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Abstract: The continuum robot is a new type of bionic robot which is widely used in the medical field.
However, the current structure of the continuum robot limits its application in the field of minimally
invasive surgery. In this paper, a bio-inspired compound continuum robot (CCR) combining the
concentric tube continuum robot (CTR) and the notched continuum robot is proposed to design
a high-dexterity minimally invasive surgical instrument. Then, a kinematic model, considering
the stability of the CTR part, was established. The unstable operation of the CCR is avoided. The
simulation of the workspace shows that the introduction of the notched continuum robot expands
the workspace of CTR. The dexterity indexes of the robots are proposed. The simulation shows that
the dexterity of the CCR is 1.472 times that of the CTR. At last, the length distribution of the CCR is
optimized based on the dexterity index by using a fruit fly optimization algorithm. The simulations
show that the optimized CCR is more dexterous than before. The dexterity of the CCR is increased by
1.069 times. This paper is critical for the development of high-dexterity minimally invasive surgical
instruments such as those for the brain, blood vessels, heart and lungs.

Keywords: compound continuum robot; concentric tube continuum robot; notched continuum
robot; dexterity

1. Introduction

The powerful locomotion capability of biologically inspired continuum robots in small
spaces has attracted increasing attention from researchers [1-4]. As shown in Figure 1, this
robot achieves extreme dexterity through the biological structure of bionic snakes, octopus
tentacles and elephant trunks.

inspire

continuum robots

Snakes

Figure 1. Bio-inspired continuum robot.
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The ultra-high dexterity makes the continuum robot widely used in various fields of
medicine such as laparoscopy and thoracoscopy [5-7]. However, with the development of
minimally invasive surgery, the requirements for surgical instruments have become stricter.
The instruments are required to bypass human organs or tissues to perform operations
deeper in the human body, such as transseptal puncture, vascular surgery and skull base
surgery [8,9]. While maintaining high dexterity, continuum robots with smaller diameters
and a larger central access are required in these procedures.

Continuum robots were first built in the 1960s. After the 2000s, with the clarification
of the application scenarios of continuum robots, related research has gradually increased.
The application in the medical field has greatly promoted the research and development
process of continuum robots [10,11]. In the past 10 years, many continuum robots have
been proposed; these continuum robots have obvious trade-offs between the size of the
center channel and the size of the continuum robot. By imitating the bones of snakes,
a continuum robot composed of hinged joints was proposed by Li [12-14]. This robot has
excellent dexterity, but the existence of the hinge narrows the central channel and limits the
use of end instruments. A continuum robot composed of discrete joints and a central rod
was proposed by Simaan [15,16]. Although this structure has unique advantages in terms
of accuracy and stiffness, the central rod of this continuum limits the end instruments. To
solve the problem of the tiny central channel, Murphy et al. [17-19] proposed a notched
continuum robot (NCR). This kind of continuum robot replaces the hinge joints of the
hinged-joints continuum robot by machining notches on the Nitinol tube in order to obtain
a more significant central channel. NCRs have good stiffness and motion accuracy. In
subsequent studies, this notched continuum robot has been used in laryngeal surgery [20],
pediatric vascular surgery [21] and other aspects. However, similar to the hinged-joints
continuum robot, the diameter of the robot is limited to the millimeter level. In 2009,
Webster et al. [22] proposed a concentric tube robot (CTR) made of a nested pre-bent
Nitinol tube. By eliminating the drive cable, the diameter of the robot can easily reach sub-
millimeters. The surgical instruments can be made smaller in size. This special continuum
robot has been used in skull base tumor resection [23], cardiac intervention [24], lung
biopsy [25], etc. Although the CTR can achieve a satisfactory diameter, Alfalahi et al. [26]
pointed out an apparent trade-off between the stiffness of the CTR and the working space.
The stiffness of this robot is mainly determined by the material, which makes it difficult to
change. Therefore, the workspace of the CTR with the same configuration is smaller than
that of the NCR.

