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Abstract—Obtaining the shape and size of a robot’s
workspace is essential for both its design and control. However,
determining the accurate workspace of a multi-segment
continuum robot by graphic or analytical methods is a
challenging task due to its inherent flexibility and complex
structure. Existing numerical methods have limitations when
applied to a continuum robot. This paper presents an
Equivalent Two Section (ETS) method for calculating the
workspace of multi-segment continuum robots. This method is
based on the forward kinematics and a piecewise constant
curvature (PCC) model to determine the boundaries of the
workspace. In order to verify the proposed method, simulation
experiments are conducted using six different maximum
bending angles and seven different number of segments. Results
of the ETS method are compared to the true workspaces of these
configurations estimated by an exhaustive approach. The results
show that the proposed ETS method is both efficient and
accurate, and has small estimation errors. Discussions on the
advantages and limitations of the proposed ETS method are also
presented.

I. INTRODUCTION

Continuum robots have many advantages when compared
to traditional rigid robots, including inherent compliance,
flexibility, and dexterity [1]. This type of robot has immense
potential to be applied in various applications, such as medical
services [2], non-destructive inspections [3], and grasping
tasks [4]. Recently, many diffident continuum robots have
been designed. Examples include flexible manipulators
designed for minimally invasive surgery [5]-[7] and
MRI-guided neurosurgery [8], an omnidirectional-steering
continuum manipulator [9], cable-driven snake-like
manipulators [10]-[12], and other general variable stiffness
continuum robots [13]-[18]. To the best of our knowledge,
there is no efficient method in the literature for calculating the
workspace of a continuum robot with a high number of
segments. However, obtaining a robot’s workspace, in terms
of shape and size, is essential for robot design, control and
planning [19] [20].

The workspace of a robot is defined as the set of positions
that can be reached by its distal point, which is an important
kinematic factor in measuring a robot’s workability. Generally,
workspace calculation methods can be categorized into three
types: graphic methods, analytical methods [21] [22], and
numerical methods [23]-[26]. Analytical methods use multiple
envelopes to determine the boundary of the workspace, which
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results in efficient calculation and high precision but with poor
versatility and practicability [25]. Numerical methods
calculate the distal point positions based on extreme value
theory, brute-force enumeration, or optimization methods.
They generate a workspace by calculating the feature points
on the boundary of the workspace. A commonly used
numerical method is the Monte Carlo method which uses the
means of random sampling and is relatively simple to apply
because it does not need inverse Jacobian calculation [24].

The brute-force Monte Carlo method needs sufficient
sampling points to achieve reasonable precision, which has the
shortcoming of low efficiency and large calculation errors [27].
A relatively more accurate workspace was calculated by
combining the Beta distribution with the Monte Carlo method
[23] [24]. By using the Gaussian growth method, an improved
Monte Carlo method was proposed to attain higher workspace
accuracy [27]. In [25], a Monte Carlo learning method based
on boundary point densification was proposed. Although these
methods improved the classical Monte Carlo method by
taking advantage of the Beta distribution or Gaussian growth
method to increase the density of boundary points, they need
sufficient sampling points to obtain reasonable precision,
which still has a high computational cost.

When the classical or improved Monte Carlo methods are
applied to calculate the workspace of a multi-segment
continuum robot, we found that most of the sample points
overlap and are located in the high-probability regions of the
workspace, which was also found by other researchers [23]
[24] [27]. This makes it difficult to characterize the true shape
and size of the workspace of a continuum robot. When a
continuum robot has a high number of segments, these
methods may not be able to find the complete workspace. In
order to overcome this problem, we propose an Equivalent
Two Section (ETS) method to calculate the workspace for
continuum robots with a high number of segments. The ETS
method can represent the multi-segment continuum robot with
an equivalent two sections robot, and then utilizes forward
kinematics and a piecewise constant curvature (PCC) model to
generate the workspace boundary for calculating its
workspace area and volume. And to verify the proposed ETS
method, simulation experiments are conducted using six
different maximum bending angles and seven different
number of segments. The true workspaces of these
configurations are estimated by an exhaustive approach, and
the results of the ETS method are compared to these estimates
for validation. The main contributions of this work include:

i) An Equivalent Two Section (ETS) method for
calculating workspace area and volume of multi-segment
continuum robots.

ii) Extensive verification of the proposed ETS method.
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The rest of this paper is organized as follows. Section II
presents the proposed ETS method. Section III describes the
simulation experiments and results. Section IV presents the
discussions of the method, including its advantages and
limitations. The conclusion is presented in Section V.

