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ABSTRACT

The friction between the joints of the continuum manipulator with discrete joints brings great
difficulties to kinematic modeling. The traditional driving wire arrangement limits the load capacity of
the manipulator. A cable-stayed notch manipulator for transluminal endoscopic surgery is proposed,
and a driving force coupling kinematic mode is established. The manipulator is fabricated from a
superelastic Nitinol tube with bilaterally cut rectangular notches and is actuated by a stay cable. By
applying the comprehensive elliptic integral solution (CEIS) for large deformation beams, the bending
angle of each elastic beam is obtained, and the kinematics from the driving space to the joint space
is formed. According to the bending angle of each elastic beam, the expression of the manipulator
in Cartesian space can be obtained by geometric analysis. The kinematics from the joint space to
the Cartesian space is established. The outer diameter of the manipulator is only 3.5 mm, and the
inner diameter can reach 2 mm, allowing instruments to pass through. The maximum error of the
manipulator movement is less than 5%. The load capacity of the manipulator has been verified through
the stiffness experiments, and the maximum load of the manipulator can reach 400 g. The cable-stayed
notch manipulator can be accurately modeled on the base of CEIS, and its motion accuracy can meet
the needs of engineering applications. The compact size and excellent load capacity of the manipulator
make it potential for application in transluminal endoscopic surgical robots.

© 2024 The Author(s). Published by Elsevier B.V. on behalf of Shandong University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Transluminal endoscopic surgery has become the first choice
for the treatment of early gastrointestinal tumors [1]. The doctor
inserts the endoscope into the human body through the patient’s
mouth or anus. The doctor controls the flexible part of the en-
doscope by operating the handwheel, which can perform simple
operations such as marking, injection, and stripping [2]. When
using a traditional endoscope to perform endoscopic mucosal
dissection (ESD), due to the poor flexibility of the instrument
and the influence of gravity, the submucosal incision field of
view is obstructed, which may easily lead to bleeding or per-
foration [3]. To improve the safety of surgery, and broaden the
surgical methods of endoscopic surgery, developing more flexible
manipulators has become a hot research issue [4]. Continuum
manipulators are widely used in the development of endoscopic
surgical manipulators due to their lightweight, small size, and
good applicability in narrow environments.
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The continuum manipulator has a variety of driving meth-
ods, but the gas-driven manipulator [5] and the motor-driven
manipulator [6] are difficult to miniaturize. The continuum ma-
nipulators used in minimally invasive surgical robots are mostly
wire-driven or rod-driven [7]. A manipulator using a dual con-
tinuum mechanism was proposed by Xu et al. for laparoscopic
surgical robots [8]. The manipulator is driven by multiple elastic
rods, which have good flexibility and strong load capacity. The
manipulator is designed for laparoscopic surgical robots, and
there are many challenges in reducing the diameter. The ma-
nipulator in the Single-Port Surgery (SPS) system is assembled
by links and hinges [9]. The linkage mechanism has excellent
load capacity. If the manipulator is designed to pass through the
narrow instrument channel of the endoscope, the processing of
the links and hinges will be very difficult. Therefore, it is difficult
to miniaturize the manipulator with a complex structure, which
cannot meet the size requirements of the endoscopic surgical
robot.

A tendon-sheath transmission mechanism and an articulated
manipulator are used in the “MASTER” system [10]. The manip-
ulator has five degrees of freedom (DoFs), which can meet the
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Fig. 1. Joint structure of continuum manipulator. (a) Disc joints. (b) Hinge joint. (c) Rolling joint. (d) Notched tube joint. (e) Spherical joint.

flexibility requirements of transluminal endoscopic treatment.
The system does not utilize the instrument channel of the endo-
scope. The manipulators are attached to the end of the endoscope,
which may interfere with intraoperative instrument change and
sterilization of surgical instruments. Based on the general endo-
scopic platform of USGI, a surgical robotic system for transluminal
endoscopic surgery was developed by Lau et al. [11], and the
joint structure is shown in Fig. 1(a). A continuum manipulator for
laparoscopic surgery using hinge joints was developed by Wang
et al. [12], as shown in Fig. 1(b). The “Viacath” system is designed
for transluminal endoscopic surgery [13], which also uses hinge
joints. The diameter of the manipulator is only 7.2 mm. To in-
crease the load capacity, a continuum manipulator with rolling
joints was developed by Suh et al. [14], and the joint structure
is shown in Fig. 1(c). A continuum manipulator for bone drilling
under a curved approach was developed by Alambeigi et al. [15].
The joint structure is shown in Fig. 1(d). The manipulator is
machined from a Nitinol tube with a rectangular cut. As shown in
Fig. 1(e), a spherical joint continuum manipulator was developed
by Lu et al. and an efficient inverse kinematics algorithm was
designed [16,17]. The manipulator has poor torsional stiffness.
As Fig. 1 shows, the above joint structures have the same char-
acteristics. The driving wire passes through the sidewall of each
joint in turn, and the tension of the driving wire between adjacent
joints determines the maximum load capacity of the manipulator.
To obtain higher manipulator load capacity while meeting the
diameter constraints of transluminal endoscopic surgery, Hwang
et al. proposed a strong continuum manipulator [18]. However,
the manipulator still uses hinge joints, and the friction analysis
between joints cannot be avoided.

