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INVESTIGATION OF THE CONSTANT CURVATURE
KINEMATIC ASSUMPTION OF A 2-DOFS CABLE-DRIVEN
CONTINUUM ROBOT

Ammar AMOURI!

Despite many research attempts, continuum robots modeling has been proven
to be complex and challenging. Most of the proposed kinematic contributions and
approaches mentioned in literature were only established on the basis of constant
curvature kinematic assumption (CCKA). For this reason, the current study aims to
investigate the validity of the CCKA for a class of continuum robots called Cable-
Driven Continuum Robot (CDCR) using Matlab and nonlinear dynamic Solidworks
software as well as experimental measurements. The CAD model of CDCR was
firstly introduced; then, the forward kinematic model was established. Simulations
using both software on the CDCR were carried out so that a comparison can take
place between the obtained results from simulations and the experimental
measurements.

Keywords: Continuum robot, cable-driven continuum robot, kinematic modeling,
constant curvature Kkinematic assumption, nonlinear dynamic
solidworks simulation.

1. Introduction

In the past two decades, continuum robots design and modeling have
attracted much interest from robotics researchers for many advantages, such as
high dexterity, low inertia and having an unconventional structure. The
morphology and operation of these robots are similar to elephant trunks, snakes,
tentacles.

Currently, a number of hard and soft continuum robots have been
presented in [1-2]. The conceptual design of the hard class namely cable-driven
continuum robot came up firstly in 2000 through research made by a research
group of Clemson University [3]. It is such a hyper-redundant robot built on the
basis of the following elements: a flexible backbone, rigid spacer disks, cables and
a rigid base which includes the control system. Generally, one bending section of
CDCR has two rotational DOFs with respect to its fixed base.

The complexity of computing the kinematic models of continuum robots
makes researchers use some approximations and hypotheses. The common
hypothesis for continuum robots modeling is the constant curvature kinematic
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assumption (CCKA). This approximation has the advantage to simplify the
kinematic models formulation [4]. However, most kinematic contributions have
been developed on the basis of CCKA such as [4-15], employing different
methods and theories, such as arc geometry, Frenet-Serret frames, Euler-Bernoulli
beam equation and Denavit-Hartenburg parameters.

According to the literature review, the constant curvature kinematic
assumption is employed for continuum robot in the absence of external loading
and a uniform distribution of the internal loading [1, 3, 7]. To our best knowledge,
no explicit study has been presented validating this hypothesis; therefore, this
paper aims, at first, designing and developing the FKM of 2-DOFs CDCR under
constant curvature kinematic assumption; then, the investigation of this hypothesis
is performed by using Matlab and nonlinear dynamic Solidworks software.
Besides, experimental measurements using 3D portable measuring arm have been
carried out.

The paper is organized as follows: in Section 2 the CAD model design and
the description of CDCR are presented. In Section 3, the forward kinematic model
is derived under the constant curvature kinematic assumption. In Section 4,
Matlab and nonlinear dynamic Solidworks software are used to examine the
constant curvature kinematic assumption through simulations followed by
verification using experimental measurements. Afterwards, a comparison of
results is made. Finally, Section 5 concludes the paper.

2- Description of the CDCR and kinematic nomenclature

Fig. 1 shows the CAD model of the designed CDCR which is composed of
one bending section. The principal components of this robot are: a flexible
backbone, three inextensible cables, and a number of spacer disks with three
pinholes on each one used to guide the cables. The arrangement of pinholes on the
disk is shown in the right side of Figure 2. The spatial motion (i.e. 2-DOFs: 1-
DOF for the bending motion and 1-DOF for the orientation motion, see Figure 2)
can be governed by deflection of the flexible backbone by applying adequate
electrical voltages to one or two motors simultaneously in order to generate
tensions on the cables.

In order to describe the CDCR in accordance with the structural design
presented in Figure 1, two reference frames are defined: the first one is attached to

the fixed disk R, (X,,Yy,Z,) and the second frame is situated at the end of the

disk ER(X ,Y,Z) . The central axis of the CDCR is modeled by an inextensible arc
of circle, oriented in space and parameterized by its arc length /7, a curvature «,
and an orientation angle ¢. The bending angle & is measured in the bending
plane which is always perpendicular to the XY, plane and rotates around Z,-axis
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(Fig. 2). The following symbols, variables and parameters are used in the
following sections:

Cables

Flexible backbone

Disks

Base

Control system

Cable 2

240°- @

Cable 3

Fig. 2. Description of the CDCR and its kinematic nomenclature
i is the index of cable, i=1,2,3;
¢ is the length of flexible backbone;
/; is the length of cable i;

|
n is the number of modules composing the CDCR, n=1,2,3,...,N ;

k is the index of considered module;
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— r is the radial distance between the cables and the central axis of flexible
backbone;
- (X ,Y,Z) is the Cartesian coordinates of the flexible backbone’s tip;

- (Q,qo,zc) is the arc parameters: the bending angle &, the orientation angle ¢
and the curvature x .

