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Abstract: Kinematic modeling is essential for planning and controlling continuum robot motion.
The traditional Denavit Hartenberg (DH) model involves complex matrix multiplication operations,
resulting in computationally intensive inverse solutions and trajectory planning. Solving position and
orientation changes in continuum robots using the double quaternion rule can reduce computational
complexity. However, existing dual quaternion methods are direct equational transformations of
DH rules and do not give a complete modeling process. They usually require more interpretability
when applying continuum robot kinematic modeling. This paper uses the dual quaternion method
to establish a kinematic model of a continuum robot. It uses a two-section continuum robot model
to compare the advantages of dual quaternion and traditional modeling methods. In addition, this
paper proposes a five-polynomial interpolation algorithm based on the dual quaternion method
for trajectory planning of continuum robots. This method accurately models spatial bending and

torsional motions of singularity-free continuum robots.

Keywords: Denavit-Hartenberg; continuum robot; dual quaternion Jacobian matrix; trajectory planning

1. Introduction

Researchers have become increasingly enthusiastic about continuum robots in recent
years because of their excellent mechanical properties when operating in unique environ-
ments. The continuum robot is a flexible, continuous, multi-segmented robotic system
inspired by the skeletal structure of biological organisms. In contrast with conventional
rigid multi-joint robots, continuum robots employ a soft, deformable structure composed
of numerous interconnected and continuous flexible segments. These segments can be
actuated internally or externally using stimuli such as gas, liquid, or motors, facilitating
smooth, seamless, and flexible motion and deformation. For example, continuum robots
can perform surgical operations under minimally invasive and non-invasive conditions
of the human body [1-4], target detection and fault diagnosis in narrow intervals [5-7],
and grasp targets in high-pressure underwater environments, such as the deep sea [8].
They were developed from studying structures in nature that can be freely bent, twisted,
and elongated, such as the arms of octopuses, the tongues of mammals and reptiles, and
the trunks of elephants [9-11]. The diversity of potential applications of the continuum
robot leads to various designs [12], which are reflected in the structure and the matching
drive. From the physical form, the continuum robot is divided into the following for-
mats: a single flexible pipe or rod with uniform stiffness [13], a series of flexible concentric
tubes [14], a series of parallel truss platforms [15], flexible continuum pipes with multiple
open slots [16,17], and a plurality of elastic material disks stacked. Drive models include
pneumatic, traction line, electrochemical, and other drive modes. However, they all exhibit
continuum curvature in a continuum robot, i.e., a continuum changes curvature along the
main chain’s length. Furthermore, unlike conventional manipulators, which consist mainly
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of rigid elements resulting in only changing themselves at discrete points in their structure,
continuum robots can theoretically change any position in their system [18,19], which leads
to challenging kinematic and dynamic modeling of continuum robots and further leads to
difficulties in real-time dynamic control.

Continuum robots have widespread use in quasi-static environments where dynamic
models may not be applicable [20]. Researchers have employed various approaches to
solving the kinematics of continuum robots, such as utilizing motion combinations of
fake rigid manipulators to simulate their motion and applying the Denavit-Hartenberg
(DH) model, which was initially developed for rigid manipulators” accuracy in emulating
continuum robot behavior; kinematic and shape correspondence between super-redundant
manipulators and desired spatial profiles have been introduced [21,22]. Recently, the incor-
poration of continuum curvature into a modified DH modeling procedure using differential
geometry has provided a comprehensive approach to modeling continuum robots [23].
Building upon this work, the researcher has proposed the variable reality of the central
axis, associating the driving variable with the central axis curve to modify and enhance
existing ideas [11]. The Jacobian matrix of the model and the corresponding kinematic
control method have also been discussed. However, special numerical treatment is required
when approaching these models’ straight (zero-curvature) cross-section configuration. The
researcher expanded the driver variables, employing the Taylor series to address this issue
and, thus, preventing model invalidity at zero curvature [24-26]. Nevertheless, modeling a
multi-system or multi-joint manipulator arm using the above modeling approach becomes
difficult, as the method of obtaining the end pose by multiplying the pose matrix places a
significant workload on the system, and the relationship between each part of the system
and the global coordinate system must be constantly considered. To address the challenge
of dealing with sections with nearly straight deformation, the researcher has proposed
using dual quaternions to solve this problem. Although the dual quaternion method offers
increased efficiency in representing changes in the position and spatial elements of the
robot, the existing approach is directly converted from the DH rule based on mathematical
rules without considering the perspective of manipulator motion. This leads to limited
interpretability of the dual quaternion method when applied to the kinematic modeling of
manipulators in scientific journal articles.