Other kinds of continuum robots have also been further developed. Fluid-driven and
magnetic-field-driven continuum robots are a research hotspot. The fluid-driven continuum
robot has excellent flexibility and a great turning angle. Such robots have been intensively
studied by Greer and Laschi et al. [27,28]. Miniaturization and safety issues are the keys
to hindering the application of fluid-driven continuum robots in surgery. There is a risk
of rupture of the fluid bag when moving near scalpels. Magnetic-field-driven continuum
robots can obtain a satisfactory diameter. However, such continuum robots have limitations
in terms of biocompatibility and flexibility [1]. All in all, there are still many problems to be
solved in the application of these two continuum robots in surgery.

Mixing different forms of continuum robots to improve the performance of robots
has attracted the attention of researchers. The cable-driven continuum robot and CTR can
complement each other’s shortcomings. The cable drive continuum increases the CTR’s
workspace. The CTR reduces the size of cable-driven continuum robots. In 2017, the initial
concept of a hybrid-actuated continuum robot was proposed by Li [29]. Li proposed the
combination of a cable-driven continuum with a CTR. The dexterity of this continuum
robot was evaluated. Li’s paper is very instructive. However, Li did not consider the
application limitations of this continuum robot, especially in terms of the size. In 2021,
Abdel-Nasser [30] proposed the use of an articulated continuum robot combined with
a CTR for use in minimally invasive surgery. Abdel-Nasserd’s research shows that the
hybrid-actuated continuum robots have a greater workspace and dexterity. However, not
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all types of cable-driven continuum robots are suitable for being combined with CTR. The
diameter of the articulated continuum robot is too large to be applied in minimally invasive
surgery. Moreover, Li and Abdel-Nasser did not consider the stability issues of the CTR
part when the cable-driven continuum robot par is in a state of high curvature. It should
be noted that instability refers to the rapid jump of the concentric tube robot from one
equilibrium position with higher potential energy to another equilibrium point with lower
potential energy. This movement is difficult to control and is extremely dangerous for
surgical procedures [31,32]. In the design, we need to try to avoid this situation.

This paper proposed a compound continuum robot combining the CTR and the NCR
which can achieve a smaller diameter and a larger central cavity. The possible stability
issues of the CCR are considered. Compared with CCRs proposed in previous studies,
the CCR proposed in this article is more suitable for minimally invasive surgery. The
contributions can be summarized as follows:

e A compound continuum robot (CCR) combining the concentric tube continuum robot
(CTR) and the notched continuum robot is proposed to design high-dexterity mini-
mally invasive surgical instruments. The simulations show that the CCR’s workspace
is bigger than that of the CTR and that the dexterity indices of the CCR are 1.231 times
larger than those of the CTR.

e  Stability issues in the CTR part were considered. The failure boundaries of the
workspace are defined. In the newly defined workspace, the CCR can perform stable
movements. The CTR section avoids instability.

e  The dexterity index of the CCR is proposed. The length distribution of the compound
continuum robot is optimized using a fruit fly algorithm based on the dexterity index.

The rest of the paper is as follows. Section 2 elaborates on the critical issues of this
paper. Section 3 summarizes the methods and calculations used in this paper. Section 4
simulates the workspace and dexterity of the CCR and discusses the obtained results.
Section 5 summarizes the whole paper.

2. Problem Formulation

Miniaturization and dexterity have been the focus of research on microsurgical instru-
ments. The excellent adaptability and dexterity of the continuum robot make it widely
used in surgical instruments. In the past decade, continuum robots have been widely
adopted in laparoscopy and thoracoscopy. With the advancement of technology, minimally
invasive surgery has gradually developed into deeper areas of the human body that are
more difficult to reach with traditional minimally invasive surgery, such as the skull base,
heart and lungs, as shown in Figure 2. These operations not only require the extremely
high dexterity of surgical instruments but also have strict requirements as to the peripheral
diameter of the surgical instruments and the diameter of the central cavity. The importance
of the diameter is obvious. During the design stage, the importance of the cavity in the
center of a surgical instrument is often overlooked. However, in the actual surgical process,
it is very unlikely that only one instrument is used, and the existence of the central cavity
exists to realize the replacement of these surgical instruments.

