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Abstract
This paper develops the conceptual design and error analysis of a cable-driven parallel robot (CDPR). The earlier
error analysis of CDPRs generally regarded the cable around the pulley as a center point and neglected the radius
of the pulleys. In this paper, the conceptual design of a CDPR with pulleys on its base platform is performed, and
an error mapping model considering the influence of radius of the pulleys for the CDPR is established through
kinematics analysis and a full matrix complete differential method. Monte Carlo simulation is adopted to deal with
the sensitivity analysis, which can directly describe the contribution of each error component to the total orientation
error of the CDPR by virtue of the error modeling. The results show that the sensitivity coefficients of pulleys’
geometric errors and geometric errors of the cables are relatively larger, which confirms that the cable length errors
and pulleys’ geometric errors should be given higher priority in design and processing.

1. Introduction
Cable-driven parallel robot (CDPR) is a kind of parallel robot that replaces traditional rigid links with
cables. CDPRs have many advantages over traditional parallel robots, such as simple structure, large
workspace, low inertia of moving parts, fast-moving speed, high modularity and low cost [1–3]. It is
widely used in radio telescopes, [4] tactile interaction, [5] construction tasks, [6] high-speed pick and
place manipulators [7] and other fields. Since the 1980s, the CDPR has been a research hotspot in the
field of robotics and attracted the attention of many researchers [8,9].

With the continuous innovation and development in modern manufacturing and scientific technolo-
gies, robots need to carry out many tasks at the same time and work in more complex environments,
which results in higher requirements for the robots’ performance. The error of robots can be defined as
the deviation between the theoretical position orientation and the actual position orientation, which is
a significant problem in the industries that demand high precision on the completion of robots’ tasks
[10–13]. As for a CDPR, the rigid-flexible coupling in the structural design, manufacturing, assembly
process and other factors can lead to its failure in achieving the desired precision. A CDPR is required
not only for operations with high accuracy but also applications with greater flexibility. Therefore, it is
essential to conduct error analysis for a CDPR.

Some research has been conducted on the error modeling and sensitivity analysis of parallel robots.
The basic method for dealing with the error modeling of parallel robots is based on D-H parameter
analysis method. Many scholars have proposed the influence coefficient method, the position and ori-
entation error significance analysis and the distance error analysis for the parallel robots. Maurine et al.
[14] established the error mapping model of 3-DOF parallel robot Delta 4 by the coordinate transfor-
mation method and dealt with sensitivity analysis. A two-stage calibration method for the parallel robot
Delta 4 is presented. The results revealed the robustness of the protocol and validated this procedure.
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The simulation showed that the random errors should be less than 0.3 mm to have the accuracy about
±0.1◦ for the orientation and the offsets errors, and the identification procedure is robust with respect
to these variations. This method can allow one to identify the absolute location of the robot base and
the offsets on the three first joints. Nevertheless, the problem still existed that the contribution of each
error component to the parallel robot Delta 4 cannot be calculated. Wang et al. [15] established the
error modeling of Stewart platform of 6-DOF and analyzed the position and orientation accuracy of the
robot while considering the errors of spherical hinge and limb length. The method of sensitivity analysis
can describe the contribution of each error component to the total position and orientation error of the
mechanism, which was useful to understand the character and propagation of errors of 6-DOF Stewart
platform.

There are also some studies on error modeling and sensitivity analysis of CDPRs. Reicherts et al. [16]
proposed a method for the accurate estimation of the kinematic parameters of a CDPR, where the cali-
bration process was simplified, and the calibration accuracy was improved through sensitivity analysis
of the CDPR. The results showed that the parameter influence generally decreases with its interaction
level. This characteristic can be explained by the kinematic loops, which is a particular property of the
CDPR. The parameter effects and interactions were calculated to carry out the sensitivity analysis, but
local sensitivity of the kinematic parameters like the cable length was not presented, and it is important
to determine the sensitivity kinematic parameters. Baklouti et al. [17] carried out a sensitivity analysis
of geometric and mechanical uncertainties for the CDPR to achieve robust control which is based on
elastic geometric models. Considering 62 geometric and mechanical error sources, the effects of external
loads on static deflection of the moving platform of the CDPR were analyzed. The proposed model was
verified for the purpose of model-based control of the CDPR. This research revealed that the integrating
cables hysteresis effect on the error modeling is important to enhance the cables’ mechanical behavior,
especially when there was no feedback about tension measurement. However, a better error modeling
can be used for the calibration and identification of geometrical parameters. There were some limita-
tions on the research of the error local sensitivity and sensitivity coefficient. Aref et al. [18] studied the
impact of mechanical assembly tolerances on the closed-loop control performance of a CDPR, where
the sensitivity analysis of the precision in the construction and assembly of the system was performed in
the closed loop. The results of the research indicated that most of position and orientation errors of the
CDPR are originating from the components. The induced errors are caused by mechanical and measure-
ment errors in this research, which leads to the result that the error mapping function of the CDPR is not
obvious. Therefore, the uncompensated error sources can be controlled through error analysis, which is
helpful for the minimization of error [19]. The sources of error for uncompensated errors can be elim-
inated or minimized according to the sensitivity of the system response to each error source [20,21].
The approach is helpful to determine the parameters of the mechanism and the dynamic analysis of the
system during the design process [22]. The studies of error modeling and sensitivity analysis can be
used for the optimization design, error compensation and accuracy synthesis of the CDPR.