Building upon previous research, this paper explores the dual quaternion method
from the standpoint of kinematics in order to tackle continuum manipulator problems. The
solution is established based on the definition, and the merits of the dual quaternion method
are emphasized by comparing its computational efficiency with traditional DH model-
based algorithms. The paper is structured as follows. Section 2 introduces the operational
rules of dual quaternions and derives the principles for representing spatial rotation and
displacement using dual quaternions. Section 3 illustrates the modeling of forward and
inverse kinematics for single and multiple joints employing the dual quaternion method
using the standard continuum manipulator model. Section 4 corroborates the results
through simulation and experimental testing. Finally, conclusions are drawn in Section 5.

2. Materials and Methods
2.1. Dual Quaternion Rule

Quaternions are fourth-order hypercomplex numbers often used to describe changes
in four-dimensional hyperplanes and vectors in graphics. Quaternions are generally
represented in the form a + bi + c¢j + dk, where a,b, ¢, and d are real numbers, and i, j,
and k are basic quaternions. Quaternions can be composed of a scalar part and a vector
part. g is a quaternion represented as g = (r,v), where r is a scalar defined in the real
number field, and v is a three-dimensional vector. g* is the conjugate of g, represented by

q° = (r,—v). g, and q, are two quaternions. The result and outer product of those are
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shown in Equations (1) and (2). The product of two quaternions is called the Grassmann
product and is denoted by the symbol ®.

(r1,v1) + (r2,v2) = (r1 + 12,01 +02) 1)

(r1,01)(r2,v2) = (r1r2 — v1 - V2, 1102 + 1201 + V1 X V2) ()

The dual numbers are a system of hypercomplex numbers, which are expressions of
the form ¢ + de, where ¢ and d are real numbers, and ¢ is a symbol taken to satisfy. When ¢
and d are replaced by quaternions using real numbers, the dual numbers are called dual
quaternions. A dual quaternion can be represented in the form of 4, which can be written as
4 = g, +¢q,;. Among them, g, and g, are two quaternions, respectively, referred to as the
imaginary and real parts of dual quaternions. §* represents the dual quaternion conjugate,
as shown in Equation (3).

7 = q; +eq; €)

2.2. Dual Quaternion Representation of Rigid Body Motion

Rigid body motions describing elements of solid geometry, such as points, lines, and
surfaces in space, can be represented by dual quaternions. As shown in Equation (4), this
means that the dual quaternion is used to represent a straight line A that changes into a
straight line B after rotation and translation in space, where A and B are the Pliicker forms
of straight lines A and B, respectively. § is the dual quaternions representing the angle
of rotation 0 around axis /. It can also be written in the form of Equation (5), where the
derivation process is given in Appendix A.

q )

