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Abstract Accurate modelling of continuum robots is required for predicting
its motion and for model based control. In this work, we restrict our study to
cable actuated continuum robots with a flexible backbone on which perforated
disks are fixed and through which a cable is routed from the base to the tip. We
compare two well known models, namely the optimization-based model and
the more extensively used Cosserat rod model for kinematic analysis. Both the
models can predict the shape and motion of a cable-driven continuum robot
(CCR) with cable routed in a general manner. The paper focuses on compar-
ing these two models based on their ease of modelling and simulation. It was
found that the optimization-based method is comparatively faster than the
Cosserat rod model for most of the real world cases. These two methods are
also compared with experimental results obtained with a 3D printed proto-
type continuum robot. It is observed that both the methods can reasonably
accurately predict the shape with the optimization-based method performing
better by a small amount.

Keywords Continuum robot · cable-driven · tendon-driven · kinematics
model · generally routed cable

1 Introduction

With the need for better reachability, manoeuvrability and inherent compli-
ance, continuum robots are becoming more common for applications involv-
ing congested spaces and handling of delicate objects. Continuum robots are
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Fig. 1 Schematics of a CCR before and after actuation.

characterized by an elastic backbone which is actuated in various ways – pneu-
matic, shape-memory alloys, pre-curved beams and cables are some the well-
known ways. Cable-driven continuum robots (CCR) or tendon-driven contin-
uum robots are widely studied for their simplicity in design and scalability
and find use in fields such as medical devices, remote inspections, search and
rescue, space applications, biomimetics etc. [1]. The CCR usually consists of a
slender rod like structure forming the backbone and circular disks, with holes
arranged in a circle, are attached at equal intervals along the backbone (see
Fig. 1). Cables are routed through these holes and attached to the top-most
disk, and when these cables are actuated from the bottom, the whole CCR
bends and takes various shapes depending on the routing of the cable.

Accurate modelling of CCR is essential in correctly predicting the shape
and behaviour of a CCR. Detailed review of such models can be found in [2,3].
The simplest models employ geometry based methods that use the constant
curvature approach [4]. More sophisticated models use finite element models [5,
6], elasticity based methods considering cable friction [7], Euler-Bernoulli beam
theory [8], Cosserat rod theory [9,10], pseudo-rigid body model [11], Euler-
Lagrange formulation [12], principle of virtual power [13] and geometry-based
optimization method [14] to name a few. Most of the models of CCRs focus on
cables which are routed straight. Even though this makes the models simpler,
with straight routing, a CCR cannot attain complicated shapes that a generally
routed CCR can achieve. The optimization-based method and Cosserat rod
model are capable of accurately predicting the shape of CCRs with generally
routed cable. This paper focuses on these two approaches and presents the
advantages and disadvantages in modelling and simulation of the kinematics
of a generally routed CCR. We also compare the simulations results from these
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Fig. 2 (a) Nomenclature for optimization-based method, (b) Four bars before (in lighter
shade) and after actuation (in darker shade), (c) Nomenclature for Cosserat rod model

two models with experimental results obtained from a 3D printed prototype,
again to judge their accuracy in predicting the shape of an actuated CCR.

The rest of the paper is organized as follows: In section 2, a brief summary
of the optimization-based and Cosserat rod modelling is presented. In section 3,
a comparison between the two methods are presented and then the results are
compared with a 3D printed CCR prototype. Lastly in section 4, concluding
remarks along with scope for future work are presented.

2 Generally routed CCR with a single cable

In this section, we present a brief overview of the optimization-based method
and Cosserat rod model for the kinematics of a CCR with single generally
routed cable. More details on the optimization and Cosserat rod modelling
approaches can be found in references [14,9].

Optimization-based model : In the optimization-based method, the CCR is
discretized as four bar linkages, stacked one on top of the other with each four
bar lying in between two consecutive disks. At any particular disk, the position
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(·)
0 and X

(·)
a ,

respectively with the superscript denoting the disk number starting with i = 0
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After actuation of the cable, the backbone deforms and the position vec-
tors Xi

(·) changes to xi
(·) (see Figure 2b). The position after actuation can be

found out by simultaneously minimizing both the coupler angles which can be
mathematically stated as the following minimization problem:

arg min
xi
0,x
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Equation 1, along with the constraints, need to be solved starting from the
base till the tip sequentially such that output of each step (the position of the
coupler) becomes the base of the four bar for the next segment.

Cosserat rod model : In the Cosserat rod model [9], the backbone is assumed
to be a parametric space curve with a parameter s ∈ [0, L], where L is the
total length of the CCR. The position of any point on the backbone can be
represented as a vector p(s) and the local coordinate system, similar to a
Frenet–Serret frame, is represented as R(s) (see Fig. 2c). The location of the
cable in the local coordinate system is denoted by ri(s). It is assumed that
ri(s) does not change with actuation and the internal force is always tangent
to the cable position, pi(s). With p(s), R(s) and their respective rate of change
with respect to s, v(s) and u(s), one can solve for a set of first order differential
equations (ODEs) obtained from the constitutive relations to get the pose of
the CCR after actuation. The first-order ODEs are given by

ṗ = Rv,

Ṙ = Rû,
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and (̂·) represents the skew-symmetric matrix made by the elements of (·), Kse

and Kbt are the stiffness matrix for extension/shear and bending, respectively.
τi is the load. Superscript ‘b’ denotes the vector in the local coordinate system.