In these above-mentioned former works, the robots are either rigid-body robots or robots only driven
by cables. Although the influence of pulleys is obviously one of the error sources of cable-driven mech-
anisms, it is rarely concerned in error analyses of CDPR, as pulleys are simplified to be ideal points
in many works [23]. In this paper, the conceptual design of a CDPR driven by the mixed action of the
cables and a limb is developed. A method which can be used for the error modeling and sensitivity
analysis of this kind of CDPR is provided. By combining the inverse position analysis with the relation-
ship between cables’ length and pulleys’ radius, the error mapping model of the CDPR is established
efficiently. This model can be applicable for the parallel robots with the characteristics of rigid-flexible
coupling. Through sensitivity analysis including the error local sensitivity and the error sensitivity coeffi-
cients, the influence of each source of error can be presented visually. Except for the ability to graphically
depict the error distribution throughout the workspace, it is instrumental in selecting the best regions in
the workspace to perform the work.

The overall work of this paper is listed as follows. In Section 2, the conceptual design of the CDPR
is carried out and the final mechanical design scheme is determined. The description of the mechanical
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Table I. Degrees of freedom and types of motion of mechanisms.

Dof type Number of cables Dof of moving platform Motion type
1T 2 1 Linear motion of rigid body
2T 3 2 Plane motion of a point
1R2T 4 3 Plane motion of rigid body
3T 5 4 Linear motion of a point
2R3T 6 5 Spatial motion of line
3R3T 7 6 Spatial motion of rigid body

Table II. Comparison of the characteristics of schemes.

Scheme Number of Dof Number of cables Cost Types of mechanisms
Scheme 1 2 3 Low Completely restrained mechanism
Scheme 2 2 4 High Redundantly restrained mechanism

structure and kinematics analysis of the CDPR are introduced in Section 3. The geometric error modeling
and analysis of the CDPR based on kinematics are provided in Section 4. The sensitivity analysis based
on the error modeling is presented in Section 5. In Section 6, the numerical examples are carried out to
verify the validity of the error modeling and sensitivity error sources of the CDPR. The conclusions are
given in Section 7.

2. Conceptual design of a CDPR
A CDPR with two rotational degrees of freedom can be designed for fields like wind tunnel testing, [25]
patient rehabilitation [26] and wearable equipment [27]. The inertia of the CDPR is reduced due to the
use of the light-weight cable instead of the rigid link as the transmission component, and the CDPR has
a higher ration of load capacity/weight.

Most of the cable-driven parallel mechanisms connect one side of the cable to the moving platform,
and the other side is connected to the motor through a fixed platform. The tension cable has a certain
rigidity, so it can be equivalent to the effect of a moving pair in theory [24]. As the flexible cable can only
bear tension along its axis direction instead of pressure, n cables cannot realize the complete constraint
of n degrees of freedom position. At least (n + 1) cables are needed to realize the complete constraint of
position, and the extra one or more cables are used to ensure that all the driving cables in the mechanism
are in tension state. As a result, CDPRs can be divided into the following three categories according to
the relationship between the degrees of freedom of the platform n and the number of cables m [28]: (i)
incompletely restrained mechanisms (m ≤ n), (ii) completely restrained mechanisms (m = n + 1) and
(iii) redundantly restrained mechanisms (m> n + 1). And the completely restrained cable mechanisms
can be divided into the following types, as shown in Table I.