®
1= (cos(5 ) sin(3 ))& e(~5sin(3 ) sin(§ )m+ Feos(3)1)  ©

2.3. Physical Model of Continuum Robot

The general kinematic equations of a tendon-driven continuum robot arm are estab-
lished. A specific example is presented to demonstrate the application of the derived
kinematic equations, in which a tendon-driven continuum robot is considered. As il-
lustrated in Figure 1, this continuum robot comprises two independent single-section
manipulators, namely Sections 1 and 2. Each manipulator section is constructed using a
flexible disc as its primary structure, with the discs connected by springs, referred to as
tendons. These tendons are secured at predetermined positions along the arc length of the
robot. The end of the arm is equipped with a multi-traction line attached to the discs. By
pulling these traction lines, a load is applied to the spring through the disc, resulting in the
corresponding bending of the robot arm.
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Figure 1. Structure of a continuum tendon-driven robot. (a) Schematic diagram of the robotic arm
model in the natural state; (b) Schematic diagram of the robotic arm model in the driven state;
(c) Cross-sectional schematic diagram of the robotic arm model. Among them, L;; represents the
number of the driving lines, i represents the ith robotic arm, and j represents the jth driving lines.

3. Kinematic Model of Continuum Robotics
3.1. Center Axis Curve Parameters

Due to the arrangement of the tendons (discs and springs), the robotic arm is driven
in line, and these continua exhibit a telescopic movement or bend into a circular shape.
Therefore, the continuum arm’s central axis can be described in space precisely as a circular
arc with a variable radius of curvature and length. As shown in Figure 2a, the diagram on
the left shows the state of the continuum arm of the section when it is not driven, i.e., t = 0.
The central axis of the disc is a straight line with four drive lines of length L?j (j=1,234).
After the continuous manipulator is driven for time t, the state is shown in Figure 2b. The
line length becomes ij( j=1, 2,3, 4). Let the change in rope length between the driven

state and the undriven state be ll-]' (t), as shown in Equation (6).
Lj (£) = L — L (6)

When the continuum arm is driven, the overall curve is assumed to be circular based
on continuum curvature [24]. The radius of the curvature is described by p; € (0, ), and
the bending angle is described by ¢; € (0, ), which is on a plane that forms an angle
0; € (—m, m) with the x-axis as a whole in space. The curve parameters in joint space
variables are given by Equations (7)—(9). A comprehensive derivation of these variables is
provided in Appendix B.

1

9= 5x (lia = 1n)* + (I — 1n)? )
1
2(ly — ) )
0; = arctan| ——=% —1 8
l ( (In —1i3) ®)

o 2\/(li4 —1p)* + (s — 1n)?
i Ri Yl

©)
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Figure 2. The Structure diagram of the single-section mechanical arm is driven and not driven.
(a) Schematic diagram of the driving line of the single-section robotic arm when it is not driven,
where L?]. represents the rope length. (b) Schematic diagram of the driving line of the robotic arm
after driving time t, where ij represents the rope length.

3.2. Coordinate Systems and Dual Quaternion Transformations of Points and Lines

A single-segment continuous robot is used to model using the dual quaternion method.
The forward kinematics of the robot are to solve its end pose after driving. The physical
model of the single-section robotic arm when driven is shown in Figure 3a.

®

ZF (Zl)‘

{F}

Figure 3. (a) Physical model of a single-section robotic arm in the driving state. Among them,
{FH1}{2}{3}{4}{E} are the coordinate systems, respectively, and L and L represent the straight lines
where the z-axis of the {F} and {E} coordinate systems are located, respectively. (b) Mathematical
model of a single-section robotic arm in the driving state. It describes the z-axis and y-axis in the
coordinate system {F}, that is, the straight lines Ly and Pr, which after coordinate transformation
become the straight lines Lr and Pg in the coordinate system {E}.

As shown in Figure 3, if {F} and {E} are two reference frames, while §, 4 are the dual
quaternion of those reference frames relative to a fixed coordinate system in space, then the
relative position relationship between these two coordinate systems is called g, which is
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represented by (10) and can be obtained from (4); a more detailed derivation process can be
found in Appendix C.
Grr = qp @ qr = cos%, —sinésin%, cos&sing, 0&,0,0,0,p - sing (10)
Let the lines in the front-end coordinate system {F} where the y-axis and z-axis lie be
Lr, Pr and the direction vectors be Ir and pp, respectively. By Euler’s theorem, the line Lr
in the coordinate system {F} becomes L; after a rotation around the z-axis and a translation
p along the axis x1, and then L; around the axis y», before a translation p along the new x3
axis becomes L in the coordinate system {E}. Similarly, Pr can become Pr. The moment
vectors are my, mp, respectively, which are expressed in the Pliicker coordinate system as
Lr = (Ip,mp), Pr = (pg, mr). They can be expressed as Ly = I + emy, Pp = pr + emp by
a dual quaternion. Substituting (10) into (3), we can obtain the relationship between the
straight line Lr and L on the coordinate system {F} and {E} as (11).

