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Towards Solving Cable-Driven Parallel Robot Inaccuracy due to Cable
Elasticity

Adolfo Suirez Roos!, Zane Zake', Tahir Rasheed', Nicoldo Pedemonte', and Stéphane Caro?

Abstract— Cable elasticity can significantly impact the ac-
curacy of Cable-Driven Parallel Robots (CDPRs). However,
it’s frequently disregarded as negligible in CDPR simulations
and designs. In this paper, we propose a numerical approach,
referred to as SEECR, which is designed to estimate the
behavior of a CDPR featuring elastic cables while ensuring
the Static Equilibrium (SE) of the Moving-Platform (MP). By
modeling the cables as elastic springs, the proposed approach
correctly predicts which cables become slack, estimates the
tension distribution among cables and computes unwanted MP
motions, allowing to predict the impact of design choices. The
results have been validated experimentally on two cable types
and configurations.

I. INTRODUCTION

Cable-Driven Parallel Robots (CDPRs) represent a spe-
cific category of parallel robots in which the Moving-
Platform (MP) is connected to a fixed base frame by cables.
The translation and rotation motions of the MP are achieved
through the synchronized control of the cable lengths. CD-
PRs can be used in many applications such as large payload
handling over a large workspace (WS) [1], [2], fast pick-and-
place tasks [3] and rehabilitation [4]. As the research interest
in large CDPRs grows [5]-[9], several cable characteristics,
such as sag and elasticity can no longer be neglected.

If cable elasticity is not modelled, the actual MP pose
is going to be different from the expected one. This is
because the cables are longer than predicted due to elasticity.
Moreover, with increased CDPR size, cable length difference
also increases and leads to substantial MP pose errors.
Indeed, if the model is not close enough to the real CDPR,
its accuracy is going to be significantly affected.

When cable elasticity is modelled, it is assumed to be
a linear spring [10]-[14], while some studies have shown
that a non-linear model should be used [15]. Furthermore,
a certain hysteresis can sometimes be observed [16], [17].
Having identified the elasticity of cables, one can then
estimate the stiffness of a CDPR [10], [13]-[15] and use
control approaches that are stiffness-oriented [11]. Note that
recently neural networks have been used to solve the inverse
kinematic model with elastic cables [18], [19].
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Fig. 1. CDPR prototype named DemoBot

Sometimes it is assumed that the cable is not only elastic
but is also sagging due to its own mass. The sagging cable is
usually modelled as a catenary [20]-[23], creating a complex
model. However, it was shown in [24] that the model can be
linearized without significant loss of accuracy.

Depending on the targeted level of accuracy, the modelling
of cable elasticity can be necessary. Thus, one needs to be
able to rapidly evaluate the CDPR behavior given its model
and cable elasticity coefficient. In this paper, a Solver for
Equilibrium of Elastic Cable Robots (SEECR) is proposed.
It takes cable elasticity into account while finding the MP
pose for which the Static Equilibrium (SE) is held. It allows
us to know the actual MP pose, including unwanted tilt,
also named parasitic tilt, that can be generated from a non-
optimal cable configuration. Hence, SEECR can be used as a
tool to evaluate the effect of cable configurations and overall
CDPR model on the MP behavior. Moreover, SEECR can
determine the actual MP pose even when the desired pose
lies outside the robot’s Static-Feasible Workspace (SFW).
Therefore, knowing the CDPR behavior beyond their SFW
allows us to potentially utilize more of the CDPR footprint.

In this paper three CDPR models are considered: (¢) an
under-actuated two-cable CDPR to explain in detail SEECR
function; (i¢) a suspended four-cable three-Degree of Free-
dom (DoF) planar CDPR with two cable configurations;
(791) a suspended 8-cable 6-DoF spatial CDPR with two
cable configurations. The latter corresponds to a real CDPR
prototype, shown in Fig. 1, and all the experiments are
repeated on it to practically validate the solver.