However, it is difficult to reduce the diameter and increase the diameter of the central
cavity of the cable-driven continuum robots. The emergence of the concentric tube robot is
a turning point in terms of the miniaturization of the continuum robot. The design of the
cable drive is canceled in CTR. It completes the dexterous movement by advancing and
rotating the pre-bent elastic tube. This design provides a large central channel for surgical
tools, and the diameter can be easily reduced by using flexible tubes with small diameters.
The CTR’s invariable curvature cable-driven continuum robot leads to a smaller working
space and minimizes the dexterity compared with the cable-driven continuum robot. Some
researchers found that the defects of continuum robots can be overcome by combining
different continuum robots. However, the current design of the compound continuum
robot is still at the theoretical stage. Neither the small diameter nor the large central lumen
of the surgical instruments required in actual surgery are discussed. A feasible solution still
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needs to be devised. As shown in Figure 2, in this paper, a biomimetic excitation composite
continuum robot with high dexterity and a small diameter and large central cavity is
proposed. This special continuum robot has broad application prospects in surgical robots.
Meanwhile, like ordinary continuum mechanisms, the CCR can also provide a solution for
the development of dexterous and manual small instruments.

Narrow space

small diameter

Various types of large central
instruments are required cavity

High dexterity

Figure 2. Requirements for surgical instruments in surgery.

3. Methods

This section summarizes the methods and theories used in this paper. The motion
mechanism was expounded, and the kinematic model of the CCR was established. The
stability condition of the CCR was introduced as the boundary condition of the workspace.
Then, a posture dexterity evaluation method was introduced to evaluate the dexterity index
of the CCR. Finally, a fruit fly algorithm was used to optimize the length assignments for
continuum robots.

3.1. Design and Mechanism of Compound Continuum Robot

Keeping a large central cavity in the small size of the continuum robot is one of the
key factors that hinder designers. The traditional processing methods make it difficult for
ordinary cable-driven continuum robots to meet the requirements of operations in small
spaces such as the skull base and heart. In the process of research, we found that the
combination of the NCR and CTR not only circumvents the shortcomings of each but also
meets physicians’ expectations for a new generation of surgical instruments, as shown in
Figure 3.

clamp

Drive

cables Forward and

bending

Pre-bent

tube
Sectional view CTM

Deflection and
bending

Figure 3. A bio-inspired continuum robot compound composed of a CTR with an NCR.
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Femtosecond laser machined Nitinol tubes can be used as NCR parts. The tube wall
needs to be pre-machined with four through holes through which the drive cables are to
pass. The CTR part is a curved Nitinol tube with a curvature that is set in advance. The 3D
printing of elastic materials to process the CCR is also an ideal processing method.

The CCR is divided into three parts: the NCR part, the CTR part and the surgical
instrument part. The NCR has degrees of freedom in rotation and bending. The bending
degree of freedom of the NCR is achieved by two pairs of antagonistic filaments, and the
rotational degree of freedom is achieved by the rotation of the straight tube. The CTR has a
unique operating mechanism with degrees of freedom for feed and rotation. The feeding
of the CTR releases the elastic potential energy accumulated by the pre-bent tube, thereby
enabling bending. The curvature of the CTR, without releasing the elastic potential energy,
will be limited to the curvature of the NCR portion. Figure 3 shows the clamps commonly
used in surgery. The surgical clamps were passed through the cavity of the CTR section.
When an instrument needs to be replaced, the clamp can be pulled out along the cavity,
and a new surgical instrument can be inserted through the cavity.

Before the combination, the NCR was able to obtain a large working space, and the
size was difficult to reduce. The CTR enables smaller diameters but less flexibility and
a smaller workspace. Both have a larger central cavity. After bonding, the larger central
cavity is preserved. The robot’s dexterity and minimum size constraints are lifted.