Lr =g @ Le @ ggp (1)
Similarly, the relationship between Pr and Pr is (12).
Pr = 47r ® Pr @ gpp (12)

According to Pliick’s law, the intersection points of the two are the position of the end
coordinate system, and the pose can be expressed as [Ir ,pr , Ir X pg].

3.3. Kinematic Equations of Continuum Manipulator

As shown in Figure 4, three identical single-section robotic arms are connected in
series to form an overall number: i — 1, i, i + 1. Then, the central axis is the z-axis direction
on the front-end disk of this multi-section robotic arm. Next, establish a coordinate system
and record it as {F}, and set up a coordinate system on the end disc with the central axis as
the direction of the z-axis and record it as {E}. Assume that the center point at the top of
the segment (i + 1) is O, which is expressed as Og(;;1) = (0,0) in the coordinate system

{E(i+1) }

Figure 4. The coordinate system of a multi-section continuous robot in a driven state. {F(,«,l)}
represents the coordinate system at the front end of the continuous robot in the first section, while
F{;) represents it in the second section. Due to physical model limitations, the i-th manipulator’s
front-end coordinate system differs from the 1-section robot arm, but F;) and E(; 1) remain the same.
Thus, a total of i + 1 coordinate systems are needed for the i-section robotic arm.

This point is denoted Op(;,.1) = (OF(i+1)rmF(i+1)> in the coordinate system {F(i+1) },

because {F(i +1)} and {E(i)} are the same in space. Therefore, the end position of the

robot arm in the section i + 1 can be expressed as O E(i) in the end coordinate system of the
section i.

PN PN

Ok(i+1) = 4(i41)i ® Ok(i) © d(i31)i (13)
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Similarly, the position of the central axis point of the front end of the multi-segment
continuous arm in the coordinate system of the end of the first continuous arm is:

Ok(i-1) = (141 @ A1) ® Ok(i11) @ A1) @ A(111)i (14)

Then the z and y axis directions of the frontmost position point are:

N

L1y = 401y @ 8(i-1) @ Leirn) @ Go1) @ Ay (15)

Prgiqy = 351y ® -1y ® Pe(isn) © 1) © (i1 (16)

Through (15) and (16), the expression of the end position of the overall mechanical arm
can be obtained in the first section of the robotic arm, and the complete forward kinematic
equation can be obtained.

3.4. Control the Motion of the Robotic Arm through the End Position

In the previous section, the forward kinematic equations of the continuum arms
were derived using the dual quaternion method. The Jacobian matrix of each part of the
manipulator is first solved to solve the inverse kinematics numerically.

Let the expression of the Pliicker form of the coordinates of a point Py in the coordinate
system {0} be Py, and the dual quaternion relationship between the coordinate system {0}
and the coordinate system {1} is §;.

Let the expression of the Pliick form of the coordinates of a point Py in the coordinate
system {0} be Py, and the dual quaternion relationship between the coordinate system {0}
and the coordinate system {1} is g;, then the point can be expressed in the coordinate system
{1} for (17).

Py =Q =g @k @3 (17)

Writing (18) as a vector pattern gives (18).

Q' =Q; =[1,8] +[0,ex] (18)

The complete forward kinematics of ith section relative to {0}, denoted by Q;, is given
by (19). '
P=Q=§® 4]0P ®§,®---§; (19)
Write (19) as a vector, as shown in (20). Here # € R* is the rotation and # € R* is
the displacement.