II. EQUIVALENT TWO SECTION (ETS) METHOD

A. Common structure and parameters of continuum robots

<—>» Actuator (b)

Robot body

Fig. 1. (a) Photo of an example tendon-actuated continuum robot [18]. (b) A
diagram of general continuum robots.

As shown in Fig. 1, a continuum robot generally consists
of an actuator and a flexible robot body. The robot body
normally has many segments and each with bending
capability. According to the existing prototypes (Table I),
three common primary parameters of continuum robots are
identified: the length of each segment, the number of
segments, and the maximum bending angle of a segment.
Apparently, the workspace size and shape of a continuum
robot are mainly determined by these three parameters.
Generally, all the segments are identical in a continuum robot,
therefore, an assumption made for this research is that a
continuum robot consists of many segments, and all the
segments have the same length and maximum bending angle.

TABLEI
SUMMARY OF PARAMETERS OF EXISTING CONTINUUM ROBOTS
Robot Number of Bendin;
No. length (mm) segments angle (‘% Ref.
1 550 10 (Bovdy) —10~+90 B3]
165 10 (Tip) =90 ~+90
2 40 4 +60 [6]
3 65 3 45 [8]
4 30 2 N/A [9]
5 4200 12 +60 [10]
1500 6 20
6 2300 10 20 [t
7 60 6 +90 [12]
8 630 3 60 [13]
9 210 3 36 [14]
10 831 3 90 [15]
11 560 4 +45 [16]
12 165 3 83 [17]
13 504 2 180 [18]

B. Kinematic model

For calculating the distal position of a continuum robot,
the PCC model is helpful for kinematic calculation [29]-[31].
This model is based on the constant curvature assumption to

assume that each segment has a constant curvature (can
change with different bending conditions). Fig. 2 shows the
geometric relationship of a multi-segment continuum robot
based on the PCC model and an example constant curvature
segment.
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Fig. 2. (a) The geometric relationship of a multi-segment continuum robot.
(b) An example constant curvature segment.
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Based on the PCC model, the distal position can be
calculated according to the general robot kinematics. As
shown in Fig. 2(b), the curvature of a segment is determined
by the segment length (L)), bending angle (6;), and rotation
angle (¢;). Once the segment length is determined, according
to the geometric relationship, the coordinate of a point on a
continuum robot depends on the bending angle (6)), rotation
angle (¢)) and the reference coordinate system, which can be
formulated by a 4x4 homogeneous transformation matrix

i Rj 13
Tf{o 1} M

el +57p; cp;sp.cl —cosp, cpsb,
2 2
R, =|cosp.cl —cosp, s'p.cl, +cp, s@;s0, )
—cp;s0, —s@;s0, co,

P [Lf' (1-ch)) L (1-c@) L eT 3)
=|—cp,(l-cb) —sp(l-cb) —sb,
J gj J J 6]' J J 9/ J
where j is the segment number. s, =sing, |,
¢t =cosb, , sp, =sing, , cp, =cosy, , sz(pj =(singoj)2 >

ngpj = ((;Qs(p/_)2 > P, € [0,27].