3.2. Kinematics Model and Smooth-Running Workspace

Based on the piecewise constant curvature hypothesis proposed by Hannan and
Walker [33] et al., the kinematic model of the composite continuum can be established. It
assumes that the curvatures of all the points of the continuum robot backbone are equal
constants. As shown in Figure 4, the parameters of the CCR are defined. The skeleton
curves of NCR and CTR can be regarded as two arcs. We stipulate that the constant length
of the NCR part is Lj, the bending angle is §; and the rotation angle is ¢;. The variable
length of the CTR part is Ly, the bending angle is 6,, the rotation angle is ¢, and the fixed
curvature is k. The parameter 0; is related to the invariant parameter k, and the relationship
between 6, and k is as follows.

0 = kL, 1

Coordinate 2

»
'

Base coordinate

Figure 4. The backbone curve and coordinates of the CCR.
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The NCR part can be abstracted into a circular tube, as shown in Figure 5. The effect
of incisions on the NCR on the shape of the NCR backbone was not considered when the
number of incisions was sufficient. The yellow and blue rods represent the cables that drive
the NCR. The amount of change (6) of each parameter in the joint space of the NCR part is
driven by the change in the cable length in the drive space (I).

Backbone

\

\
\\ R2
Ri \

0/
Cable \Q/ '

Figure 5. The relationship between the cable length and angle of the NCR.

Set the yellow cable as cable 1 and cable 2, the blue cable as cable 3 and cable 4 and the
bending radius of each cable as R;. i refers to the i-th cable. There is 45° spacing between
the cables.

According to Figure 5, the radius of the backbone (Ry) of the NCR can be expressed by:
Ro=L/6 @)

According to the geometric relationship in Figure 5, the length of each cable can
be obtained.

I = R, 3)
R; =Ry ¥ V2d/4 4)

Use minus when i is 1 or 2 and plus when i is 3 or 4.

The length of the CTR parts is Ly = [0, Lymax]. Taking the fixed end of the NCR as
the basic coordinate system, the DH parameters of the CCR can be obtained, as shown in
Table 1:

Table 1. CCR’s D-H parameters.

D-H Parameters 0 a 14 d
NCR parts 1 Lysinfq /61 01 Li(1 — cosby)/61
/2 0 ¢ 0
CIR parts sinL,/k KL, (1 — cos kL) /k sinkL, /k

Bring it into the following homogeneous change matrix:

cd; —sbOica; sO;sa;  a;ch;
i sO;  cBica; —cOisw;  a;sh; 5)
=170 su cu; d;

0 0 0 1

In Equation (5), c8; = cos 0;, st; = sin6;, ca; = cos a;, sa; = sina;.
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By multiplying the homogeneous change matrices of each joint in turn, the end pose
matrix T, of the CCR can be solved, as shown in Equation (6).

Ri1 Rz Riz Py
R; Pz) _ | Rz Rn Ry P ©)
0 1 R31 Rz Rsz Ps

0 0 0 1

n_mﬁﬁ_(

Ry = —cOr(s@is@r — cO1cpicgn) — sbacpisth, Rpp = cOr(ce15@y — cO1s@icpr) — staspisby,
R31 = —sb0yc8] — cOrcashy, Rip = —cpicpa — cbicpis@a, Ryp = cpicpa — cOi1s@15¢2,
Rap = s6(c@rs@p + cO1591c92) + 3591501, Riz = cOrc91501 — 02 (s@15¢2 — cOicpicen),
Rosz = sth(cpi5@ + cO15@1c@r) — 62501591, Raz = cbrcty — sbrcpasty, Py = %((CGZ -1
(591592 + cO1c@1c92) + 502501091) — g-Licgr(cOy — 1), Py = (b2 — 1) (co159 + cO1591c92) —
s62561591) — - Lisgi (cby — 1), P3 = £((c6z — 1)s1cs + 562¢01) + 5-Las61, 63 = KLy.

In the same way, the forward kinematics model of the two-segment NCR and the
forward kinematics model of the two-segment CTR can be solved. The DH parameters are
shown in Tables 2 and 3.

Table 2. NCR’s D-H parameters.