Q=Q - ®Q =[10,.+[0exy.] (20)

Q=-02Qe 0Q=0"0Q (1)
Putting § = [q,,eq,] into (21), we can obtain (22) and (23), which are the dual quater-
nion representations of the position and pose matrix of the ith robotic arm.

bio.i=tpo.i198;, (22)

R = R0, 198, 2.0 108, (23)

We need to use the obtained position and pose to obtain partial derivatives of the joint
variables, so as to obtain the velocity Jacobian matrix of the manipulator vector. Let J¥ and
7, respectively, be the position and pose quaternion Jacobians from (24) and (25).

(o, i ;
7= (3(1529)) € R4*2 (24)
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d(x12,.i) 4x2i

e 25

e N 25)
Solve the derivatives of joint variables for (22) and (23) to obtain (26) and (24), where

the formula for derivation is (24) and (25).

=10, (26)

=14, +J7 ., ® 9id (27)

The Jacobians derived in (26) and (27) are only valid in the Pliick coordinate system,
so we need to transform the Pliick coordinate system into the inertial coordinate system.
The Cartesian angular velocity, wy € R3 relative to {0}, can be recovered from the
quaternion velocities as (28).
wy =244 (28)

The partial derivative of the angular momentum can be used to obtain the Jacobian
matrix of the angular velocity using (29).
I(w)
a(4,0)

J¢ = € R (29)
Putting (28) into (29) can obtain the Jacobian matrix of the angular velocity of the

manipulator to the joint variable represented by the dual quaternion in the inertial space,
that is (30).

J¢ = 2|8t (30)
_ ap —asz a; —a
[l’l} = as ap —ap —dap (31)
—ap ay dp —as

Similarly, the linear velocity is recovered from the component as in (31). The Jacobian
matrix of the manipulator speed is expressed as (33) in the Cartesian coordinate system.
Putting (32) into (33) can obtain the Jacobian matrix of the velocity of the manipulator to
the joint variable represented by the dual quaternion in the inertial space, that is (34).

U = 2[5,’]5(1' — 2[551']191‘ (32)
_ 9(v)) 3x2i

]}’fa((w)eR (33)

IV =2[8] ) 2057 (34)

When solving the pose and position of the manipulator at the same time, the overall
Jacobian matrix should be (35).
v
=] 5)

Ji
Since the kinematics of the continuous manipulator are generally high-order polyno-
mials, it is impossible to solve the closed solution of the complete task space position or
orientation of the multi-section continuous manipulator. Therefore, numerical solutions or
metaheuristic algorithms are mainly used to solve the inverse kinematics of the manipula-
tor. This paper uses the pseudo-inverse iterative numerical solution method to solve the
inverse kinematic Equation (36) used for the inverse position solution.

=) e R (36)
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4. Simulation Results and Discussion

To evaluate the accuracy of the dual quaternion model compared to traditional kine-
matic models, specifically the DH and DH Taylor expansion models, we conducted a
comparative analysis using the same driving variable. As demonstrated in Figure 5, our
findings reveal that the error computed by the dual quaternion model aligns closely with
those of the DH and DH Taylor expansion models. This corroborates the precision and
reliability of our proposed methodology. These results underscore the potential of dual
quaternions for enhancing the accuracy of kinematic models for continuum robots, laying
the groundwork for future research in robotics and related fields. To prove the improvement
of calculation speed using dual quaternion modeling, we use the same solution algorithm
to solve the same target and compare the calculation time of dual quaternions: DH and DH
Taylor. We anticipate the endpoint of the robotic arm to traverse from its initial position, P1
(0, 0, 960 mm), ultimately arriving at the desired position, P2 (369.8146 mm, 345.8315 mm,
702.9017 mm), as shown in Table 1. We used the optimization toolbox in MATLAB, and the
CPU was an Intel(R) Xeon(R) W-2245 CPU @ 3.90 GHz 3.91 GHz processor for calculation.
From Table 1, we can see that, in the numerical method, the dual quaternion model solves
the target position with high precision and a short calculation time of 0.45 s; compared
with the traditional DH method of 1.15 s, the calculation time is doubled. In standard
meta-heuristic algorithms, the dual quaternion models are shortened by more than half.

