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Abstract: Tendon-driven continuum robots (TDCRs) are extensively employed in medical
equipment, rescue, and other fields. Currently, most studies solve the workspace of
continuum robots based on a specific number of segments. There is no comparison between
different numbers of segments. In this work, we explored the workspace of single- and two-
stage TDCRs and compared the shape volume of the workspace. We implemented a
kinematic modeling approach based on the constant curvature model to analyze the impact of
segment numbers on the workspace. This efficient approach allowed us to compute the
workspace of two different TDCRs with less computation time and draw the workspace
volume. Therefore, we observe the effect of different numbers of segments of continuum
robots on the robot's workspace. The results show that increasing the number of segments
significantly enhances the robot's workspace and changes its shape and volume. This research
provides practical insights into the effect of segment numbers on the workspace of TDCRs.
This analysis can guide future TDCR planning and control, helping to identify the optimal
segments for a given workspace and design strategies to maximize workspace efficiency.
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1. Introduction

With the development of robotics, robots are widely used in manufacturing, medical, rescue and other
fields. As an emerging robotics, it has high dexterity compared to continuum robots. This flexibility
gives continuum robots a unique advantage in confined spaces. Thus, continuum robot research has
become a major area of current research [1].

Due to the simplicity of the method, tendon drive mechanism is one of the frequently used drive
methods for continuum robots [2]. Tendon-driven continuum robots (TDCRs) are composed of a
driving tendon, a flexible backbone, disks, and other devices [3]. Modeling of the TDCRs is
challenging, which are increased by continuum robots having almost infinite degrees of freedom. [4].
Kinematic models have been applied widely in the modeling process of continuum robots. The
constant curvature model assumes that the robot has a defined geometry. [1]. Geometric models are
one of the most common models used in soft robotics research. TDCR motions are divided into
multiple circular arcs by it.

The solution of workspace is very important for the control of continuum robot [5]. The workspace,
serving as a performance indicator for continuum robots, establishes the robot's application and
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functions. However, the number of continuum robot segments may vary depending on the size and
shape of the workspace.

Currently, there is a gap in the area of the impact of the number of segments of a continuum robot
on the workspace. Many researchers work with continuum robots that have a specific number of
segments. The kinematic modeling of two-segment continuum robot is studied in reference I, and the
kinematic modeling of single-segment continuum robot is studied in Reference II [1].[2]. This
research on the effect of the number of continuum robots can help in the selection of a more
appropriate number of segments, thereby contributing to the construction of more efficient continuum
robots. Therefore, it is crucial to study the range of the number of segments of the continuum robots.

In this work, we investigate the workspace of a single-segment continuum robot and also a two-
segment continuum robot. Firstly, a single-segment robot and a two-segment robot are modeled by
the segmented constant curvature method. Next, Peter I. Corke proposed a method for determining
kinematic parameters using the DH convention [6]. we need to conduct a kinematic analysis of
continuum robots using the DH method, which establishes a coordinate system and creates
relationships between the workspace to control the real-time shape. We have derived the
corresponding kinematic equations for continuum robots.

In recent years, the Monte Carlo method has widely used in the construction of the workspace.
Granna, J., and Burgner, J. used the Monte Carlo method to solve for the workspace of a concentric
tube continuum robot[7]. This method uses random sampling to obtain numerical results. It provides
a reliable statistical estimate of the volume of the workspace. Therefore, Monte Carlo method is used
to address the workspace of TDCR in this work. The core contributions are listed as follows:

* We used a constant curvature model to describe the attitude of each segment in detail. A
coordinate system was developed using the D-H method to express the end positions This provides
the basis for further workspace analysis.

* We compared the workspace of a single-segment continuum robot with that of a two-segment
continuum robot. By comparing the workspace volumes drawn by the two configurations, we
demonstrate the effect of the number of segments on the workspace. This study offers a rationale for
the selection process.

The remaining parts of this paper are organized as follows. Section II describes the relevant work.
Section III derives the kinematic modeling of a tendon-driven continuum robot. Section IV describes
the simulation workflow of the workspace. Section V concludes the paper by considering future
avenues of development, such as further exploration of the impact of segment numbers on workspace,
and the potential application of our findings in the design and control of TDCRs.