II. CLASSIC KINEMATIC MODEL OF A CDPR

In this paper, a small CDPR named DemoBot, shown
in Fig. 1, is presented. Its MP is pulled by m = 8§



TABLE I
NOTATION USED THROUGHOUT THE PAPER

e %; -ithcable;:=1,...,mand m =8
o Fu(z,y,2) and Fp(xp, Yp, 2p) are the base and MP frames resp.
* P - tracking point of the MP
e A; - cable exit points associated with €;
¢ B; - cable anchor points associated with &;
« ba, - Cartesian coordinates of A; expressed in .Z,
* Pb; - Cartesian coordinates of B; expressed in %)
o 1; = ba; — b, - cable vector pointing from B; to A;
e [; - cable length of €;
by, = Hllzﬁ - unit vector of ; pointing from B; to A;
* w, - external wrench acting on the MP
* T; - tension in cable %;. Since cables can only push but not pull, the
tensions should remain non-negative, i.e, 7; > 0, in order for the %; to
be able to apply a wrench onto the MP
* ’p = [ps, Py, Pz, @, B,7] - MP pose expressed in .F,
*dp = [6pz,dpy,0p=,dc,6B3,87] - Deviation in the MP pose
expressed in .7,
. bRp and btp - rotation matrix and translation vector of the MP
expressed in %,

cables. Its size is 80cm x 50cm x 50cm. The MP size
is 10.2cm x4.4cm x 3.6cm and its mass is 0.4kg. The
notation used in this paper is shown in Table I.

The anchor point B; for €; is expressed in %, as:

bbl’O = bRpopbi + btpo (1

b, denotes the initial Cartesian coordinates vector of the
anchor points considering cables as non-elastic. The corre-
sponding initial cable length denoted as [;, is expressed as:

lio = ||’a; — "bio||2 2

The MP is in SE if the external wrenches, including the
gravity wrench, acting onto the MP, can be counterbalanced
by the sum of non-negative cable tensions, expressed as [10]:

Wr+w,.=0 3

where w,. is external wrench applied to the MP,
T =|[r,72,...,Tm] is the cable tension vector, and W is
the wrench matrix of DemoBot that is defined as:

bU1 . bllm

W =
b b b b
R,”b; x "uy R,b,, x "u,,

4)

III. ANALYTICAL VS NUMERICAL SOLUTION
A. Analytical Solution

To illustrate the analytical approach, a case study of an
under-actuated planar CDPR [25], [26] with two cables is
presented here. Its MP pose °p is defined as (p.,py,0).
Using (1), (2) and (3) for a planar under-actuated CDPR
presented in Fig. 2, the angle 6 of the MP is symbolically
solved and expressed as:

Qpi — 2pz (a1 — A2z) + 261,02, + Sy

PzDy (aly + agy — 2)
+py(a1m + a2x) — A1202y — 2201y

0 = 2atan )

Ay (a1x, ary) A (azx, azy)

By (bax, bay)
~—
P (vapyrg)

mg ~
Bl (blx' bly)

Fig. 2. A planar under-actuated CDPR parameterization

where

Apy — 8plar, — 8plas, + 4phai, + 16pLaizaz.+
Aptas, + 4p3p;, — Apipyary + 6paiepyas,—
Appyazy + Pia%y +2plaryag, + piagy*

8D0a], 020 — 8P2G1205, — 4Paa1aDs — 2P201203,—
2P 1501y G2y + 2DxA15Py A1y — 2Dp Q2,1 A2y —
APy a2epl + 6PraaDyaty + a3,p% + 2Ppa2aDyazy —
Qpragma%y + 4a%za§x + a%ragy + 2alza2mpif
2afxpya2y + a%xpi - 2a§xpya1y + a%xa%y_

2a1wa2wpyaly - 2a1wa2a:pya2y + 2a11a2xalya2y

(6)

As the system is under-actuated, the MP angle is not
controlled and it always tilts toward the center. The middle
of the bar-shaped MP shown in Fig. 2 coincides with the
center of mass (CoM).