x107"3

7 il
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Iz 2 a -10
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0
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1 1. L. 3 * 0 3. 1. 1 1 L. 3
3T 0 FRUE U — — 35— 7T 0 3T 50 @ T
@ ¥

Figure 5. The two-section driven manipulator contains four driving variables: ¢ € [—, 7],
&1 € [0,7t/2], o = 0, and 5, # 0. The spatial coordinates solved by the DH Taylor expansion
series model are used as standard results to compare the errors in the results of the dual quaternion
model and the DH model. (a) The dual quaternion model and the standard result solve the error in
the x-coordinate direction between the coordinates. (b,c) are the errors in the y-axis and z-axis with
the standard result, respectively. (d) The errors between the DH model solution coordinates and the
standard result in the x-coordinate direction, (e,f), are the errors on the y-axis and z-axis, respectively.
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To achieve smooth angular velocity and acceleration changes at the end of the robotic
arm during operation, a quintic polynomial interpolation algorithm based on dual quater-
nions is proposed for motion planning of the robotic arm. The simulated movement of the
robotic arm end, as illustrated in Figure 6, demonstrates that the velocity and acceleration
of the variables are continuum and smooth during the robotic arm’s movement from point
P1 to point P2, without any abrupt changes. This indicates that the robotic arm’s motion is
not subject to speed distortion and can operate seamlessly.

(2) (b)

Trajectory
1000 - * Pl
* P2
900 -
800 -
700 -
600 4
500 4 200
200 100 . . .
00 ™ 0 10 20 30 40 50
Postion 0 Postion Postion 4 Postion
(c) o2 0
' g 0.2 2
0.1 -2 -0.4 0
0 50 0 50 0 50 0 50
(d) 0 Velocity Velocity 1 Velocity 0 Velocity
2
0.5
-0.2 -5
0 0
0 50 0 50 0 50 0 50
i i i Acceleration
(e) ; Acceleration 10 Acceleration ) /Acceleratlon 20 \
0 0 0 \ 0 /
2 A W0\
-1 -10 -20
0 50 0 50 0 50 0 50

Figure 6. Use the fifth-order polynomial interpolation algorithm to plan the trajectory of the robotic
arm and solve the problem of the end of the two-section continuous robot moving from point P;
to point P, in space. (a) Schematic diagram of the motion trajectory of the two-section continuous
robot. The path is planned through the fifth-order polynomial interpolation algorithm; that is, the
continuous robot needs to move 50 steps from point P; to point P, according to the interpolation
sequence. (b) The error between the continuous robot’s actual path and the algorithm’s path (c—e),
respectively, represents the changes in the angle, angular velocity, and angular acceleration of the
driving amount when the continuous robot moves from point P; to point P, and sequentially moves
50 interpolation trajectory points. The x-axis represents the 50 trajectory points.
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Table 1. Comparison of calculation time and quantity under different models.
Model Optimization Algorithm Actual Position Iterations Time(s)

Genetic algorithm [369.8147, 345.8322, 702.9025] 25 343

DH Simulated annealing algorithm [369.8150, 345.8317, 702.9021] 5500 62.15

Numerical solution Algorithm [369.8143, 345.8315, 702.9017] 32 115

Particle Swarm Optimization [369.8125, 345.8306, 702.9003] 225 3.36

Genetic algorithm [372.2827, 347.7579, 706.3873] 400 450

DH Tavlor expansion Simulated annealing algorithm [369.8165, 345.8329, 702.9044] 7700 52.30

y p Numerical solution Algorithm [369.8146, 345.8319, 702.9018] 31 0.41

Particle Swarm Optimization [369.8101, 345.8311, 702.8985] 380 4.60

Genetic algorithm [369.8161, 345.8352, 702.9070] 350 2.39

dual quaternions Simulated annealing algorithm [369.8118, 345.8293, 702.8986] 3900 28.50