D-H Parameters i 0 a [ d
Segment 1 1 1 L1sinfq /61 01 L1(1 — cosby)/61
Segment 2 2 /2 0 P2 0

3 —m/2 Lzsil’lez/ez 92 L2(1 — COSQZ)/Gz

Table 3. CTR’s D-H parameters.

D-H Parameters i 0 a w d
Segment 1 1 1 sink1S1/k; k151 (1 — cosk151)/k1

2 n/2 0 @ 0
Segment 2 3 “n/2 sinksSa/ks kS, (1 — cos kySy)/ky

Where ¢; and ¢, are the rotation angles of the first segment and the second segment
of the NCR, L; and L, are the lengths of the first and second segments of the NCR and 64
and 6, are the bending angles of the first and second segments of the NCR.

S1 and S; are the feed movements of the CTR’s first and second sections. k; and k; are
the curvatures of the first and second segments of the CTR.

The CTR part is a pre-curved tube with a fixed curvature. When the NCR part bends,
the curvature of the CTR part nested in the NCR part is changed. The elastic force caused
by the changing curvature of the CTR part acts on the tube wall of the NCR part. When this
curvature change is greater than the maximum allowable changing curvature, the elastic
force causes stability problems in the CTR part. As shown in Figure 6, the stability problem
refers to a sudden change in the movement speed of the CTR part when the CTR part is
driven to rotate. The CTR part jumps rapidly from one point (usually a high-potential
stabilization point) to another (usually a low-potential stabilization point).

The condition that the CTR is partially stable is introduced to correct the kinematics.
The relevant theory proposed by Xu and Dupont [34,35] is used to construct the stability
boundary conditions of the CCR. The theory is constructed based on the principle of least
potential energy.

Ki+K;
Loy < actan (e ) )
r=(1+0)[[u |||k ®)
o K2y ©)

B k2z



Machines 2022, 10, 468

8of 17

Among them, L. is the length of the curved part of the concentric tube, K; and K; are
the stiffnesses of each tube and /1 and [, are the lengths of the straight part of each tube.
uy is the curvature of the current NCR part. kyy, is the bending stiffness, and ky; is the
torsional stiffness. The Newton iteration method was used to solve Equation (7).

Dangerous during surgery

The bending angle

exceeds the limit Rotate

Figure 6. Stability issues of the CTR.

In actual motion control, it is necessary to obtain all of the possible motion trajectories
of the robot. All of the kinematic parameters of the points on the trajectory need to be
obtained. Because of the redundant nature of the CCR, the CCR can reach the same point
with different attitudes. All of the kinematic parameters corresponding to each pose are
listed in an array. When solving, it is stipulated that the position information of the point is
already known. The kinematic parameters of all the poses that can reach this point need to
be solved.

Let the position information of the point at the end of the robot be P, [x, v, z]T. R,
is the pose information of the point. The equation that is to be solved for the inverse
kinematics can be expressed as Equation (10).

((cO2 — 1) (s@15¢92 + cO1cpic@a) + s0rs01c1) /k — Licgi(cb1 — 1) /64
P, = | ((cBy — 1)(c@15¢a + cO15@1c92) — sO25015¢1) /k — L1s@1(c6hy — 1) /61 (10)
((COQ — 1)591C§02 + 592C61)/k + L1591 /61

Assuming the pose is known, transform the pose into equations related to the kine-
matic parameters.
Re(gvl, 91,([)2,L2) =Rs (11)

To eliminate the redundant nature of Equation (10), Equation (11) is introduced to
solve the inverse kinematics of the CCR. Let the known terminal pose be Rs and let Re be
the pose expression solved in Equation (7). By traversing all possible Rs values, the inverse
kinematics of the setpoint can be solved by the LM algorithm. The iterative equation is
shown in Equations (12) and (13):

dn+1 =4qn + Hn_lgn (12)
Hy = JFWEJ + Wy (13)

The LM algorithm can obtain an inverse kinematics solution of the continuum robot.
The geometric properties of the continuum robot show that its inverse kinematics solution is
symmetric, as shown in Figure 7. Therefore, another solution can be obtained by exploiting
the symmetry of the continuum robot.
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Plane

Solutions B

PE

Solutions A

/ ~ PMs |

P
B Q v

Figure 7. Two symmetric solutions at PEOZ.