According to the above analysis of the degree of freedom and the type of motion, it can be determined
that a CDPR with two degrees of freedom needs three cables to realize its expected motion. As for the
redundantly restrained mechanism, there can be four cables, each two cables in the opposite positions
drive one degree of freedom. Both the completely restrained mechanism and the redundantly restrained
mechanism are useful in some applications, so they are both considered and designed. Comparison of the
characteristics of the two schemes are given in Table II. The flow charts of conceptual design schemes
of the CDPR are given in Fig. 1.

The above-mentioned conceptual designs shown in Fig. 1 can both achieve the expected motion, but
there are differences in working performances. Considering the cost and the complexity of control, [29]
the design of Scheme 1 is better than that of Scheme 2. In order to simplify the model and facilitate the
calculation, the Scheme 1 is investigated in this paper.
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Figure 1. The flow charts of conceptual design schemes of the CDPR.

3. Kinematics analysis of the CDPR
3.1 Structure description
A three-dimensional model of a CDPR is shown in Fig. 2(a). This structure consists of a moving plat-
form, a base platform, three external cable-driven chains and a fixed-length limb chain. The three
external cable-driven chains are the same as each other. One end of the three cable-driven branch-
ing chains is connected with the moving platform through a universal joint. The other end is coiled
on the motor through a pulley. Motors are placed under the base platform. The three cable branching
chains of the CDPR are distributed outside. Each cable is driven by a motor, and all the cables are axis
symmetrically distributed in space. One end of the supporting chain of the fixed-length limb is con-
nected with the moving platform through the universal joint, and the other end is vertically fixed with
the center of the base platform through bolts, which are placed at the center of the CDPR. The hinge
points of both the moving platform and the base platform are designed to be placed at the vertex of the
triangle.

Figure 2(b) shows the structural scheme of the CDPR. Point Ai and Bi (i = 1,2,3) represent the
center point of the cable-driven branched pulley and the cable-supported universal joint, respectively.
On the base platform and moving platform, the distribution is designed to be an equilateral triangle.
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Figure 2. The CDPR: (a) three-dimensional model of the CDPR and (b) structure diagram of the CDPR.

The central fixed-length limb connects the base platform and moving platform on the point A0 and B0,
respectively.

3.2 Kinematic model
As shown in Fig. 2(b), a fixed coordinate system A0-xyz is established on the center point A0 of the base
platform. The x-axis points in the direction of point A0 to point A1, and the vertical base platform of
the z-axis points to the moving platform. The y-axis satisfies the right-hand rule. A fixed coordinate
system B0-uvw is established on the center point B0 of the moving platform, in which the u-axis is
pointed in the direction from point B0 to point B1, and the w-axis is perpendicular to the plane of the
moving platform, and the v-axis satisfies the right-hand rule. To establish the kinematics model of the
CDPR and simplify the subsequent calculation, the universal joints of the three cable-driven branches
and the universal joints of the fixed-length limb branches are all located on the moving platform, and
the pulleys of the three cable-driven branches are all located on the base platform. Therefore, the center
point B0 of the moving platform can be described by position vector r and rotation matrix A0RB0 , which
is defined as the rotation matrix from the moving platform to the base platform. It can be expressed by
three Euler angles, namely rotates angle φx first around the fixed x-axis and then rotates with the angle
φy around the fixed y-axis and finally rotates with the angle φz around the fixed z-axis. So A0RB0 can be
written as

A0RB0 = Rot(z, φz)Rot(y, φy)Rot(x, φx) (1)

where
cφx = cos φx, sφx = sin φx (2)

As shown in Fig. 3, the coordinate system Ai-xiyizi(i = 1,2,3) is established at point Ai to describe the
cable-driven branching chain. The orientation rotation angle of each cable-driven branched-chain in the
base platform coordinate system can be expressed by two Euler angles. It can be regarded as a rotation
with the angle βei about the z-axis resulting in the coordinate system Bi-xi

′yi
′zi

′ followed by another angle
θ ei about the rotated yi

′-axis. A0Ri is defined as the rotation change matrix from the connected coordinate
system to the base platform fixed coordinate system. Therefore, A0Ri can be obtained as

A0Ri = Rot(z, βei)Rot(y′
i, θei) (3)