From (3), there is a singularity at 6= 0. Therefore, in this
research, 6,,;,= 0.0001 is used to replace the singular point (6=
0) in all the calculations. From kinematics, the coordinate
system {Sy} relative to the base coordinate system {So} can be
expressed as
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C. True workspace estimation

From (4), all the feasible positions of the robot distal point
can be calculated, and the true workspace can be obtained if
the sample configurations are sufficient. As discussed in
Section I, the true workspace of a continuum robot with a high
number of segments is hard to obtain. Therefore, an
exhaustive approach is used to estimate the workspace, which
is considered as the approximation of the true workspace.
Algorithm 1 presents the exhaustive approach to estimating
the workspace area (4) or volume (¥) of a continuum robot by
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exhaustively generating the configurations of each segment.
For simplicity, the term “true workspace” used in this paper
means the workspace estimated by using the exhaustive
approach. This workspace will be used to analyze the accuracy
and efficiency of the proposed ETS method.

Algorithm 1: Workspace calculation by an exhaustive approach

Inputs: Sampling interval value D; Number of segments N,
Maximum bending angle Gpay; Section length L;
Outputs: Workspace area (4) and volume (V)
Algorithm:
for i — 1 to N do
0; «— [Omin, D, 2D, ..., Ornax]
0; — [6;*cos(0), 8;*cos(m)]

>Generate the bending angle matrix

end for
J — (20max/ DH2)"N >Calculate sample size
forj — 1 toJ do

[T, 'Ts, ..., ¥'Ty] < f10; L, j} I>Calculate the HTM, Eq.(1)

OTN «— OTl*sz...*erTN
Plx, 2]« f{"Tw}
end for
[BL, 4] < find the boundary line (BL) and area (A4) of P[x, z]
BS « rotate BL to generate the boundary surface (BS)
V « calculate the volume of BS
return 4, V

I>Calculate the distal position matrix, Eq.(4)

The exhaustive approach can only estimate the true
workspace of a continuum robot with a small number of
segments and intervals. With the increase of the number of
segments, the sample configurations of the distal positions
will increase exponentially. For example, if the number of
segments is N=10, the maximum bending angle Ga=180° and
the sampling interval D=2°, the total number of total distal
point positions to be calculated will be 181!°. The
computational cost can be reduced by increasing the interval
angle. For example, when the sampling interval is increased to
D=180°, the total number of distal positions to be calculated
will decrease to 3'°. However, this large sampling interval will
result in sparse distal point positions, and incomplete and
inaccurate workspace.

D. The equivalent two section method

In order to calculate the workspace of a continuum robot
with a high number of segments, the ETS method is proposed.
When the maximum bending angle (#max) and the number of
segments (N) are determined, the robot model can be replaced
by the ETS robot model for estimating its workspace, as
shown in Fig. 3. The ETS method utilizes the Equivalent
Section 1 to represent the first several segments and the
Equivalent Section 2 to replace the remaining segments. In
order to realize high accuracy, the Equivalent Section 1 should
have enough maximum bending angle to reach all the feasible
workspace boundaries. Therefore, the parameters of the ETS
robot model can be derived as

L >
A ©
zL/6,, (6, <n)
L,,=NL—L,, (6)
Vs 0 >myv(z/6_ <N-1
o (O 2OV (x /B0 SN )
(N_l)gmax (ﬂ-/emax > N_l)
gEzmax — T (gmax Z ”)V(Nemax _gElmax Z ”) (8)
NO, . = Opie NO, — Oy <7T)

Where L is the segment length of a continuum robot, Lg; is the
length of the first equivalent section of the ETS robot model,
Ly is the second equivalent section length, Ogimax is the
maximum bending angle of the first equivalent section of the
ETS robot model, Ogomax is the maximum bending angle of the
second equivalent section.

Actuator

Equivalent Equivalent
Section 1 Section 2
Segment 1 Segment 2 Segment 3 |c LR ] | Segment N

Fig. 3. A diagram of the ETS method.

As shown in Fig. 3, the multi-segment continuum robot
can now be represented with an equivalent two section robot
according to the ETS method. For example, when the robot
parameters are N=3, Onax=180°, and L=50mm, the parameters
of the ETS model are Ogimax=0rmax=180°, Lgi=50mm, and
Lg,=100mm; when the robot parameters are N=8, Omax=120°,
and L=50mm, the parameters of the ETS model are
Ok 1max=0pmax=180°, Lg1=75mm, and Lg»=325mm.