The unique value for 6 found by this analytical solution
for each platform position (ps,p,) constitutes the manifold
shown in Fig. 3. The manifold represents all the SE poses of
this two-cable robot. Note that the lower edge of the manifold
is almost a straight line, meaning that the tilt evolution is
almost linear when the robot is close to the ground. On
the contrary the S shape of the upper edge indicates that
the MP remains quite horizontal when z is closer to the
center and then rapidly tilts when approaching large x values.
This is also visible in Fig. 4 where the following poses are
represented: () in cyan, the desired poses, with § = 0° (note
that these poses can be outside the manifold); (é¢) the green
analytical solutions, showing the tilt angle the MP must have
to be in SE at the desired position; (iii) the blue solutions,
computed by SEECR using the cyan as a starting point and
drifting away from it until equilibrium is found. As expected,
the two solutions are different but both lie on the manifold.

The analytical form of the solution is complex and the
complexity will increase substantially when dealing with
higher DoFs CDPR with more cables. Moreover, the incor-
poration of cable stiffness will introduce further complexity
to the system in order to achieve an analytical solution.

B. Numerical solution : SEECR

As shown in [22] determining inverse kinematics solu-
tions considering cable deformation in analytic form can
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the associated solutions depending on the cable elasticity
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Fig. 4. Plot of MP poses for m = 2, where: the desired MP pose is in
cyan (not in manifold); the analytically found SE orientation at the desired
pose is in green (in manifold); and the actual MP pose found by SEECR
given the desired pose as an input is shown in blue (in manifold)
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Fig. 5. SEECR Algorithm

be quite challenging. Thus, usually a numerical approach
to determine all possible inverse kinematics solutions for
any number of cables is chosen. In this paper, we propose
a numerical approach referred to as Solver for Equilibrium
of Elastic Cable Robots (SEECR) that finds the SE pose of
the MP based on a desired pose. The key idea is that the
cables do not provide any tension at their initial (nominal)
lengths. Deviations around the desired pose will result in
changes of the anchor point coordinates which results in the

cables becoming longer or shorter. Longer cables will apply
tensions proportional to their elongation while shorter cables
are slack. The SEECR will iteratively search for a pose that
minimizes the error of the SE equation. Different solvers
from the python scipy.optimize library [27] were tested. In
particular (7) fsolve, which produced the best equilibrium
values; and (#¢) least squares, which provided more robust
results in many situations. These solvers will search for the
pose that corresponds to the roots or the local minimum for
the SE. Both take as input a non-linear set of equations and
an initial estimation. In addition, both compute numerically
a local Jacobian OF /Op to guide the estimation process.
The algorithm of the SEECR is shown in Fig. 5. SEECR
iteratively looks for MP poses that satisfy the SE given
by (4), and exits after converging to a solution or detecting
that progress is no longer observed.

1) Initial pose: The first step is to input the desired pose.
This corresponds to the equilibrium solution if there is no
gravity or external forces acting on the MP. If the desired
pose is feasible, it is also the solution for non elastic cables.

2) Initial Anchor points: From the given initial pose, ini-
tial values of all anchor points *b; are computed using (1).

3) Initial cable lengths: Knowing the anchor points, the
initial lengths of all cables ;o are computed using (2).

4) Initial guess: A naive guess dpg of the solution is
applied by assuming that the MP will fall vertically due to
its weight as dpg = (mgglymean)/ke, Where my is the MP
mass and g is the gravity. l,meqn 1S the mean value of the
vertical component [,; of all cables: l,mean = ZZL ..
k. = ES represents the cable stiffness, where E is the
Young’s modulus and S is the cross-sectional area of the
cable.

The solver’s iterative process commences at this point,
initiating with the initial guess.

5) Calculation of new cable anchor points: The novel MP
pose and the associated anchor points are computed as:

’p ="po + ép (7)
bbi = bRppbi + btp (8)

where °t,, and R, are the new translation vector and rotation
matrix of the MP.

6) Calculation of new cable lengths: The corresponding
new cable lengths are computed using the updated cable
anchor points:

L = |/’a; — "by|2 9

7) Calculation of elastic cable tensions: Considering a
cable as a spring means that in its rest length the cable
has no tension. As a consequence a cable can only apply
a force if it is elongated. Furthermore each cable tension 7;
is proportional to its elongation §/; and inversely proportional
to its initial length ;o [10], [15]:

(10)

where 6l; = I; — ;o is the difference between the estimated
and initial cable lengths, resp.