PM/ 91/ PM/ LZ

Assuming that one of the solutions A (¢1 @2 PM) js known, the midpoint
of the continuum robot shape corresponding to this solution is Pys. The midpoint refers to
the endpoint of the NCR portion. Let the parameter of its symmetrical solution be B (1'%,
02, 92, L) and the midpoint of the corresponding continuum robot be Ps. A can be
solved by the symmetry of the continuum robot:

¢ = 2¢pg — 1 (14)

From Equation (15), other parameters can be obtained:
F(pl*, 1) = Xe = ((c(kLE*) — 1) (s@159L® + cOrc@rcph®) + s(kLE*)sb1c91) /k — Licgy (61 — 1) /64 (15)
P2 ze = ((c(kLL®) — 1)s01cl® + s(kLY%)c01) /k + Lys6, /6,

3.3. Dexterity Evaluation and Optimization

Dexterity is one of the general evaluation indexes of robots. The commonly used
dexterity evaluation methods of continuum robots include the condition number, end
attitude angle, etc. The dexterity of the continuum robot was evaluated based on the
condition number by Wang et al. [36]. The existing research shows that the evaluation
method based on the condition number examines the uniformity of the robot Jacobian
transformation matrix in all directions [37]. This method cannot intuitively describe the
performance of the robot. In 2016, the continuum robot’s dexterity was evaluated based on a
posture dexterity evaluation method that uses forward kinematics to compute the dexterity
index by Wu [38]. This method can intuitively express the dexterity of the continuum robot.
In this paper, the forward kinematics-based pose dexterity evaluation method is adopted.

In the pose dexterity assessment method, the dexterity of a point is defined as the
number of poses the robot can achieve at that point, as shown in Figure 8. For statistical
convenience, the number of all poses of that point (usually a ball) is taken as the denomina-
tor. The greater the number of poses a robot can achieve at a certain point, the more actions
the robot can perform.
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End point

Il All the poses

[ Reachable poses

Figure 8. Cross-section of the robot workspace under the current configuration.

The end pose of the robot is represented by 6y and ¢q in the Cartesian coordinate
system. The end posture of the CCR can be expressed by Equation (16).

R = Rotx(6p)Rotz(¢y) (16)

The Rotz (¢p) is the rotation matrix around the X-axis. The Rotz (¢¢) is the rotation
matrix around the Z-axis. The X-axis and Z-axis are divided into n1 and n, parts. The
dexterity of the point can be represented by the graph which the X-axis and Z-axis form.
Using the graph, the dexterity value of this point can be calculated using Equation (17).

it = —F (17)
point — nyny

In Equation (17), n, is the number of shares of fy and ¢p in the dexterity graph
obtained by solving the inverse solution at this point. Then, the dexterity value of the entire
workspace can be expressed by Equation (18).

N
)y Apoint
1

DI =
N

(18)

In Equation (18), DI is called the global dexterity index of the robot in this configuration.
The numerical calculation of dexterity here does not consider the moving of the base
coordinates. When the moving of the base coordinates is introduced, the dexterity value at
this point can be calculated using Equation (19).

h

n
p

19

s (19)

h —
apoint -

where / is the distance of the feed. n’; is the number of shares in the dexterity map with all
of the CCR’s end poses under a given feed distance.

After obtaining the dexterity values of the CCRs with different length configura-
tions, the fruit fly algorithm Toolbox of MATLAB2018b was used to optimize the length
configuration of the CCRs.

4. Results and Discussion

This section simulates the properties of the CCR using the method in Section 3. All
the results are analyzed and discussed. The simulations in this section were all done in
MATLAB 2018b. First, the smooth workspace of the CCR was drawn. The comparison
with the other continuum robot workspaces was used to demonstrate the advantages of
the CCR in the workspace. Then, the dexterity map of the CCR was drawn. A comparison
of the dexterities of different continuum robots was proposed. Finally, using MATLAB’s
FOA toolbox, the length configuration of the CCR was optimized.
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4.1. Workspace

According to Equations (7)—(9), the relationship between the maximum bending angle
of the NCR and the length of each part can be shown in Figure 9 when the stability
is considered. The maximum angle of the NCR is limited to 7 due to the mechanical
structure limitation.