Once the parameters Gg1max, Ge2max, L1 and Lg; are obtained,
the ETS robot model can be used to calculate the workspace of
a continuum robot. In order to demonstrate and verify the
proposed ETS method, an example overlap 2D workspace is
shown in Fig. 4. The true workspace area [Green] is estimated
by the exhaustive approach (Algorithm 1), and the workspace
area calculated by the ETS method is the area covered by the
boundary lines [Blue].
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Fig. 4. An example 2D workspace and boundary features of a continuum
robot with N=3, L=50mm, On.—=180°. The green color shows the true
workspace area, and the blue color shows the boundary generated by the ETS
method.

The points P1T-P6T and P1E-P6E in Fig. 4 are feature
points of the true workspace and the boundary lines calculated
by the ETS method, respectively. P1T and P1E are the points
with maximum z position value on the true workspace and the
boundary from the ETS method, respectively. P2T and P2E,
and P6T and P6E are the points with maximum and minimum
x position values on the true workspace and the boundary of
the ETS method, respectively. P3T and P3E and P5T and PSE
are the points with minimum z value on the true workspace
and the boundary of the ETS method, respectively. PAT and
P4E are the points with x= 0 on the true workspace and the
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boundary of the ETS method, respectively. We found that P1T
and P1E always overlap, and P2T and P6T, P2E and P6E, P3T
and P4T, and P3E and P4E are symmetry about the z-axis,
respectively. Their values can be calculated from (9).

X = =0
PIT px Oct,.. N =Onin s Pi=1,..n =0
N
Zpip = ~ ZL‘
PIT pZ Or-i...N =Onin » Pie1...x =0 o) !
i=
Xpi = x4| ~0
PIE B0 =05 =0nin» 921 =062=0
Zop =2 | ~ L, +L
PIE E 1651 =6 =0nin - 951=062=0 El E2

Xpyp = —Xper = Max(p,)

Zear = Zper = Pzl _max(py)

Xpyp = ~Xpep = Max(X;;)

)

=2Z

ZpoE = ZpeE E |y, —max(x; )

X3t = X5t = Pl _mingp,)

Zpyr = ZpsT < min(p, )

Xp3e = TXpse = YElz _minczy)
Zpsp = Zpsp = MiN(z)
Xpar = Xpgg = P = 0

Zpyr = P:

=0

=Z

Zpap E

xp =0

E. Workspace area and volume calculation algorithm

Once the boundary shape is obtained by using the ETS
method (e.g. the blue line in Fig. 4), the workspace area can be
calculated (e.g. using the Convhull function in Matlab). Then,
the workspace volume can be calculated by rotating the
workspace area around the z-axis. Fig. 5 shows the example
boundary lines and a quarter of the workspace volume
generated by the exhaustive approach and the ETS method.
The pseudocode of the ETS method is shown in Algorithm 2.

Algorithm 2: Workspace calculation by the ETS method

Inputs: Sampling interval value D; Number of segments N;
Maximum bending angle Gpax; Section length L;
Outputs: Workspace area (4) and volume (V)
Algorithm:
[LE1, L2, Okimaxs Oeamax] <= f{D, N, Omax, L} >Calculate ETS parameters
O — {[uin, 1,2, ..., Opimax]¥c08(0); [Omins 1, 2, ..., Okimax]*cos(m)}
0]52 «— {[Gmin, 1, 2, “eey GEZmax]*COS(O); [0min, 1, 2, “eey eEZmax]*COS(n)}
I>Generate the bending angle matrix
for i «— 1 to size(fg;) do
01 «— 051(1)
for j — 1 to size(6r,) do
0y — Ora(j)
[OTl, I]‘2] Hf‘{LEl, LE2, e]glmax, HEZmax} [>Calculate the HTM, Eq.(1)
OT2 — 0 Tl*l TZ
Plx, 2] — (T}
end for
end for
[BL, A] < find the boundary line (BL) and area (A) of P[x, z]
BS « rotate BL to generate the boundary surface (BS)
V « calculate the volume of BS
return 4, V

D> Calculate the distal position matrix, Eq.(4)
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Fig. 5. Example boundary lines and boundary surfaces with N=3, D=1°,

L=50mm, O,,,x=180°. (a) Boundary line of the true workspace (Algorithm 1).