3

=

(b)

64

|7

(a)

Fig. 6.
crossed spatial CDPR (Cogiro configuration)

8) Enforcing Non-Negative cable tensions: Since cables
cannot apply compression, the desired solution should only
include non-negative cable tensions. Hence, any negative
cable tension is set to zero:

.

9) Static Equilibrium: Once the tensions and cable direc-
tions are known, the SE can be computed using (3). If the
SE condition is satisfied, the iterative loop concludes and the
final MP pose is returned by the solver as (7). Otherwise, if
the SE condition is not met, the iteration continues with a
new estimation in the following step.

10) Solver updates the deviation in the MP pose: At each
iteration, a novel MP pose deviation dp is computed by the
solver (fsolve or least squares).

The SEECR has been examined on multiple case studies
depicted in Fig. 6 and presented hereafter.

for ; > 0,
for ; <0,

Ti,

(1)

C. Case study: Planar under-actuated CDPR with m = 2
cables

This case is shown in Figs. 2, 3 and 4. In Fig. 3 the desired
poses with 8 = 0° are shown as black dots. Note that only
one is on the solution manifold, while the other two cannot be
reached by this CDPR. The corresponding SE pose is found
using SEECR and it is a function of the cable elasticity.
Indeed, as shown with blue-to-red curves in Fig. 3, the more
elastic the cable the smaller the y-coordinate of the MP and
thus the further the actual pose from the desired pose.

In Fig. 4 the desired poses are shown in cyan. Once again
as the desired orientation is § = 0°, most of these poses are
not on the manifold. The blue poses are the corresponding
actual MP poses found by SEECR for each of the desired
poses. Note that the blue poses do not coincide with the
analytically found green poses, because cable elasticity leads
to parasitic tilt, but also to a lateral motion towards the center
of the workspace and a downward motion.

D. Case study: Planar CDPR with m = 4 cables

Two planar CDPRs with distinct cable configurations, have
been investigated. The first case study involves a four-cable
CDPR with a vertical parallelogram-like configuration [28],
[29] shown in Fig. 6a and 7. The second configuration
features a horizontal parallelogram-like cable arrangement,
depicted in Fig. 6b and Fig. 8.

Having parallel cables seems like the perfect approach
to avoid the platform unexpected tilts. However, while the

(©)
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Case studies: (a) four-cable vertical planar CDPR; (b) four-cable horizontal planar CDPR; (c) Eight-cable vertical spatial CDPR; (d) Eight-cable
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poses at SE; (right) cable tensions, where the zone with one slack cable is
shown in yellow and with two slack cables in red
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Fig. 9.  Tilt conditions for four-cable planar CDPR: (left) horizontal;
(middle) and (right) vertical arrangement in two different MP poses

horizontal arrangement achieves this, the vertical one com-
pletely fails. In fact, the left and right parallelograms will
only retain their shape if the cable lengths are equal which
implies that both cable elongations and therefore both cable
tensions need to be equal. As shown in Fig. 9, for the
horizontal arrangement, point H is the intersection of the
midlines of the parallel cables. By computing the equilibrium
around point H, it is observed that, if both the cables
from the left side are having the same cables tensions, they
will generate no torque on the MP. Same behavior can be
observed from the cables on the opposite side. The gravity
wrench passes through point H only at zero rotation. As a
result, the platform will only remain in rotational equilibrium
at zero orientation. Given that, it is possible to find tension
values that add up to cancel the vertical gravity while their



horizontal components cancel each-other. Thus, the SE is
reached without tilting. Fig. 8 shows no tilt and equal
tensions in the cables on each side.

For the vertical arrangement in Fig. 9, point V is the
intersection of the midlines of the parallel cable and the only
point where the equal tensions on both sides would produce
zero torque. Note that the coordinates of this point depend on
the MP pose and can even be outside the MP. The gravity
force only passes through this point when the platform is
in the center. For any other position a tilt is required in
order to achieve equilibrium. An additional interesting point
can be illustrated in Fig. 7. As the robot approaches to
the boundaries, the tension in some cables progressively
disappear and the CDPR transitions from four tensed cables
to three and then to two. Beyond this point, the four-cable
CDPR behave exactly like a two-cable under-actuated CDPR.
Its solution can be found analytically and a manifold can be
computed. The manifold is different the left and right sides
since the cables under tension are not the same.