The unit vectors w0 of the fixed-length limb A0B0 and the unit vectors wi of the cable branched-chain
AiBi are described as

w0 = [
0 0 1

]T (4)

wi = A0Ri[ 0 0 1 ]T = [
cβeisθei sβeisθei cθei

]T (5)

Therefore, the position orientation rotation angle of the cable-driven branched-chain, Euler angle θ ei

and Euler angle βei can be calculated as
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Figure 3. The local coordinate system of the ith cable.
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cθei = wiz

sθei =
√

w2
ix + w2

iy, (0 ≤ θei <π)

cβei = wix/sθei

sβei = wiy/sθei

ifθei = 0, then βei = 0

(6)

3.3 Inverse position analysis
As shown in Fig. 2(b), the position closed-loop constraint equation is described as (7) according to the
principle of vector closure in the fixed coordinate system of the base platform.

ai + qiwi = H + A0RB0
B0bi, (i = 1, 2, 3) (7)

The length of the cables can be obtained as

qi =
√(

H − ai + A0RB0
B0bi

)T (H − ai + A0RB0
B0bi

)
(8)

where
H = q0w0 = [

0 0 h′ ]T (9)

a0 = [
0 0 0

]T (10)

ai = R
[

cαi sαi 0
]T (11)

B0b0 = [
0 0 0

]T (12)

B0bi = r
[

cγi sγi 0
]T (13)

αi = [
α1 α2 α3

]T =
[

0
4π

3

2π

3

]T

(14)

γi =
[
γ1 γ2 γ3

]T =
[

0
4π

3

2π

3

]T

(15)
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Figure 4. Systematic structural diagram of a cable passing through the pulley.

Here, R, r, H, h′ , qi, ai, B0bi, and bi represent the radius of the base platform, radius of the mov-
ing platform, the position vector of point B0 on the moving platform, the length of the fixed-length
limb, the length of cable AiBi, the position vector of point Ai expressed in the fixed coordinate system
A0-xyz of the base platform, the position vector of point Bi expressed in the moving coordinate sys-
tem B0-uvw, the position vector of point Bi described in the fixed coordinate system A0-xyz of the base
platform, respectively. αi is the angle between the vector ai and the x-axis in the fixed coordinate sys-
tem A0-xyz, and �i is the angle between the vector B0bi and the u-axis in the moving coordinate system
B0-uvw.

3.4 Pulley modeling
Earlier analysis of cable-driven robots generally regarded the cable around the pulley as a center point
in the theoretical analysis. However, the cable does not pass through one point in the course of the
movement when the cable crosses the pulley. The wrap angle of the cable on the pulley also affects the
length of the cable, which influences the accuracy of the CDPR [30]. To establish a more accurate error
model of the CDPR, it is necessary to take the influence of the pulleys into consideration.

The cable of CDPR passing through the pulley is shown in Fig. 4. Ai is the center of the pulley
on the base platform. A is the tangent point between the cable and the pulley. Bi is the hinge point
between the cable and the moving platform. Assuming the tangent point between the cable and the
pulley is A′ after some time, the hinge point between the cable and the moving platform is B′

i. As the
change in cable length depends on the radius of the drum connected to the motor, the influence of
motor is not considered in this paper. The variation in the actual cable length after movement can be
obtained as

	li = ‖A′
iB ′

i‖ − ‖AiBi‖ =
√

q2
i − r2

oi −
√

q′2
i − r2

oi +	αi · roi (16)

where	li, ||AiB ′
i ||, ||AiBi ||, roi,	αi, qi and q ′

i represent the variation of the ith cable length, the length of
the ith cable after movement, the initial length of the ith cable, the radius of the ith pulley, the variation
of the ith wrap angle, the nominal length of the ith cable before movement and the nominal length of
the ith cable after movement, respectively.

According to geometric relations shown in Fig. 4, 	αi can be calculated as

	αi =
(
βei − arcsin

roi

qi

)
−
(
β ′

ei − arcsin
roi

q′
i

)
(17)

where βei and β ′
ei are calculated in (6).
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4. Error analysis
Assume that the processing errors of the cable, moving platform, base platform, middle fixed-length limb
and pulleys are dli, dri, dRi, dh′

i and droi, respectively. The installation point Ai of the cable and the pulley
is evenly distributed on the base platform, and the pulley installation angle is β i, which represents the
angle between the vector ai and the normal vector of the surface of the pulley. The installation point Bi of
the cable and the moving platform is evenly distributed on the moving platform, and the cable installation
angle is θ i, which represents the angle between the normal vector along the cable direction and the plane
where the moving platform is located. Assembly errors corresponding to the pulley installation angle
and the cable installation angle are dβ i, and dθ i, respectively. In order to establish the error modeling
for the CDPR, (17) can be rewritten as

fi(roi, φx, φy, φz, βi, θi, h′
i, Ri, ri, li) = 0, (i = 1, 2, 3) (18)