(b) A quarter of the boundary surface of the true workspace (Algorithm 1). (c)
Boundary line from the ETS method (Algorithm 2). (d) A quarter of the

boundary surface from the ETS method (Algorithm 2).

III. SIMULATION EXPERIMENTS AND RESULTS

A. Simulation environment

All simulations are run on MATLAB R2020a software in a
high-performance computing cluster, and its configurations
are Intel(R) Xeon(R) Gold 6238R CPU @ 2.20GHz
processors, 18GB System memory, and Quadro RTX 5000
GPU. Considering the computation time and memory
consumption of the exhaustive approach (Algorithm 1), the
maximum sample number of the distal point positions is set as
108. The interval of bending angle (D) is chosen as 1° if the
total sample number is less than or equal to 108, With the
increase of the number of segments of a continuum robot, if
the total sample number is greater than 108, the interval of
bending angle (D) is increased to limit the total sample distal
point positions to less than 108,

B. Workspace analysis

The workspace of a continuum robot is determined mainly
by the length of segments (L), the maximum bending angle
(Bmax) of each segment and the number of segments (V). Fig. 6
shows the results of workspace analyses with various
maximum bending angles (fmax) and different number of
segments (V). It can be seen that, for a continuum robot with
the number of segments (V) less than a certain threshold, its
workspace is not a fully complete (or filled) area in 2D or
volume in 3D (Fig. 6(a)-(e)). The maximum bending angle
(Omax) of each segment has effects on the workspace as well.
When the number of segments and the bending angle reaches a
certain threshold, the workspace becomes a complete or fully
filled area or volume (Fig. 6(f)-(j)). Table II and Table III
show the configurations of a continuum robot with incomplete
(marked with %) and complete workspace area (in 2D) and
volume (in 3D), respectively.

For a continuum robot with incomplete workspaces (e.g.
Fig.6 (a)-(e)), the exhaustive approach can be used to estimate
its workspace. The computational cost can be handled in this
case because both the number of segments (N) and the
maximum bending angle (Omax) are small. Attentions need to
be paid to the selection of the interval of bending angle (D)
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when generating the sample distal positions. When the number
of segments (V) of a robot is increased to a certain threshold,
the workspace becomes complete. The exhaustive approach is

hardly used due to computational cost. Then the ETS method
can be utilized for workspace calculation.

100 200 200 200 400
Es0 £100 £100 100 £200
= = = = =
<] ] =] =] =]
gz 0 £ 0 Z 0 £ 0 =
<] & & <] <]
a [ [ = =
50 . 100 100 -100 200
-10 0 100 -100 0 100 -100 0 100 -200 0 200 -200 0 200
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Fig. 6. Workspace with different parameters. The green color shows the true workspace area, and the blue lines show the boundary calculated by the ETS