E. Case study: Spatial CDPRs with m = 8 cables

As a spatial CDPR case study, the DemoBot shown
in Fig. 1 was studied by employing two distinct cable
configurations. The first configuration, referred to as the
Cogiro configuration [6] is illustrated in Fig. 6d. The second
configuration adopts a vertical parallelogram-like setup [10],
[30], as shown in the Fig. 6c.

The results from SEECR can be seen in Fig. 10 and 11.
The green WS shown in the two figures is the SFW that was
computed using ARACHNIS [31], [32]. The behavior of the
CDPR is similar as in the previous case study.

Using the Cogiro configuration of the DemoBot, which
is a well-established cable layout for withstanding external
wrenches, the CDPR maintains a steady rotation of the MP.
On the other hand, in case of parallel configuration, it can
be seen that as the robot moves away from the center of the
structure, the MP experiences significant tilting, and tension
in some cables rapidly goes to zero. Indeed, as the MP leaves
the SFW, the tilt becomes unavoidable. However, as SEECR
allows us to predict such a behavior, the CDPR could be
used outside the SFW in a degraded state.

FE. Performance of SEECR

The SEECR performance was assessed on an Intel i7-
10850H CPU clocked at 2.7GHz, using Python 3.11.5 on
Windows 10 OS. In the best and worst-case scenarios,
solutions were found after 14 and 286 iterations or 2ms
and 61 ms, resp., with each iteration taking 0.21 ms. Less
iterations were needed at the center of the WS, where initial
guess and the actual MP pose are close.

IV. EXPERIMENTAL RESULTS

To validate the SEECR, several experiments were con-
ducted using DemoBot and the ground truth was measured
by Creaform C-track that can achieve 0.065 mm volumetric
accuracy'. The experiments were carried out by employing

https://www.creaform3d.com/en
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Fig. 10. DemoBot with Cogiro configuration: (left) different platform poses
at SE and the SFW shown in green; (right) cable tensions
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Fig. 11. DemoBot with vertical parallel configuration: (left) different
platform poses at SE and the SFW shown in green; (right) cable tensions,
where the zone with two slack cables is shown in yellow and with four
slack cables in red

TABLE I
CABLE EXIT AND ANCHOR POINT COORDINATES

Cogiro configuration A; in .%;, and B; in .%p, m

A;  [0.08;0.04;0.485]T | By  [0.04;—0.03;0.018] T

Ay [0.04;0.08;0.485]T | By [-0.0515;0.022; —0.018] T
Az [0.04;0.42;0.485]7 | Bz  [-0.0515; —0.022;0.018] "
Ay [0.08;0.04;0.485]T | By [0.04;0.03; —0.018] T

As  [0.72;0.46;0.485]T | Bs [—0.04;0.03;0.018] "

Ag  [0.76;0.42;0.485]T | Bg [0.0515; —0.022; —0.018] T
A7 [0.76;0.08;0.485]T | By  [0.0515;0.022;0.018] "
Ag  [0.72;0.04;0.485]T | Bg [-0.04;—0.03; —0.018] "

Parallel configuration A; in .%, and B; in .%p, m

A1 [0.04;0.04;0.486]T | By [-0.0515;—0.022;0.018] T
Ao [0.04;0.04;0.450]T | Ba  [-0.0515; —0.022; —0.018] T
As  [0.04;0.46;0.486]7 | Bz  [-0.0515;0.022;0.018] T
As  [0.04;0.46;0.450] T | By [-0.0515;0.022; —0.018]T
As  [0.76;0.46;0.486]T | Bs  [0.0515;0.022;0.018] "

Ag  [0.76;0.46;0.450]T | Bg  [0.0515;0.022; —0.018] "

A7 [0.76;0.04;0.486]T | By  [0.0515;—0.022;0.018] "

As  [0.76;0.04;0.450] T | Bs [0.0515; —0.022; —0.018] T

the same distinct configurations discussed in Section III-E.
The corresponding cable exit and anchor point coordinates
are shown in Table II. Furthermore, to ensure a thorough
evaluation, we tested two distinct types of cables: (¢) Vectran
cable with 0.7 mm diameter; (i¢) fishing cable with 0.4 mm
diameter. This allowed us to assess the SEECR performance
under various conditions, taking into account different cable
configurations and materials.

