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Abstract

Cable-driven continuum robots (CCR) are increasingly gaining traction in a wide
array of practical applications when compared to their rigid-link counterparts.
This paper presents a geometry-based optimization method to model a CCR
with multiple generally routed cables. The method discretizes the CCR into equal
sections and then assumes imaginary four bars in each section. The optimization
is stated as the minimization of the coupler angles of these four bars as well as the
angles made by tangents. Simulation results are shown for three different cases,
which were compared with results obtained from a Cosserat rod model simulation.
The maximum RMS error between the two methods is seen to be 1.57mm (less
than 0.88% of the total length of the CCR), which verifies the accuracy of the
proposed method. The average simulation time is also significantly faster in the
case of the optimization-based method. This method can be used as a quick tool
to study CCR’s with diverse cable routings and arrangements.

Keywords: Cable-driven Continuum Robots, Flexible robot, General cable routing,
Multiple cables

1 Introduction

Continuum robots have gained increasing prominence in real-world applications
owing to their advantageous characteristics, including inherent compliance, lightweight
design, and enhanced maneuverability. The fundamental structure of these robots pri-
marily comprises a flexible backbone that can be actuated by various means, such as
pneumatics, shape memory alloys, pre-curved beams, and cables [1]. Of all the types,
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Fig. 1: Schematics of a CCR with two cables before and after actuation.

continuum robots actuated by cable are much preferred for their simple construction
and ease of operation. Due to this, CCR finds usage in various fields, such as medical
devices, space operations, biomimetics, and search and rescue, to name a few.

These Cable-driven Continuum Robots (CCR) consist of a rod-like structure called
the backbone to which circular disks are attached at equal intervals (see Fig. 1 for
reference). These disks have perforations in them through which one or more cables
can be passed from the base to the tip. When the cables are actuated from the base,
the CCR backbone deforms and attains a shape in three dimensions. The final shape
is dictated by the routing of the cables.

Various models are available in literature whose detailed review can be found in [1–
4]. These models range from simple constant curvature modelling for single section [5]
and multiple sections [6] to more detailed material-based modelling. Cosserat rod
models [7–9] have shown to model CCR with multiple generally routed cables with
good accuracy, even with external loading. More recently, a finite element method
(FEM) based model [10] is proposed for CCR mimicking skeletal spine with variable
curvature. A statics-based model based on Euler-Bernoulli beam theory [11, 12] is
shown to model CCR with multiple sections, taking into account gravity and cable
friction along with external loading. Energy-based methods such as Euler-Lagrange
formulation [5, 13], virtual-work [14] and virtual-power [15] has also been proposed.
More recently, an optimization-based model is presented [16, 17], which has shown to
model CCR with general cable routing and also work with obstacles in the workspace.
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Although more such models are available, very few address the modelling of CCR
with multiple generally routed cables. In this paper, we present a novel optimization-
based model that can simulate the shape and pose of a CCR with multiple generally
routed cables. This method is purely geometry-based, making it easier to use. The
simulated results are compared with the well-known Cosserat rod model to check for
accuracy. The rest of the paper is organized as follows – in section 2, the mathematical
details of the method are presented, which is simulated in section 3, along with a
comparison to the Cosserat rod model. Finally, in section 4, concluding remarks and
scopes of future work is presented.

2 Methodology

This section presents details of the optimization-based method, which is based on the
previous work in [16]. For nomenclature used1,2, refer to Table 1.

Table 1: Nomenclature used in the formulation.

Symbol Description
n Number of backbone segments (= number of disks − 1).
r Radial distance from the center of the disk to the cable.
l0 Length of a backbone segment.
lia Length of cable A after actuation in section i.
lib Length of cable B after actuation in section i.

∆lA Percentage change in length of cable A after actuation.
∆lB Percentage change in length of cable A after actuation.
Xi

0 Position of backbone at the ith disk in undeformed state (or previous iteration).
Xi

a Position of cable A at the ith disk in unactuated state (or previous iteration).
Xi

b Position of cable B at the ith disk in unactuated state (or previous iteration).
xi
0 Position of the deformed backbone at the ith disk.

xi
a Position of the actuated cable A at the ith disk.

xi
a Position of the actuated cable B at the ith disk.
θi Angle between cable B and cable A with respect to disk center at the ith disk.
ϕi
a Angular change of position of cable A with respective to the previous disk.

ϕi
b Angular change of position of cable B with respective to the previous disk.

Fa Force on cable A (for Cosserat rod model.)
Fb Force on cable B (for Cosserat rod model.)

The CCR is discretized into n sections spanning between two disks (numbered 0
to n). The optimization problem is solved one section at a time iteratively. Starting
for the first section (i = 1), one can assume two four bars which consist of ver-
tices Xi−1

0 Xi−1
a Xi

a X
i
0, and Xi−1

0 Xi−1
b Xi

b X
i
0 (see Fig. 2a). In these two four-bars,

Xi−1
0 Xi−1

a , and Xi−1
0 Xi−1

b are the bases, Xi−1
0 Xi

0 is the first crank for both, and
Xi

0 X
i
a, and Xi

0 X
i
b are the couplers. The vertices Xi

0, X
i
a, and Xi

b changes to xi
0, x

i
a

and xi
b respectively after actuation (See Fig. 2b). These new variables now become

the base for the four bars for the next section.
It was shown that the pose of the CCR can be determined by minimizing the

coupler angles [16]. The same idea is applied here, but the second four-bar is not

1The superscript denotes disk number, not an exponent.
2All the position vectors are defined from the center of the base disk (Global reference frame).
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(a) (b)