Li/mm 30 80 L2/mm

Figure 9. The relationship between the maximum bending angle of the NCR part and the length of
each part.

Set the length of the CCR to be 50 mm long for the NCR part and 50 mm for the
CTR part. As shown in Figure 10, the workspaces of those robots are drawn by the Monte
Carlo method. Figure 10a is the workspace of the CCR considering the stability problem
and the workspace without considering the stability problem (CCRF). It can be seen that
the curvature of the edge portion of the CCRF exceeds the maximum curvature limit.
Movement in this region can cause instability in the CTR portion. As shown in Figure 10b,
the workspaces of the NCR are more three-dimensional, and the workspaces of the CTR
are flatter. The reachable points of the NCR are concentrated at the far end of the robot. The
reachable points of the CCR are concentrated in the middle part, and the reachable points
of the CTR are focused on the end. This means that, under the same configuration, all three
robots have good motion accuracy at the distal, middle and proximal end, respectively.

+ CCR
« CCRI

(@ (b)

Figure 10. Workspace comparison of continuum robots. (a) The workspace considering the stability
problem and the workspace without considering the stability problem, (b) The workspaces of different
continuum robots.
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4.2. Dexterity Comparison between the CTR and CCR

A total of 20 million groups of parameters were used to randomly operate the forward
kinematics so that there were enough poses to reach the same point. With enough data,
it can be directly considered that the poses obtained at this time are all attainable poses.
Calculate the dexterity index of all the points in the workspace. The dexterity distribution
graph is drawn using the dexterity values of these points, as shown in Figure 11.

>0.04 100 -
0.0036 '
120 0.0032 50
0.0028 0L
0.0024
0.002
0.0016
=50 0.0012
0 0.0008
50

100 -
80 4
60 4
40 4
20

0.0004
0 60 30 0

Dexterity at points in the workspace Dexterity of Points on Workspace Slices

0+
80 60 40 20 0

Figure 11. The dexterity distribution chart under the current configuration.

Figure 11 shows that the area with good dexterity is mainly concentrated in the
middle of the robot’s workspace. The points with poor dexterity are focused on the edge
of the workspace. By avoiding the movement of the robot to the edge, the robot has
excellent dexterity.

The global dexterity index of the CTR with the same configuration is calculated. The
global dexterity index of the CCR and CTR is shown in Table 4.

Table 4. The dexterity index of the CCR and TCM.

Total Length of Length of k of Global

Length the NCR Part the TCR Part  the TCR Part Dexterity
CCR 100 50 50 71/100 0.0159
CTR 100 - 50-50 /100 0.0108

As can be seen in Table 4, the global dexterity index of the CTR is 0.0108. The dexterity
index of the CCR is 1.472 times that of the CTR. The results show that the dexterity of the
CTR can be improved significantly by the CCR. The dexterity graph of the CCR is shown
in Figure 12. It shows that the dexterity of the CCR is improved compared with the CTR.
More importantly, the high dexterity points of the CCR are more evenly distributed, and
the points inside the workspace have better dexterity. The points of poor dexterity are
distributed on the workspace surface.
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Figure 12. The dexterity performance of the CTR.
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4.3. Length Distribution Optimization

The parameters and dexterity indexes for the CCR with different lengths can be found
in Table 5. A total of 50 million points were introduced to calculate the dexterity indexes of
the CCR under different length configurations.

Table 5. The dexterity indices of the CCR with different length ratios.