! Numerical solution Algorithm [369.8146, 345.8319, 702.9018] 32 0.45

Particle Swarm Optimization [366.5362, 345.7464, 701.7661] 85 1.18

5. Conclusions

This paper establishes a kinematic model of a continuous robot based on dual quater-
nions. It derives it from the perspective of the transformation process of geometric elements
in space: linear rotation and translation of space. First, the kinematic equations of the line-
pulled continuum robot are derived by applying the dual quaternion method. Secondly,
the kinematic model of the multi-section complete robotic arm was further established, and
the inverse kinematic solution was performed based on the numerical solution method.
Finally, this paper proposes a trajectory planning process for a continuum robot using the
five-polynomial dual quaternion method.
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Appendix A

Let there be any two vectors a,b in the space, where the vector a translates the distance
I along the p axis, and then rotates 0 to become the vector b. Define the dual angle notation,
0 = 0 + el, which relates an arbitrary 3D spatial line a to a given 3D spatial line b by a
rotation 6 about a unique axis and with a translation / along the same axis.

Here, r,,1p represent the vectors from any arbitrary point in space, denoted as O,
to points a and b, respectively. The symbols a’, b’ signify the cross products. The cross
products a’ and b’ can be represented by a and b and their corresponding r, and 1, as
shown in Equation (A1).

a=r,xab =rxb (A1)

We can write the vectors a and b representing line segments 0A and 0B in Pliicker
form as @ and b, respectively.

PN

d=a+e(ryxa),b=b+e(r, xb) (A2)
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Decomposing the vector b along the orthogonal directions of a and p X a gives
Equation (A3).
b = cosfa+sinO(p x a) (A3)

Considering the relationship depicted in the figure, where 7, = r, + I, and combining
it with the above equation, we can simplify it to Equation (A4).

b = (cos 0 — elsin 0)(a + er, x a) + (sin 0 + elcos 0){[p + e(r, x p)] x a} (A4)

The inverse Taylor series transformation is utilized for the change process, as shown
in Equation (A5), which ultimately simplifies Equation (A6).

cos @ — esin 6] = cos ,sin 0 + £cos Ol = sin § (A5)

b = cos Ba + sin O(p x &) (A6)

Let cos 8 be a dual number, and sin (p x &) be a dual vector, then applying the
concept of dual quaternion, we can see that the elements in coordinate system {A} are
transformed into coordinate system {B} after a rotation angle 0 after a translation distance

I around an axis is expressed as A = cos @ + sin p, where: b = A(a). Further, if g, is
equal to the Equation (A7), the b can be expressed as §* ® & @ §.

q= (COS (g),sin (g)l) +€<—gsin (g),sin <g>m+ gcos (g)l) (A7)

O a

Figure A1. Schematic diagram of rotation and translation transformation of a geometric straight line

in space.

Appendix B

The curvature radius p;; and the center bracket’s curvature radius, which are formed
by the changes in each pull line during the driving process, are denoted as R. This is the
radius of the circle where the drive line is located. Given that p;¢; = I;, p;jp; = l;;, we can
calculate p;; and /;; according to Equations (A8) and (A9), respectively.

pij = pi + R; cos (6;) (A8)

li]' =Il; + R;p; cos 51']' (A9)

The cables are evenly distributed in the cross-section of the base, with intervals of

90°. Specifically, we have d;1 = 6;;0;p = 0; + 5,03 = 0; + 7; 614 = 0; + 37” Consequently,
the sum of cosine values of }; cos §;; = 0. Considering the relationship between the main
arc length and the four chord lengths, we find that /; = i i lij. When the robot joint only
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undergoes a bending angle § while the rotation angle is 0, the transformation of the length
of the first drive line can be expressed as Equation (A10).