method.
TABLEII
SUMMARY OF WORKSPACE AREA CALCULATED BY THE ETS METHOD
Ormax N 2 3 4 5 6 7 8
30° True (mm?) 2.31E+02 1.89E+03 7.81E+03 2.22E+04 5.19E+04 1.03E+05 1.78E+05
True (mm?) 1.20E+03 1.09E+04 4.24E+04 1.04E+05 1.91E+05 2.83E+05 3.83E+05
60° ETS (mm?) * * * * * 2.67E+05 3.67E+05
ETS error (%) * * * * * -5.58 -4.35
True (mm?) 3.39E+03 2.76E+04 8.34E+04 1.47E+05 2.20E+05 3.12E+05 4.15E+05
90° ETS (mm?) * * * 1.40E+05 2.14E+05 3.04E+05 4.09E+05
ETS error (%) * * * -4.83 -2.76 -2.77 -1.49
True (mm?) 6.85E+03 4.42E+04 9.50E+04 1.57E+05 2.34E+05 3.25E+05 4.30E+05
120° ETS (mm?) * * 9.17E+04 1.53E+05 2.30E+05 3.23E+05 4.31E+05
ETS error (%) * * -3.49 -2.73 -1.73 -0.80 0.28
True (mm?) 1.12E+04 5.15E+04 1.01E+05 1.65E+05 2.44E+05 3.36E+05 4.41E+05
150° ETS (mm?) * * 9.80E+04 1.61E+05 2.40E+05 3.34E+05 4.44E+05
ETS error (%) * * -2.77 -2.25 -1.56 -0.36 0.81
True (mm?) 1.55E+04 5.35E+04 1.02E+05 1.65E+05 2.44E+05 3.37E+05 4.41E+05
180° ETS (mm?) * 5.35E+04 1.02E+05 1.67E+05 2.47E+05 3.42E+05 4.54E+05
ETS error (%) * -0.03 0.14 091 1.08 1.48 2.94

% shows that the workspace is incomplete, in which case an exhaustive approach is suggested for use in calculating the workspace.

C. Workspace area

Before analyzing the workspace volume calculated by the
ETS method, this section analyses the workspace in 2D, which
is defined as the maximum cross-sectional area of the
workspace volume (named workspace area). For comparison,
true workspace estimated by the exhaustive approach
(Algorithm 1) is used in the analyses.

Table II shows the results of the workspace area calculated
by the ETS method for a continuum robot with various
combinations of the number of segments (V) and the
maximum bending angle (max). The length of each segment is
assumed to be 50mm in the simulation. The results show that
the maximum and minimum errors of workspace area
calculated by the ETS method, compared to the true
workspace area estimated by the exhaustive approach, are
-5.58% and -0.03% when N=7, Omax=060° and N=3, Onax=180°,
respectively. When N=3 and 6a=180°, the workspace from
the ETS model has almost the same as the true workspace,

hence it has the minimum error. With the increase of N and
Omax, the error decreases. However, once these two parameters
are over a certain threshold (e.g. N >7 and 6nax=120°/150°; N
>4 and Omax=180°), the errors will become a positive value (i.e.
the workspace from the ETS method is greater than that of the
exhaustive approach), which proves that the ETS method has
better performance and more close to the real true workspace
than the exhaustive approach when the computational
resource is limited.

D. Workspace volume

Table III shows the results of workspace volume
calculated by the ETS method for a continuum robot with
various combinations of the number of segments (V) and the
maximum bending angle (Omax). The length of each segment is
assumed to be 50mm. The true workspace volumes calculated
by the exhaustive approach (Algorithm 1) are included for
comparison. The results show that the maximum and
minimum errors of workspace volume estimated by the ETS
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method compared to the true workspace volume calculated by
the exhaustive approach are -12.33% and -1.62% when N=7,
Omax=60° and N=8, Onax=180°, respectively. Similar to the
workspace area results, with the increase of N and Omax, the
errors are decreased.

Additionally, the ETS method has a significantly better
performance when considering computational efficiency.
Although the maximum sample number of the exhaustive
approach is settled as 10%, its computation time still expands
with the increase of N and 6Gm.x. In contrast, the robot

configurations have no effect on the computational cost of the
ETS method, and the ETS method takes almost the same time
of 2s for all the configurations. For example, the efficiency of
the ETS method is 196 times better than the exhaustive
approach when N=8 and Gu.=150°. The reason we compare
the ETS method with an exhaustive approach is that the
exhaustive approach has an adequate efficiency among
numerical methods, and other methods, e.g. improved Monte
Carlo method [25] [27], can hardly be applied to a continuum
robot with multi-segment.