The boundary conditions for p(s) and R(s) are known at the base. At the
tip, the cable termination applies a force and moment on the backbone which
produces the boundary conditions for v(s) and u(s). The ordinary differential
equations and the boundary conditions form a boundary value problem.

3 Comparison between optimization and Cosserat rod models

We compare the optimization and the Cosserat rod model for a CCR of length,
L = 180 mm with 9 equal segments (10 disks). Each disk has 12 holes, equally
spaced along a circle of radius, a = 8 mm. Out of the several numerical simu-
lations, the results for four of them are presented in Table 1. ‘Cable positions’
denote the location of the cable in a particular disk according to the nomen-
clature in the inset of Fig 1, starting from the bottom to the tip of the CCR.
For each case, the load applied was 400 grams and the corresponding change in
length of the cable inside the CCR (found out experimentally) denoted as ‘%
Cable actuation’ is presented in Table 1. All the simulations were performed
using MATLAB in a PC with an Intel processor (3.1 GHz) and 16 GB RAM.

Table 1 Cable routings used for comparison

Case Type Cable position
% Cable
actuation

RMS Error (mm)
Optimization Cosserat

I Straight 4-4-4-4-4-4-4-4-4-4 5.5 1.79 2.08
II Helical 1-2-3-4-5-6-7-8-9-10 7.0 1.85 1.87
III General 1-2-3-4-4-4-4-3-2-1 5.7 1.44 1.80
IV General 10-10-10-10-10-10-11-12-1-2 5.3 1.37 1.90

Numerical simulation details: For the optimization-based method, equa-
tion 1 is solved using fmincon (available in MATLAB) with the in-built
interior-point algorithm. For each section a total of 6 variables are solved.
The boundary value problem for Cosserat rod model is solved using shooting
method [15] for a total of 18 state variables. The cable positions, ri(s) are
provided as an 8th order Fourier approximations so that it is C2 continuous.
For both cases, the initial guesses provided for the simulations are the values
of the particular variables when the CCR was unactuated.

A sample simulation result for Case III is shown in Fig 3a. For this sim-
ulation, the optimization based method took 2.20 seconds, where as it took
10.07 seconds for the Cosserat rod model.

Experimental setup and error comparison : To compare both the models
experimentally, a CCR prototype was 3D printed in ABS material (E = 1.1
GPa, ν = 0.3) with the dimensions as specified in the beginning of section 3.
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Fig. 3 (a) Simulation result for Case III. (b) Experimental setup. Comparison of experi-
mental results for (c) Case I (d) Case II (e) Case III and (f) Case IV. Error at each disk as
compared with the experiments for (g) Optimization-based and, (h) Cosserat rod model.

Thin nylon wires are used as cables for the CCR and 400 gram weight is used
to actuate these cables. The experimental setup for Case II before actuation
is shown in Fig. 3b. The corresponding change in cable length inside the CCR
is measured externally and is presented as ‘% Cable actuation’ in Table 1.
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An image of the CCR is captured before and after actuation and then the
simulation results are superimposed on the captured image which are shown
as blue, cyan, magenta and red dots in the Fig. 3(c)-(f).

The error in each case is found out by image processing. The mean error at
each disk is shown in Fig. 3(g)-(h). The RMS error for each case is presented in
Table 1. From both the error comparison, it can be seen that both the models
can predict the shape of the robot accurately with maximum RMS error of
1.85 mm and 2.08 mm for optimization and Cosserat rod models, respectively.
It was observed that in most cases the optimization-based method is more
accurate in predicting the shape than the Cosserat rod model.

Comparison of computation time against number of sections: A com-
parison of computation time for simulation based on the number of sections
(or number of steps for Cosserat rod model), for a fixed length of CCR, was
performed for the routings presented in Table 1. Each model is simulated six
times and gradually increasing the number of sections, keeping the length con-
stant. The mean value of the results are presented in Fig. 4 as scatter plot and
then a linear fit is applied to the data points. It can be seen that computa-
tion time increases linearly for the optimization-based model, but does not
vary significantly for the Cosserat rod model. Hence, it is advantageous to
use the Cosserat rod model when there is need for large number of sections.
However, typically the number of sections is within 20, and the optimization-
based method is faster is most of these cases. The simulation times for the
optimization-based method can be further reduced if one provides the gradi-
ents as an input to fmincon.

4 Conclusion

In this paper we have presented a comparison of two modelling approaches for
the shape-prediction of a cable-driven continuum robot (CCR). The optimization-
based method is based on geometry, so it does not require the material prop-
erties as in the Cosserat rod model and it is significantly faster in most simula-
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tions. Even though Cosserat rod model requires elastic properties for kinematic
analysis, the accuracy of the results are comparable with the optimization-
based method. Based on this work, we can conclude that one should opt for
the optimization-based method when the material properties are not known
or hard to determine and when one needs faster simulation as in a possi-
ble model-based control scheme. However, for CCRs with large number of
segments (more than 50), one may choose Cosserat rod model for calcula-
tions. Both the models predict the shape of the CCR reasonably accurately
for the experiments performed in this work (with RMS error less than 2.1
mm). The optimization-based method is currently being extended to include
other configurations of the CCR and to further reduce the simulation time for
a model-based controller.
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