By differentiating (18) with respect to all the variables
∂fi

∂roi

droi + ∂fi

∂φx

dφx + ∂fi

∂φy

dφy + ∂fi

∂φz

dφz + ∂fi

∂βi

dβi

+ ∂fi

∂θi

dθi + ∂fi

∂h′
i

dh′
i + ∂fi

∂Ri

dRi + ∂fi

∂ri

dri + ∂fi

∂li

dli = 0
(19)

The matrix form of (19) is described as

Qε= U (20)

where

Q = [
Qiφx Qiφy Qiφz

]
(21)

Qiφx
= [

Q1φx Q2φx Q3φx

]T (22)

Qiφy
= [

Q1φy Q2φy Q3φy

]T (23)

Qiφz
= [

Q1φz Q2φz Q3φz

]T (24)

Qiφx = ∂fi

∂φx

, Qiφy = ∂fi

∂φy

, Qiφz = ∂fi

∂φz

(25)

ε= [
dφx dφy dφz

]T (26)

U = [
U1 U2 U3

]T (27)

Ui = Ciδpi (28)

Ci =
[

− ∂fi

∂roi

− ∂fi

∂βi

− ∂fi

∂θi

− ∂fi

∂h′
i

− ∂fi

∂Ri

− ∂fi

∂ri

−∂fi

∂li

]
(29)

δpi =
[

droidβi dθi dh′
i dRi dri dli

]T (30)

Here, ε represents the orientation error of the center point of the CDPR’s moving platform. 	pi

represents the collection of error sources including the size error, assembly error and driving error of
the moving platform, base platform and middle fixed-length limb. Ci represents the orientation error
coefficient matrix related to the mechanical structure of the CDPR.
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According to (23), the error mapping function of the CDPR can be transferred as

ε= MCiδpi (31)

where M is the error transfer matrix of the CDPR, which represents the path expression of the error
from the design variable (ro1,ro2,ro3,R1,R2,R3,r1,r2,r3,h’

1,h’
2,h’

3,β1,β2,β3,θ 1,θ 2,θ 3) and the driving cable
space (l1,l2,l3) to the orientation space (φx,φy,φz) of the moving platform.

5. Sensitivity analysis
According to the previous error analysis and modeling, there are 21 static sources of error in the CDPR.
To facilitate further analysis and calculation, a sensitivity model is established to analyze the influence
of each error on the position orientation accuracy of the moving platform of the parallel mechanism
[31–33]. When the number of error components in the source of a mechanism error is large enough,
and the position orientation errors of the end effector and the error components are independent ran-
dom variables, the errors obey a normal distribution [34]. Because the action mechanisms between
errors are complicated, this paper considers the case that the error components are independent for
each other. Assuming that each error obeys the standard normal distribution, the variance of ε can be
calculated as

D(ε) = E(ε2) =
21∑

j=1

(
3∑

i=1

λ2
ij

)
E(δp2

ij) (32)

where
λi = MCi, (i = 1, 2, 3) (33)

Here, �ij represents the ith row and the jth column element in �i. 	pij represents the jth element in
δpi.

Because the three cable branches of the CDPR are evenly distributed in space, the mean value of	pij

can be obtained as
E(δp2

ij) = E(δp2
1j) = E(δp2

2j) = E(δp2
3j) (34)

Combining (33) and (34) into one expression, the standard deviation of ε can be obtained as

σ (ε) =
√√√√ 21∑

j=1

(
3∑

i=1

λ2
ij

)
E(δp2

ij) =
√√√√ 21∑

j=1

S2
j D(δpij) (35)

where

Sj =
√√√√ 3∑

i=1

λ2
ij, (j = 1, 2, · · · 21) (36)

Here, σ (ε) represents the standard deviation of orientation error. Sj represents the local sensitivity of
orientation error ε at the center point of the moving platform of the CDPR to the 21 error sources.