2. Related Work

In recent years, as robotics has advanced rapidly, a new type of soft robot, due to its structural
flexibility and high degree of freedom, has been used in various applications, such as medical care.
The prototype of continuum robots appeared in the 1960s, and related research was carried out in the
1980s. Robinson and Davies et al. 1999 presented the basic concept of continuum robots [8].
Continuum robots are defined as a class of robots whose structure bends through elastic deformation
to achieve a state of curvilinear motion similar to that of a tentacle. Related research has studied
bionic continuum robots, such as octopus tentacles and elephant trunks [3, 9].

There have been many approaches to modeling continuum robots [1]. The constant curvature
model is the most common way to model continuum robots because it is easy to understand. It is also
widely used to make geometric and kinematic analysis of robots easier. Fig. 1 is a diagram of the
relationship between the three spaces and their mappings in the TDCRs. The constant curvature model,
is one of the key approaches for the kinematic modeling of the TDCR, which characterizes the shape
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of each segment as a circular arc of constant length. The application of constant curvature models can
simplify the model, which is important for simplifying the modelling of complex models.
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Figure 1: Three spaces and their mapping relationships of the TDCR

Numerous scholars have used the constant curvature model in the study of continuum robots. The
DH parametric method is commonly used in robot kinematic modeling, which is mainly used to
describe the kinematic relationships of multi-degree-of-freedom robots. Denavit and Hartenberg first
proposed this method, which is only applicable to rigid robots [10]. Later, other scholars applied the
DH parametric method to the field of continuum robots through further research and exploration.
Recently, Jones and Walker looked into how the DH method can be used to model the motion of
multi-segment continuum robots and how to use the DH method in multi-segment continuum robot
models [2]. Zhao and Zhang also proposed the application of the DH method in modeling continuum
robots, focusing on how to improve the workspace of the robot by optimizing the DH parameters [11].
Guidance on selecting TDCR models can help the user choose the right model based on the trade-
offs between accuracy and calculation time required for different design parameters. This has
important implications for the control of TDCRs [12].

Robotic systems widely use Monte Carlo methods to compute workspace. The Monte Carlo
methods utilizes random sampling to simulate the workspace by simulating a large number of random
samples. As the number of samples increases, the closer the experimental results are to the real values
[13].

3.  Kinematic Modeling of TDCR

This model is based on the assumption that the TDCR segment's curvature (k) keeps the same while
it bends. The curvature «, the rotation angle ¢, and the segment length 1 are used to describe the
segment's attitude.

For kinematic modeling of a TDCR, we start by using the local transformation matrix T to find
out where each segment is in its own set of coordinates. In Eq. (1), we begin with the definition of
the transformation matrix. It denotes rotation about the z-axis, denotes rotation about the y-axis, and

is the translation variable.
_[R:(¢) O [Ry((?) p]
T [ 0 1] 0 1 M

Rotation Inplane transformation

This matrix combines rotations and translations and is used to calculate the position and orientation
of the end of the robot segment in the local coordinate system. The matrix in Eq. (2) describes the
transformation of the robot segment from the local frame to global frame, including changes due to
curvature x and rotation angle ¢. The application of Eq. (2) can be directly applied to find the
workspace of a single-segment continuum robot.
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Two-segment continuum robot workspace solved by representing the global position of the second
segment. Firstly, the end position of the first segment can be expressed by Eq.(2). we solve for the
local variation matrix of the second segment T, o T2 jocar CONtains the curvature x, of the first
segment, the direction of curvature ¢,, and the length of the segment 1,, of which Eq. (3) is as follows.
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Eq. (4) is used to solve for the workspace of a two-segment continuum robot. Tyjop, denotes the

two-segment continuum robot end workspace. It is solved by multiplying the end transformation
matrix T, of the first segment with the local transformation matrix T, ., of the second segment. The
procedure is shown in Eq. (4)

Tglobal =T TZ,local 4)
4. Simulation

We have developed a program containing a kinematic model of TDCRs and the associated MATLAB
code for the Monte Carlo method of finding the workspace. Implemented in MATLAB on a laptop
computer with a 12th generation Intel(R) Core(TM) i15-12500H, 2500 Mhz, 12 cores, 16 logical
processors running the Windows operating system. We evaluate workspaces primarily in terms of
their volume.