Segment 1 Segment 2
Dexterity Index (DI)
01/rad @1/rad Li/mm L, (mm) @o/rad k/(rad/mm)
Group 1 [0, 8¢1] [0, 27t] 35 [0, 65] [0, 27] /100 0.0156
Group 2 [0, 6521 [0, 2] 40 [0, 60] [0, 2] /100 0.0168
Group 3 [0, 6¢3] [0, 27] 45 [0, 55] [0, 27] 71/100 0.0170
Group 4 [0, 8¢4] [0, 27t] 50 [0, 50] [0, 27] /100 0.0159
Group 5 [0, 6¢5] [0, 2m] 55 [0, 45] [0, 2] /100 0.0135
Group 6 [0, ¢6] [0, 27] 60 [0, 40] [0, 27] 7t/100 0.0123
Group 7 [0, 8471 [0, 27t] 65 [0, 35] [0, 27] /100 0.0123
Group 8 [0, 6¢s] [0, 2] 70 [0, 30] [0, 2] /100 0.0123
Group 9 [0, 6g9] [0, 27] 75 [0, 25] [0, 2] 71/100 0.0122
The total length of the robot is set as Ly, = 100 mm. The curvature of the CTR is set
as 71/100, and the maximum bending angle of the NCR is set as 7. The global dexterity of
the robots with different length distributions is calculated using the method proposed in
Section 3.3. The dexterity graphs of CCRs configured with different lengths can be found
in Figure 13.
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Figure 13. The dexterity of the continuum robot with different length distributions.

In Table 5, 0q; = u1;L1;,04; is the maximum allowable bending angle of the NCR part
(segment 1) in the stable operation of the CCR. Due to physical constraints, ,; is a maximum
of 7. uq; can be calculated from Equations (7)—(9). i is the ith group of simulations.
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The smoothing spline of the MATLAB Fitting Toolbox is used to fit the relationship
between L and the dexterity index, as shown in Figure 14. A fruit fly optimization algorithm
(FOA) was used to optimize the CCR length assignment for optimal dexterity. The result
of the optimization is shown in Figure 15. After optimization, the CCR has the optimal
dexterity when the length of the NCR part is 44.3032 mm. To facilitate processing, we select
integers, and the length of the NCR part is 44 mm. The global dexterity index is 0.0170.
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Figure 14. Fitted model.
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Figure 15. FOA-based dexterity index optimization.

The dexterity distribution diagram of the CCR is shown in Figure 16. Comparing
Figures 12 and 16, the improved dexterity index is 7.4% after optimization. The CCR has
good dexterity under the originally set length configuration. Compared with the CCR
under other configurations, the dexterity index is significantly improved. For example,
when the robot is configured with 65 mm (NCR part) and 35 mm (CTR part), DI = 0.0123.
Its dexterity is increased by 38.2%.
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Figure 16. The dexterity after optimization.

5. Conclusions

To meet the requirements of minimally invasive surgery, a bio-inspired composite
continuum robot (CCR) that combines the features of the NCR and CTR is proposed in
this paper. Unlike other continuum robots, the CCR enables smaller diameters and larger
central cavities. Then, to avoid unstable phenomena such as the ‘bifurcation” of the CCR
during operation, a stability limit is introduced to limit the maximum value of the bending
angle of the NCR part. A kinematic model considering the stable motion conditions of the
continuum robot is established. The workspace of the CCR is compared to the workspace
of the NCR and CTR. The workspace of the CCR is significantly larger than that of the
CTR. Then, the dexterity of the CCR is evaluated with an attitude angle-based evaluation
method. The simulation shows that the dexterity index of the CCR was 2.32 times higher
than that of the CTR. Finally, based on the dexterity index, the length distribution of the
CCR was optimized using a fruit fly algorithm. The optimization results show that when
the length of the CCR is configured as 44 mm (NCR part) and 56 mm (CTR part), it has
the best dexterity. The dexterity value of the optimized CCR is 0.0170. The proposal of
the CCR makes it possible to develop small-sized surgical instruments with a large central
channel. It is ideal for minimally invasive procedures such as those for the skull base, lungs
and heart.

In subsequent research, the authors will study the dynamics and statics of the CCR,
study the tremor caused by CTR motion and build a corresponding experimental platform
to verify the performance of the proposed model.
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