It is shown that λij varies with the orientation of the moving platform of the CDPR and the sensitivity
matrix [35] cannot be calculated directly due to the nonlinearity of the elastic geometry model of the
cable in (32). For the traditional variance-based global sensitivity analysis, the total influence of an
individual variable commonly involves the interactions with other variables [36]. Therefore, taking its
global mean value in the overall workspace as a global average sensitivity of the CDPR and setting it as
S̄j, it can be expressed as

S̄j =
∫

V
SjdV

V
(37)
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Table III. Structure parameters of the CDPR.

Parameters r (mm) R (mm) roi (mm) h′ (mm) β i (rad) θ i (rad) ψmax (rad)
value 120 160 15 190 �/3 �/3 �/6

(a) (b)

Figure 5. CDPR: (a) simplified diagram and (b) normal vector reachable workspace of moving
platform.

where V represents the design space of the CDPR. To identify, analyze and compare the sources of
sensitive error, the global average sensitivity of the CDPR is treated by standardized dimensionless
processing [37]. The error sensitivity coefficients corresponding to each error source are obtained as

Kj =
√√√√ 1

n − 1

n∑
j=1

(
S∗

j − 1

n

n∑
j=1

S∗
j

)2

, (n = 21) (38)

where

S∗
j =

S̄j − 1
n

n∑
j=1

S̄j√√√√ 1
n−1

n∑
j=1

(
S̄j − 1

n

n∑
j=1

S̄j

)2
(39)

Here, Kj represents the error sensitivity coefficients, S∗
j represents the standardization of data between

the mean and standard deviation of error local sensitivity, so that S̄j of different units or orders of mag-

nitude can be compared and weighed easily. It satisfies
21∑

j=1

Kj = 1. Therefore, (38) describes the error

sensitivity model of the CDPR in a statistical sense.

6. Example and results
The structure parameters of the CDPR are shown in Table III. As shown in Fig. 5(a), the position of
the center point of the moving platform remains unchanged, so the workspace of the parallel mech-
anism cannot be described by the position of the center point of the moving platform. During the
movement of the CDPR, the position orientation of the center point of the moving platform can be
determined by the endpoint of the unit normal vector of the center point. Therefore, for the center point
of the moving platform, the unit normal vector’s endpoints are adopted to represent the motion space of
the CDPR.
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Table IV. Variance of the error sources for the CDPR.

No. D(ε) (mm/m)2 i = 1 i = 2 i = 3
1 	roi 0.000300 0.000300 0.000300
2 	β i 0.000001 0.000001 0.000001
3 	θ i 0.000001 0.000001 0.000001
4 	h’

i 0.000140 0.000140 0.000140
5 	Ri 0.000140 0.000140 0.000140
6 	ri 0.000120 0.000120 0.000120
7 	li 0.000100 0.000100 0.000100

(a) (b)

(c) (d)

Figure 6. Distribution of �(ε) and the orientation errors of the moving platform: (a) distribution of
σ (ε) in different spatial levels, (b) orientation error only considering roi, (c) orientation error only
considering ri and (d) orientation error only considering Ri.

It is assumed that the rotation angle of the universal joint in the CDPR isψ and its maximum rotation
angle is ψmax. The normal unit vector of the center point of the moving platform is expressed as np in
the moving coordinate system B0-uvw, so the constraint conditions of the rotation angle of the universal
joint can be expressed as

ψ = arccos
H
(

A0RB0np

)
‖H‖ ≤ψmax (40)

where

np = r
[

0 0 1
]T (41)

The normal vector workspace of the CDPR’s moving platform is shown in Fig. 5(b). The design
space of the CDPR is taken as the area which is enclosed by z0 = 290 mm, zf = 300 mm and the normal
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(a) (b)

(c) (d)

(e)

(g)

(f)

Figure 7. Error local sensitivity of various parameter error sources: (a) ELS of roi, (b) ELS of li, (c) ELS
of h′

i, (d) ELS of θ i, (e) ELS of ri, (f) ELS Ri and (g) ELS of β i.
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Figure 8. Histogram of the error sensitivity coefficients of various error sources.

vector workspace of the moving platform. The length of the three cables is li = 200 mm. The motion law
of servo motor is as follows: θ i =�t-cosβ i,�= 0.5 rad/s. The trajectory of the CDPR is in (42), where
t and T are the run time and motion period:{

φx = 0.35[35(t/T)4 − 84(t/T)5 + 70(t/T)6 − 20(t/T)7]

φy = 0.35[35(t/T)4 − 84(t/T)5 + 70(t/T)6 − 20(t/T)7]
(42)

The rand function in the MATLAB software is employed to generate randomly the variance of the
21 error sources of the CDPR in a statistical sense, which obeys the normal distribution and its mean
value is zero, as shown in Table IV.