In the simulation of a single-segment continuum robot, the input parameters are the following,
including the rope length variation range of £0.01 m, the length of a single base segment I of 0.2 m
long, the number of disks per segment n = 10 and the radius of the disk R;;3= 10 X 107> m.

We calculate the workspace volume according to Eq. (5); 1;,1,, and 15 represent the three rope
lengths of a single segment, respectively. With respect to finding the workspace, we use the Monte
Carlo method. Generated 100,000 random samples within the rope activity area. After generating the
random points, Eq. (4) is used to solve for the end positions of the random samples. The end positions
of each sample are then solved, and these positions are formed into a point cloud for output.
Subsequently, the convex packet algorithm is applied to the point cloud to obtain the output
parameters, i.e., the volume V; of the workspace is estimated.

For the simulation of a two-segment continuum robot, input parameters include rope length
variation range +0.01m, the length of a single base segment | of 0.2 m long, the number of disks per
segment n = 10 and the radius of the disk R ;3= 10 X 10~ m.

The calculation of the workspace volume V, is based on the Eq. (6) In the equation, 1;,1,,15 are
the lengths of the ropes in the first section, while l4, 15,15 are the lengths of the ropes in the second
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section. Simulation based on the Monte Carlo method to generate 100000 random samples and
calculate the end position corresponding to each random sample. After generating the random points,
Eq. (4) is used to solve for the end positions of the random samples. The point cloud uses the convex
packet algorithm to estimate the workspace volume and get the output parameter V,.

V= F1(l1' L, 13) ()
V, = Fz(lp L5, 13' Ls, l5:l6) (6)

5. Results and Discussion

The results are analysed in this section.Fig.2 showed the workspace of a single-segment continuum
robots. As can be seen from the figure, the workspace exhibited an ellipsoidal structure resembling
an incomplete, the extension in the Z-axis direction was limited. This single-segment robot has
limited movement capabilities, Demonstrating the limited manipulation capability of a single-
segment robot.

Fig. 3 shows the results of the calculation of the point cloud volume in the workspace of a single-
segment continuum robot, with volume V; = 0.0012847m?

Monte Carlo Workspace (Single Segment)

01 X (m)

Figure 2: Monte Carlo method for the workspace of single-segment continuum robots.
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Figure 3: Volume of workspace for single-segment continuum robots

Fig. 4 illustrates the workspace of a two-segment continuum of robots. Compared to single-
segment robots. The workspace of the two-segmented robot expanded in all three dimensions,
forming a larger and more complete ellipsoidal structure. This showed that the dual-segment design
significantly improves robot coverage.
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Fig. 5 shows the results of the calculation of the point cloud volume in the workspace of the two-
segment continuum robots with volume V, = 0.060067m>.

Monte Carlo Workspace (Two Segments)

Z(m

Figure 4: Monte Carlo method for the workspace of two-segment continuum robots

Volume = 0.060067 m®

Figure 5: The volume of workspace for two-segment continuum robots

6. Conclusion and Future Work

In this research, the workspace characteristics of single-segment and two-segment continuum robots
were comprehensively analyzed using Monte Carlo simulation methods.

The results demonstrate that the volume of the workspace for a two-segment continuum robot is
not linearly proportional to the volume of the workspace of a single-segment continuum robot.
Specifically, two-segment continuum robots exhibit a substantially larger workspace compared to
single-segment continuum robots. The geometry of the workspace for the two-segment continuum
robot tends to be more ellipsoidal, in contrast to the shape of the workspace associated with the single-
segment continuum robot. The movement range of the single-segment continuum robot is notably
restricted in the Z-axis direction. Therefore, the two-segment continuum robot offers a broader scope
of motion and a higher degree of flexibility.

Dynamic modelling of continuum robots in changing environments can enhance the accuracy of
robots in rapid movement. In this research, the effects of gravity and friction on the workspace in
practical applications are not considered. Thus, a deeper effect of the number of segments on the
continuum robots can be determined. Future work will focus on the workspace analysis based on the
dynamic model.
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