A simple linear trajectory along x from z = 0.17m to
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xz = 0.63m was repeated for all configurations at two
distinct heights of z; = 0.1 m and zo = 0.2m. The desired
trajectory required a constant MP orientation throughout.
The experimental results are shown in Figs. 12a and 12b.
The former presents the deviation from the desired MP
pose along z while the latter illustrates the platform rotation
about y. It is evident that there are two very different trends:
the curves representing the Cogiro configuration exhibit an
impressive degree of linearity, closely approximating an ideal
straight trajectory. In contrast, the curves associated with
the parallel configuration display a notable and persistent
deviation. Indeed, regardless of the chosen cable material,
the parallel configuration leads to a significant tilt of ap-
proximately 20° at both ends of the trajectory. This tilt is
accompanied by a large deviation along z of about 15 mm.
Notably, at the extreme points of the recorded trajectories,
the MP never reaches the desired position along x. These
observations highlight the substantial disparity in DemoBot’s
behavior depending on chosen cable configuration. Regard-
ing the cable material, since fishing cable is more elastic
(the stiffness coefficient is approximately 10 times smaller),
an additional deviation is anticipated along z for the ex-
periments conducted with the aforementioned cables. The
phenomena can be observed in Fig. 12a where the cyan curve
is consistently lower than the brown curve.

The trajectories obtained by SEECR are close to the
measured ones. SEECR correctly estimated the behavior of
the robot, yet subtle disparities are evident. For example, in
Fig. 12b, the blue estimation closely aligns with the cyan
measurement, with the exception of a slight deviation at the
initial segment of the trajectory. Similarly, when comparing
the brown and red curves, a minor discrepancy is noticeable
at the far-right portion. These variances can be attributed
to the initialization procedure of DemoBot. Prior to each
experiment, the MP was manually positioned in the initial
pose, resulting in minor inaccuracies that persist throughout
the trajectory.

V. DISCUSSIONS AND FUTURE WORK

In this paper we proposed a numerical approach, referred
to as SEECR, to estimate the behavior of a Cable-Driven
Parallel Robot (CDPR) featuring elastic cables while en-
suring the Static Equilibrium (SE) of the Moving-Platform
(MP). SEECR was shown to correctly predict the cables
becoming slack, to estimate the tension distribution among
cables and correctly simulate unwanted MP motions. There
are numerous potential applications for SEECR. One of its
most practical uses lies in its capability to swiftly assess any
CDPR model in terms of parasitic motion, such as undesired
tilt of the MP due to the chosen cable configuration and
thus the reduced workspace. To illustrate the effectiveness
of SEECR, two case studies were considered: one involving
a four-cable planar CDPR and another using an eight-cable
spatial CDPR, each with two distinct cable configurations.
The results clearly demonstrated that not all cable configu-
rations are uniformly effective, underscoring the importance
of selecting preferred configurations over others. However, if
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Fig. 12. Experimental results: (a) deviation from the desired height along
z-axis; (b) Mp rotation about y-axis

a sub-optimal configuration must be chosen, SEECR allows
us to know the CDPR behavior outside the Static Feasible
Workspace (SFW) and thus continue using the robot even in
a degraded state.

The spatial CDPR cable configurations were subsequently
evaluated using a compact CDPR prototype named De-
moBot, and the results were compared to the predictions
made by SEECR. Impressively, SEECR consistently pro-
vided accurate estimations of robot’s behavior, regardless of
the selected cable material and configuration.

While SEECR proves to be a valuable tool, it does have
some limitations. It requires an initial guess of the MP pose
deviation. Setting the guess to an estimated shift in the
downward direction yielded accurate results. Furthermore, it
is worth noting that SEECR may encounter difficulties when
dealing with very high cable stiffness coefficients, but these
are above the stiffness of cables currently used in CDPRs.

Future work includes adapting SEECR to fully-constrained
CDPRs. Additionally, to enhance its capabilities, cable sag
and mass will be taken into account. Finally, SEECR will be
used to simulate the CDPR behavior with different control
schemes.
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