When calculating the standard deviation of the orientation error of the moving platform of the CDPR
in the design space, the space is divided into upper, middle and lower layers. The angle φz of each
layer are φz1 = 0.54 rad, φz2 = 0.27 rad and φz3 = 0 rad, respectively. The geometric parameter error
with zero mean value is selected randomly. The standard deviation of linear error is 0.01 mm, and the
standard deviation of angle error is 0.02 mm/m. For the geometric errors of the moving platform, base
platform and pulleys, the orientation error distribution for the moving platform of the CDPR is calculated
by Monte Carlo method in the whole workspace and φz3 = 0 rad under the premise of controlling the
variables. Because the local sensitivity of the error is only the sensitivity of the CDPR in the local design
space, the running time of the CDPR is set as 4 s. The standard deviation of the orientation error of the
CDPR’s moving platform with different parameters and spatial levels, the error local sensitivity curve
of each error source and the sensitivity coefficients bar chart are shown in Figs. 6–8, respectively.

As shown in Fig. 6(a), the error standard deviation of the CDPR’s moving platform increases with
the angle φz, and the error standard deviation in the upper space is more significant than that in the
middle and lower spaces. Compared with Fig. 6(c) and (d), the variation trend of the standard deviation
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Table V. Error sensitivity coefficients of various error sources.

No. Kj i = 1 i = 2 i = 3
1 	θ i 0.0156 0.0090 0.0117
2 	roi 0.0630 0.0630 0.0630
3 	β i 0.0790 0.0710 0.0590
4 	li 0.0914 0.0816 0.0884
5 	h’

i 0.0323 0.0390 0.0480
6 	ri 0.0280 0.0210 0.0300
7 	Ri 0.0360 0.0310 0.0390

distribution curve of orientation errors caused by the geometric errors of the moving platform and base
platform are the same in the whole working space (φz3 = 0).

As shown in Figs. 7 and 8, the local sensitivity of error sources θ i, roi, Ri and β i are more evident
than that of other error sources. The local sensitivity of length errors for the three cables is greater than
one. The standard value of the sensitivity coefficient comparison is set as ζ. Since the error sensitivity
coefficients of each error source range from 0 and 0.1, ζ = 0.05 is set as a criterion to judge whether
each source of error is a sensitive error or not [37].

From the error sensitivity coefficients of Fig. 8 and Table V, it can be seen that the effects of the
geometric errors of the pulleys, installation errors of the pulleys and geometric errors of the cable length
are relatively larger among the 21 error sources. The sources of sensitivity error in the CDPR can be
identified by the standard value of sensitivity coefficient comparison ζ, and they are 	ro1, 	ro2, 	ro3,
	β1, 	β2, 	β3, 	l1, 	l2 and 	l3. From Fig. 6(b), it can be seen that the radius of the pulley has a
significant influence on the orientation error of the moving platform.

7. Conclusions
This paper presents the conceptual design of a CDPR with rigid-flexible coupling and guiding pul-
leys and then deals with its error analysis. The kinematics analysis and error modeling of the CDPR
considering the influence of pulleys is formulated. The contribution of each error component to the
total orientation error of the CDPR is described by sensitivity analysis. The error analysis of the
CDPR including the error’s local sensitivity analysis and identification of sources of sensitivity error is
presented.

The geometric errors and installation errors affecting the orientation errors of the CDPR’s moving
platform were refined into 21 sources of error. The geometric errors of the pulleys have a significant
influence on the orientation error of the CDPR’s moving platform through error analysis, which has
guiding significance for the conceptual design. The sensitivity coefficients of pulleys’ geometric errors
and geometric errors in the cable length are relatively larger among these error sources. Therefore, the
importance of manufacturing tolerances for the pulleys is proven. The cable length errors and pulleys’
geometric errors should be given higher priority in the design and processing, which provides a guidance
for the mechanism optimization and prototype development of a CDPR.

The provided method for the error modeling and sensitivity analysis in this paper can be applied
to the CDPR and the parallel mechanisms with rigid-flexible coupling. Based on this method, further
researches about precise control of CDPRs can be developed.
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