Vip =1 —ln = (pi — pi1)d; = Vp;,0i = R;d; (A10)
(b)
- ZF
E
L P
| o
F X ny'

Figure A2. (a) Physical model of a single-section robotic arm in the driving state. (b) Project Plane
O{E}{F} that drives the rear robotic arm onto plane FZpXg.

@i, 6; and the variation of the four drive VI;; when the traction arm bends and twists
at the same time. Substitute the rope drives 1 and 2 into /;; = I; + R;; cos §;; to obtain
lii = l; + Rjpjcos 6;;lip = I; — R;jp;sin(4;). In the same way, substitute 1 and 3 to obtain
lin = 1; + Rjp;cos d;; ;3 = I; — R;p; cos(;). By solving for §; as shown in Equation (A11),
we can determine its value.

2(ly — )
(In —Ii3)

We can substitute the rope drives 2 and 4 into /;; = I; + R;p;cos §;; to obtain:
lp = 1l — Rjpisin 6;; ;s = 1; + Rjp;sin é;.  In the same way, substitute 1, 3 to obtain:
In = Ii + Rjp;cos §;; i3 = 1; — Rip; cos(8;). By solving for ¢; as shown in Equation (A12),
we can determine its value. And because p;¢; =1;,1; = % i lij, by solving for p; as shown
in Equation (A13), we can determine its value.

5i—arctan< —1),51-6 ( i ”),li €R (A11)

22

1
=2k (liy —12)* + (s — In)* (A12)

R: Y1
pl _ lZl 1y (A13)

2\/(li4 —1p)* + (I — 1n)?

Appendix C

The coordinate system {1} relative to {F} is obtained by rotating the coordinate system
along the axis I;; by an angle 6.

Then, gp1, = [cos ¢, Lysin g} and gr14 = +(pi—q:® pi ®q}) @ q;, as shown in
Equation (A14), the dual quaternion representation.

dp = [cosiOOSingOOOO (Al4)

The coordinate system {2} is translated relative to coordinate system {1} along the axis
L1, given by [pcos 6 psin ¢ 0].
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We have q,,, = [1,0,0, 0]" and 4124 = [0, pcos 6, psin §,0]. Thus, the dual quaternion
representation g, is given by Equation (A15).

dr = [Cos g 00 sin g 000 0} (A15)

The coordinate system {3} relative to {2} is obtained by rotating the coordinate system
along the axis l,; by an angle ¢.

Then, g3, = [cos £z, ly1 sin %] and g3 ; = [0,0,0, psin %], as shown in Equation (A16),
the dual quaternion representation.

PO OO VRN P Pain Osin @
Gy = [cos X sin dsin 2,cos Jsin 2,O, 0,0,0, 251n 2sm 2} (A16)
The coordinate system {4} is translated relative to coordinate system {3} along the axis
I3, given by [p cos 6, psin 6,0].
We have gq;, . = [1,0,0, 0]" and 4344 = [0, —pcos dcos ¢, —psin Jsin ¢, psin ¢]. Thus,
the dual quaternion representation g, is given by Equation (A17).

Gy = [1,0, 0,0,0, —g cos dcos @, —gsin écos @, gsin q)} (A17)

The coordinate system {E} relative to {4} is obtained by rotating the coordinate system
along the axis I,4 by an angle —J.

Then, q4, = [cos (’7‘5),124sin (’75” and qup; = [0, —psiné(cos ¢ —1)sin %,
pcos &(cos ¢ — 1)sin §,0], as shown in Equation (A18), the dual quaternion representation.

Jup = [cos %, —cos Jsin @ sin %, —sin Jsin ¢@sin g, —cos @sin g, 0, —psin dsin %(cos p—1),

p cos dsin %(COS ¢—1),0]

(A18)

By concatenating the coordinate transformations described in the above equations,
we can obtain the transformation dual quaternion between the two coordinate systems,
represented as Equation (A19).

Gpr = [cos f, —sin Jsin f, cos ¢ sin Q, 0,0,0,0,p -sin ki (A19)
2 2 2 2
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