TABLE III
SUMMARY OF WORKSPACE VOLUME CALCULATED BY THE ETS METHOD
Omax N 2 3 4 5 6 7 8
300 True (mm’) 1.07E+04 2.17E+05 1.46E+06 5.74E+06 1.63E+07 3.60E+07 6.94E+07
F1rue (5) 1 1 6 80 92 188 293
True (mm?) 1.42E+05 2.32E+06 1.18E+07 3.33E+07 6.86E+07 1.22E+08 1.92E+08
. Frrue (5) 1 2 67 86 121 183 315
60 ETS (mm®) * * * * * 1.07E+08 1.70E+08
ETS error (%) * * * * * -12.33 -11.36
True (mm?) 5.33E+05 6.10E+06 2.09E+07 4.60E+07 8.59E+07 1.43E+08 2.23E+08
. F1rue (5) 1 3 40 85 120 280 355
90 ETS (mm?®) * * * 4.05E+07 7.61E+07 1.28E+08 1.98E+08
ETS error (%) * * * -11.95 -11.47 -10.95 -11.22
True (mm?) 1.12E+06 8.59E+06 2.35E+07 5.04E+07 9.26E+07 1.53E+08 2.35E+08
. F1rue (5) 2 6 41 72 120 216 266
120 ETS (mm’) * * 2.14E+07 4.55E+07 8.35E+07 1.38E+08 2.13E+08
ETS error (%) * * -9.10 -9.64 -9.91 -9.41 -9.50
True (mm?®) 1.70E+06 9.43E+06 2.52E+07 5.20E+07 9.30E+07 1.48E+08 2.29E+08
N Frrue (8) 2 11 38 74 197 186 393
150 ETS (mm?) * * 2.34E+07 4.90E+07 8.80E+07 1.43E+08 2.21E+08
ETS error (%) * * -6.91 -5.81 -5.43 -3.40 -3.37
True (mm?) 2.08E+06 9.77E+06 2.55E+07 5.26E+07 9.32E+07 1.51E+08 2.31E+08
5 Frrue (5) 2 17 39 76 153 200 343
180 ETS (mm?®) * 9.45E+06 2.48E+07 5.13E+07 9.15E+07 1.49E+08 2.27E+08
ETS error (%) * -3.27 -2.88 -2.31 -1.84 -1.70 -1.62

% shows that the workspace is incomplete, in which case an exhaustive approach is suggested for use in calculating the workspace.

IV. DISCUSSION

This research proposed an ETS method for calculating the
workspace of multi-segment continuum robots. The results
show that the ETS method is efficient and accurate enough for
workspace calculation. The accuracy increases with an
increase in the number of segments (V) and the maximum
being angle (Omax). When applying the ETS method, the robot
parameters need to be compared with a certain threshold,
which is suggested by Tables II and III. However, because of
the complex internal cavity of the workspace, the current ETS
method is limited in several cases (marked with Yin Table II
and Table III). Therefore, further investigation can be
conducted to determine the internal cavity and improve the
accuracy of the threshold of the proposed ETS method.

In this research, all the segments are assumed to be
identical. For a continuum robot that has different lengths or
different bending angles among its segments, this ETS method
needs to be modified, which is also one of the future research
tasks.

Additionally, this paper does not consider the diameter of a
continuum robot when applying general kinematics to
calculate its distal point position. Self-collision among
segments needs to be considered when calculating accurate
workspace or controlling the motion of robots.

V. CONCLUSION

An Equivalent Two Sections (ETS) method based on the
forward kinematic and piecewise constant curvature (PCC)
model was proposed in this paper. It is a numerical method for
the estimation of the workspace of a continuum robot with
many segments. Extensive simulations with six different
maximum bending angles (0max) and seven different number
of segments (V) were conducted and verified the efficiency
and accuracy of the ETS method. By comparing to the true
workspace calculated by an exhaustive approach, the ETS
method was demonstrated to be very efficient and accurate
enough.
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