3. Constant Curvature Kinematic Modeling

This section details the methodology of deducing the forward kinematic
model (FKM) of the CDCR under consideration. In the following development,
three spaces are used to describe the CDCR states. The global view of the
kinematic modeling is shown in Fig. 3.

Thus, on the basis of constant curvature kinematic assumption and
assuming that the flexible backbone has a high stiffness to avoid possible twisting
motions about its axial axis, the operational coordinates X can be expressed as a
function of arc parameters K as follows (see Fig. 2):

X = %sin2 (g} cos(¢)
Y =%sin2(§jsin(gp) 1)
1.
Z= —sin (0)
Cable lengths Arc parameters Desired position
Q=(0,.0,,0,) K=(p.,x,0) > X=(XY,Z)
Cables space Configuration space Work space

Fig. 3. Global view of the CDCR modeling
On the other hand, to express the arc parameters (0,(p,z<)as a function of
cable lengths Q, the structure of the CDCR is assimilated to a serial concatenation
of n identical modules (see Figure 4).
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% Central axis %

Bending plane

a. 3D representation b. Projection in the bending plane
Fig. 4. Geometry of single module

Because the structure of CDCR is divided to n identical modules
(i.e. ¢; =n.t;)), the arc parameters (¢, x,8) can be written as:

@=tan V3(t5-1a) )
)+ ls—20,
2 2 2 _ _
r(l+0,+105)
2 2 2 _ _
9_2 R R Y R Y Py P (4)
- 3r

Finally, the operational coordinates can be expressed as:

x = Msum 2 [ Ssart oo a1 REIC))
qurt 3r by+10y-20,

Y = Msum sin? Lsgr sinl tan~t \/§(g3 =) (5)
Lgr 3r 0y +0y—21,

7 - Man sin(ZqurtJ
qun 3r

where: Ly =4+ 05+ (g, and Ly =02+ 03+ 03— 010, — 10y =0yl .
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4. Simulation and experimental test

Nowadays, simulation is one of the most important techniques for
evaluating the research results [16-18]. Therefore, in order to investigate the
validity of constant curvature kinematic assumption for the class of continuum
robots under consideration, Matlab and Solidworks software were used to
examine this hypothesis. At first, the virtual CDCR was simulated, by using
nonlinear dynamic Solidworks simulation. At the same time, the Cartesian
coordinates of the flexible backbone’s tip have been determined and saved.
Secondly, for the given values of the cable lengths, used as inputs to FKM, the
Cartesian coordinates (outputs) were determined by using Matlab software.
Finally, the obtained simulation results were compared to experimental
measurements.

4.1. Nonlinear dynamic Solidworks simulation

In quasi-static mode, it is classically accepted under the linear hypothesis
that the variation of the cable elongation is proportional to the applied force;
therefore, the Solidworks simulation can be performed.

In dynamical analysis, Solidworks simulation may use one of two
methods: linear modal simulation and nonlinear dynamic simulation. The second
method can be used to compute different physical quantities, such as the
displacement field, stresses and strains, at each time step, taking into accounts the
applied loads. In this study, the second method was used; thus, for the applied
force on the cable 1 of 0 to 80 N, the simulation outputs (i.e. Cartesian coordinates
of the flexible backbone’s tip) are illustrated in Fig. 5. The discussion of the
obtained results is given in subsection 4.4. The estimated parameters of the CDCR
are given in Table 1.
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Fig. 5. Solidworks simulation outputs
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Table 1
CDCR Parameters
Parameter Designation Value
4 Flexible backbone length 641mm
d Flexible backbone diameter 5mm
r Radial distance between the cables and the central axis 29 mm
E Young’s modulus 35MPa

4.2. Matlab simulation

The FKM expressed in Equation 5 has been imported to Matlab software
in order to plot the outputs of the flexible backbone’s tip (i.e. the Cartesian

coordinates(X,Y,Z)) as a function of a given cable lengths variation.
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a. The variation of lengths in three cables. b. Cartesian coordinates of the flexible backbone’s tip
Fig. 6. Inputs and outputs of the FKM simulation by using Matlab software
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Fig. 7. Some configurations of the CDCR behavior for the given values of the cable lengths
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This study has been performed by varying ¢;, for i =1, 2, 3, with a given
quantity A?, such as: /;=(—Al and {,=(;=(+Al/2. Fig. 6 shows the

Cartesian coordinates of the flexible backbone’s tip relative to the given values of
the variation of cable lengths. Some configurations of the CDCR behavior are
shown in Fig. 7. The analysis and discussion of the obtained results are provided
in subsection 4.4.