Fig. 2: Nomenclature used for (a) ith undeformed section (b) two four-bars before
(lightly shaded) and after actuation (shaded dark). (All angles are measured counter-
clockwise positive)

imaginary here. These two terms can be thought of as the minimization of the angle
made by the normal vectors to the curve. The term related to the tangent vector [17]
is also added to the final optimization problem, which can be stated as –

argmin
xi
0,x

i
a,x

i
b

[
arccos

(
Xi

a −Xi
0

∥Xi
a −Xi

0∥
· xi

a − xi
0

∥xi
a − xi

0∥

)
+

arccos

(
Xi

b −Xi
0

∥Xi
b −Xi

0∥
· xi

b − xi
0

∥xi
b − xi

0∥

)
+ arccos

(
Xi

0 −Xi−1
0

∥Xi
0 −Xi−1

0 ∥
· xi

0 −Xi−1
0

∥xi
0 −Xi−1

0 ∥

)] (1)

Subject to:

∥xi
0 −Xi−1

0 ∥ = l0, ∥xi
a −Xi−1

a ∥ = lia, ∥xi
b −Xi−1

b ∥ = lib, ∥xi
a − xi

0∥ = r,

∥xi
b − xi

0∥ = r, and arccos

(
xi
a − xi

0

∥xi
a − xi

0∥
· xi

b − xi
0

∥xi
b − xi

0∥

)
= θi

(2)

Given data: Xi−1
0 , Xi

0, X
i
a, X

i
b, l0, l

i
a, l

i
b, r and, θi.

To find out Xi
0, X

i
a, X

i
b we employ the following steps –

1. Assume î along →
(
Xi−1

a −Xi−1
0

)
.

2. Assume ĵ
′
along → sign(θi)

(
Xi−1

b −Xi−1
0

)
.

3. k̂ = î× ĵ
′
, ĵ = k̂ × î, and T =

[
î ĵ k̂ Xi−1

0

0 0 0 1

]
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4.
[
Xi

0, 1
]

= T

[
d
1

]
,

[
Xi

a, 1
]

= T

[
Rz(ϕ

i
a) d

0 0 0 1

] [
X0

a

1

]
, and

[
Xi

b, 1
]

=

T

[
Rz(ϕ

i
a + θi) d

0 0 0 1

] [
X0

a

1

]
, with d =

0
0
l0

 – assuming X̂0
a =

10
0

.
The equations in 2 preserve the geometric shape and limitations of the CCR. It

is to be noted that all the angles are taken counter-clockwise positive, so the last
equation in 2 should be carefully computed – the sign of θi

(
= ϕi

b − ϕi
a

)
will change

when the cables cross over. The optimization-based method is solved one section at a
time, starting from the base till the tip, where the outputs of the optimization problem
form the base of the four bars for the next section.

3 Simulation

This section presents numerical simulations for the optimization-based method. These
results are compared to the Cosserat rod model [8] simulations. For the simulations,
the chosen dimensions and properties of the CCR (taken from [18]) were – l0 = 20mm,
r = 8mm and, n = 9 (10 disks), E = 1.1GPa, ν = 0.3, and d = 3mm. The geometry-
based optimization method in equation 1 is solved using fmincon function with the
in-built interior-point algorithm in MATLAB®. At each step, three coordinates are
solved for a total of 27 coordinates.

The boundary value problem of the Cosserat rod model is solved using the shooting
method for a total of 18 state variables. The cable positions ri(s) are provided as an 8th

order Fourier approximations to make sure it is C2 continuous over the whole length.
The initial guesses were provided for both models, assuming the CCR is ini-

tially straight with no actuation. Out of multiple trials, three representative cases are
presented here –

1. Case I - Both cables going straight up

� Xi
a = [r, 0, il0]

T
, ∆la = 4%, Fa = 425 g

� Xi
b =

[
r cos

2π

3
, r sin

2π

3
, il0

]T
, ∆lb = 3%, Fb = 390 g

2. Case II - One cable straight and one non-straight

� Xi
a =

[
r cos

iπ

6
, r sin

iπ

6
, il0

]T
, ∆la = 2.5%, Fa = 80 g

� Xi
b =

[
r cos

7π

12
, r sin

7π

12
, il0

]T
, ∆lb = 3%, Fb = 135 g

3. Case III - Both cables are non-straight

� Xi
a =

[
r cos

iπ

6
, r sin

iπ

6
, il0

]T
, ∆la = 3%, Fa = 105 g

� Xi
b =

[
r cos

(π
2
+ ϕ(i)

)
, r sin

(π
2
+ ϕ(i)

)
, il0

]T
, ∆lb = 2%, Fb = 190 g
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where, ϕ(i) =
iπ

6
, i ≤ 3

=
iπ

2
, 3 < i ≤ 6

=
(i− 3)π

6
, i > 6

The simulations were performed in a PC with an Intel processor (2.60GHz) and
24GB RAM, taking on an average of 2.08 seconds for the optimization-based method
and 7.13 seconds for the Cosserat rod model. The average simulation times are faster
as compared to the Cosserat rod model, which is consistent with [18]. The simulation
results are presented in Fig. 3. It can be seen from the figures that both the results
match very closely with their RMS errors as 1.57mm, 1.52mm, and 1.19mm for the
Cases I, II, and III respectively.

4 Conclusion

In this paper, a geometry-based optimization is used to model CCR with multiple
generally routed cables. The method is purely geometry-based, eliminating the usage
of material properties. This makes the usage of the method more simpler. The formu-
lation uses displacement as the actuation method, which is much easier to measure
rather than force, which is usually used in other formulations. The simulated results
were compared to the well-known Cosserat rod model, which showed a maximum RMS
error of 1.57mm, which is less than 0.88% of the total length of the CCR. The aver-
age simulation times for the optimization-based method are also significantly faster
than the Cosserat rod model.

Experimental validations of the results, as well as kinematics in the presence of
obstacles, are a work in progress.
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