based on stiffness 
and Jacobian matrices. By adjusting structural parameters 
and the sectional area of cable, Du et  al. [70] presented 
an optimization model in order to improve the stiffness 
and dexterity. Bryson et  al. [71] proposed a generalized 
method for optimal design of the workspace of a CDPR 
leg with stochastic method, as shown in Figure 17. With 
the purpose of improving the mechanical performance of 
CDPRs and maximizing the orientation wrench-feasible 
workspace, Ouyang and Shang [72] optimized the distri-
bution of the winches on the fixed platform as well as the 
hinges on the mobile platform, respectively.

4  Control and Planning
4.1  Control Theory
Substituting cables for rigid links introduces inevitable 
challenges for the control of CDPRs, compared with that 
of traditional rigid-link parallel robots. In addition, it is 
difficult to control the position and orientation of the 
EE precisely for its low stiffness. Due to the mentioned 
physical limitation that endure tension but not compres-
sion, some widely used control methods cannot applied 
in CDPRs directly, which must be modified to meet the 
special property of cables. In comparison with the large 
number of studies about rigid-link parallel robots, few 
has been published on the control of CDPRs. Researches 
on CDPRs all over the world have applied some control 
algorithms in CDPRs, including sliding mode control, 
hybrid position/force control, adaptive control, etc. Sev-
eral efforts had been exerted on control of CDPRs for 
real-time and accuracy purposes [73–76].

For instance, Yang et  al. [77] developed an adaptive 
controller for a rehabilitation CDPR. The mentioned 
controller with a fuzzy tuner can adjust and optimize the 
time-varying control parameters on the basis of position 
error. The control objectives of the CDPR have been real-
ized based on heuristics and prior knowledge, including 
monotonicity and symmetry [78], as shown in Figure 18.

Babaghasabha et al. [79] presented an adaptive robust 
controller for a fully-constraint CDPR according to the 
upper bound of the uncertainties. This sliding mode 

Figure 15 Prototype of CDPR with passive spherical joint

Figure 16 Prototype of planar warehousing CDPR

Figure 17 Prototype of cable‑driven robot leg
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controller can work without prior knowledge as well as 
the linearization of dynamic models. Abdelaziz et  al. 
[80] presented a position control method for CDPR. An 
internal cable tension control loop is introduced into the 
controller for compensating friction. Particular design 
constraints were considered including the length, size 
and materials of transmissions. Tang et  al. [81] pre-
sented a hybrid position/force controller for CDPRs. 
The pseudo-drag problem of flexible cable is taken into 
account and prevented. The approach is validated in 1:15 
similarity prototype of feed support system in FAST, as 
shown in Figure 19.

4.2  Trajectory Planning
One of the major drawback of CDPRs is the cable sag-
ging during the moving of EE. It is a challenging prob-
lem to solve the trajectory planning of CDPRs, due to the 
pseudo-drag problem of cables [82–84]. Thus, compared 
with that of traditional robots, the analyses of the trajec-
tory generation for CDPRs are completely different. For 
fully constrained CDPRs, the fact that all the DOFs of the 
EE can be controlled makes the trajectory planning prob-
lem easier. The force-closure workspace can be applied to 
avoid pseudo-drag of cables during operation. However, 
for under-constrained CDPRs, the controllable work-
space does not exist, increase the difficulty during the 
trajectory planning of under-constrained CDPRs.

Several contributions presented in literature have dealt 
with the trajectory planning of CDPRs. For instance, in 
order to solve the point-to-point motion of a 3-DOF 
CDPR, Jiang and Gosselin [85, 86] proposed a dynamic 
trajectory planning method. Consecutive points can be 
connected with the calculated trajectories in sequence 
which are located outside of the static workspace of the 
CDPR. Zhang and Shang [87, 88] proposed a geometrical 
approach for trajectory planning of a spatial under-con-
strained CDPR with 3 DOFs. According to the geometric 
properties of the cable tension constraints, the periodic 
trajectory parameters can be calculated. Taking a planar 
2-DOF redundantly actuated CDPR as the object, Tang 
et  al. [89] analyzed the dynamic trajectory planning on 
the basis on periodic trajectory and antipodal theory. 
In order to obtain maximum dynamic load capacity of 
a spatial under constrained CDPR, a geometrical based 
variational optimization method was proposed in Ref. 
[90].

5  Conclusions
In this paper, the history of the development of CDPRs is 
introduced and several successful latest application cases 
of CDPRs are presented. The development of CDPRs is 
presented focusing on design, performance analysis and 
control theory with the purpose of assisting readers to 
obtain a detail and quick overview on the design and 
analysis of CDPRs.

In contrast with classical rigid-link parallel robots, 
CDPRs are driven by flexible cables rather than rigid 
links to control the position and orientation of the EE. 
CDPRs exhibit advantages of parallel robots compared 
with serial robots including higher load–weight ratio. 
Moreover, CDPRs can provide many other new desir-
able characteristics, including high speed and accelera-
tion, high payload-to-weight ratios, and potentially large 
workspace. However, different from rigid links, cables 
can only exert tension, namely unilateral actuating prop-
erty, which limits the development and application of 

Figure 18 CDPR with adaptive fuzzy control scheme

Figure 19 1:15 similarity prototype of feed support system in FAST
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CDPRs. Thus, traditional methods for research on rigid-
link robots can hardly applied directly in CDPRs. In 
order to overcome the shortcoming, research on CDPRs 
focus on the following aspects, including design and 
modelling, performance and optimization, control and 
planning. Owing to the development in optimal design 
and control theory in last decade, CDPRs have been sig-
nificantly improved in terms of kinematic and dynamic 
performance, and increasingly applied to more and more 
relevant tasks, including engineer, astronomy, bionics, 
etc. However, CDPRs are still rarely applied industrial 
manufacturing in contrast with serial robots and rigid 
link parallel robots.

There are a number of exciting advances in CDPRs in 
recent years, which points to a fruitful future. In order 
to meet the increasing requirements of robot in differ-
ent areas, future steps foresee more in-depth research 
and extension applications of CDPRs. First, the inte-
grated design of CDPRs of different configurations with 
better performances should be carried out with the type 
synthesis theory. Second, more advanced controller and 
actuator can be applied in CDPRs for higher trajectory 
tracking performance. Third, stiffness and load-capac-
ity of CDPRs can be improved though the combination 
with new composite materials. In addition, the concept 
of reconfigurable and modular design has been widely 
applied in series robots and rigid-link parallel robots 
successfully, which can be generalized to the design of 
CDPRs for better environmental suitability, flexibility and 
cost performance.
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