4.3. Experimental test procedure

The purpose of these basic experiments is to estimate the evolution of the
Cartesian coordinates of the flexible backbone’s tip by applying a tension forces
on cable 1 (i.e. by means of hanging known weights). The test bench is shown in
Figure 8 and is composed of the following [19]:

— The CDCR prototype composed of one bending section. The main component
of CDCR is the flexible backbone, along which are rigidly mounted nine
spacer disks to guide three inextensible cables by the pinholes in it. The
flexible backbone is made of composite materials which makes the robot
flexible and lightweight;

— 3D portable measuring arm (FARO Edge/FARO Laser Scan Arm, Model
14000). Its role is to measure the Cartesian coordinates of the flexible
backbone’s tip with respect to its reference frame (i.e. as an external Cartesian
position sensor). The measurement accuracy of 3D measuring arm is £0.020
mm;

— A set of different masses used as a loading weight to apply a tension force on
the cable 1.

| 3D portable
| measurina arm

! Flexible hackbone |

Cable 1 |

Loading weight

Fig. 8. Overview of the test bench measurement
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To perform experimental measurements, the reference frame of 3D
portable measuring arm has been transformed to the frame R, (X,,Yy, Z,)

attached to fixed base of CDCR (see Fig. 8). This technique allows to measure the
Cartesian coordinates of the flexible backbone’s tip with respect to its reference
frame without going through the use of homogeneous transformation matrices.
Then, for each experiment (i.e. for each hanging weight on the cable 1), the
Cartesian coordinates of flexible backbone’s tip has been measured and saved
using 3D portable measuring arm. The measured Cartesian coordinates for
attached weights of 0:0.5:8 (Kg)on the cable 1 are presented in Fig. 9. The

analysis and discussion of the obtained results are provided in the following
subsection. However, it should be mentioned that there are some sources of
measurement uncertainty such as: the initial positioning of the CDCR and the 3D
portable measuring arm, and the manual placement of the pointer (FARO probe)
on the marker point during each data measure.
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Fig. 9. Measured Cartesian coordinates of the flexible backbone’s tip

4.4. Results and discussion

Fig. 10 shows the Cartesian coordinates of the flexible backbone’s tip
issued from forward kinematic model, by using Matlab software, and those
obtained by Solidworks simulation and experimental measurements. The curves
show that there is a considerable convergence between them. The associated
Euclidean errors along each axis, relative to applied force, are shown in Figures
11 and 12, where the mean error is smaller than 4.95 mm between CCKA and
Solidworks simulation and 2.4 mm between CCKA and experimental
measurements. Those errors represent, respectively, 0.77 % and 0.37 % of the
robot length. On the other hand, it is important to notice that the measurement
errors may be caused by: (i) the gravity effects of CDCR components when taking
measurements while they were ignored in simulation operation, (ii) existence of
friction forces between cables and disks, (iii) the stiffness bending of the flexible
backbone constituted of composite materials which is not well estimated.
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Fig. 10. Cartesian coordinates of the flexible backbone’s tip obtained by Matlab and Solidworks
software, and experimental measurements

15 H H H 2 : : : 0
E I ] PO S S WO L E AN AN e i
E IS E
o S S S 4 N B S 4
£ £ c
3 5 g
5 ] " AU S T Bt A 1
| | | 0 1 1 1 4 | 1 1
200 40 60 80 0 20 40 60 80 0 200 40 60 80
Force (N)
Fig. 11. Euclidean errors, along X, Y and Z-axis, between CCKA and Solidworks simulation
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Fig. 12. Euclidean errors, along X, Y and Z-axis, between CCKA and experimental measurements

As a general conclusion of this analysis, since there are small errors
between the obtained results; this enables to validate the application of CCKA for
the considered class of continuum robots namely CDCR and therefore this
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hypothesis may be adopted for research studies. But, it should be mentioned that
when there are other applied forces such as external loading and gravity, the
CCKA does not stand anymore [1, 3, 7] which has to be addressed in the future
works.

5. Conclusion

In this paper, a forward kinematic model of a 2-DOFs cable-driven
continuum robot was developed, under the constant curvature kinematic
assumption, which was used to investigate this hypothesis. For this purpose, two
software and experimental measurements were used. The Matlab software was
used to plot the results of FKM outputs. Whereas nonlinear dynamic Solidworks
simulation and experimental measurement were employed to check the FKM
outputs (i.e. CCKA). The mean errors obtained between CCKA and Solidworks
simulation, and CCKA and experimental measurements are respectively 0.77 %
and 0.37 % of the robot length which validates the application of CCKA for the
considered class of continuum robots namely cable-driven continuum robot.
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