Among the traditional drive wire arrangements, the rolling
joint has the best load capacity compared to other joint forms.
The load capacity of the manipulator can be further increased
by using a stay cable. The manipulator of the hinged joint has
better torsional stiffness than the guided disc joint [19]. How-
ever, due to the uneven distribution of friction between ad-
jacent joints in the manipulator of the hinge joint or rolling
joint, it is difficult to accurately model the friction of each joint
under underactuated conditions [20]. To overcome this prob-
lem, Li et al. developed a continuum manipulator with each
joint independently driven [21]. However, it is challenging to
deploy a complex tendon-sheath mechanism within the lim-
ited size of the manipulator. The notched tube joint does not
need to consider the friction between joints, which provides
convenience for modeling and has better torsional stiffness [22].
Du et al. designed a notched tube manipulator [23,24], using
Timoshenko beam theory to model the manipulator, which has
higher modeling accuracy than the piecewise constant curva-
ture assumption, but the manipulator has only one DoF. Zhang
et al. designed a compound continuum manipulator for minimally
invasive surgery [25], the manipulator combines the concentric
tube structure with the notched tube structure to improve the

load capacity. Wang et al. designed a manipulator for throat
surgery [26,27], and the small deformation cantilever beam the-
ory was used to establish the kinematics. However, the ma-
nipulator uses a double-layer structure, making it difficult to
miniaturize.

According to the comprehensive analysis of the above liter-
ature, the manipulator used for transluminal endoscopic surgery
needs to satisfy the following requirements [28,29]: (1) The diam-
eter of the manipulator should be small enough to pass through
the instrument channel of the endoscope. (2) The manipulator
should have sufficient load capacity and dexterity to complete
surgical operations such as lifting and cutting. (3) The manipula-
tor should have a simple mechanism and can carry out accurate
modeling for control. To meet the needs of transluminal endo-
scopic surgery, this paper proposed a cable-stayed notch manip-
ulator. The main contributions of this paper can be summarized
as follows:

¢ A continuum manipulator that can be accurately modeled
and has a large load capacity is proposed. The manipulator is
machined with a Nitinol tube cut, which has better torsional
stiffness than the disc joint. The elastic beam of the notched tube
replaces the hinge joint or the spherical joint, which avoids the
friction analysis between the joints and lays the foundation for
the accurate kinematic modeling of the manipulator. The stay
cable is used to drive the manipulator, which enhances the load
capacity of the manipulator.

# A driving force coupling kinematic model of the manipulator
is established based on the CEIS. Based on the force applied by
the stay cable to the manipulator, the transmission of forces and
moments on the manipulator is analyzed. Using the CEIS, the
bending angles of elastic beams under force and moment are
obtained. The kinematics from driving space to joint space is
formed. According to the bending angle of each elastic beam,
the geometric analysis method is applied to further obtain the
position of the manipulator. The kinematics from joint space to
the Cartesian spaces is formed.

& A prototype was built to verify the kinematic model and
load capacity of the manipulator. The kinematics verification
experiment shows that the maximum error of the manipulator
movement is less than 5%, which can meet the requirements
of engineering applications. The load capacity experiment shows
that the maximum load of the manipulator can reach 400 g.

2. Materials and methods
2.1. Design description

As shown in Fig. 2(a), the outer diameter of the continuum
manipulator for endoscopic surgery proposed in this paper is only

3.5 mm in outer diameter and 28 mm in length. The inside of the
manipulator is a hollow structure with a diameter of 2 mm, which
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Fig. 2. Model and prototype of the continuum manipulator. (a) Manipulator size, (b) Unbent state of the continuum manipulator, (c) Bending state of the continuum

manipulator.

can allow the passage of surgical instruments such as clamps and
electric knives.

As shown in Fig. 2(b), The manipulator contains two DoFs,
bending and rotation. The manipulator is driven by a pair of
antagonistic driving wires, one end of the driving wire is fixed
at the end joint of the manipulator, and the other end of the
driving wire is connected to the driving mechanism through the
hole of the base joint. The active driving wire overcomes the
elastic force of the elastic beam to bend the manipulator. After
the active driving wire is slackened, the manipulator cannot fully
return to its initial position, and the passive driving wire is used
to correct the manipulator. The diameter of the hole on the end
joint and the base joint of the manipulator is 0.5 mm, and the
diameter of the driving wire is 0.3 mm. As shown in Fig. 1(b),
there are grooves on both sides of the manipulator on the axis
of the driving wire hole. When the manipulator is not bent, the
driving wire can be hidden in the groove, and the manipulator
can pass through the instrument channel of the endoscope. When
the manipulator is bent, the active driving wire is released from
the groove to form a cable-stayed mechanism. The cable-stayed
mechanism can significantly improve the load capacity of the
manipulator.

Nitinol is widely used in the processing of medical devices due
to its good biocompatibility and superelasticity [30]. The cable-
stayed notch manipulator is also made of Nitinol. Square grooves
are cut on the Nitinol tube by an Electrical Discharge Machining
(EDM), and the manipulator is divided into two parts: a rigid joint
and an elastic beam. The depth of the square cut is 1.6 mm, and
the depth of the square cut determines the stiffness of the elastic
beam. To facilitate the processing of the manipulator, the height
of the rigid joint and the elastic beam are both 2 mm. Driving
wire grooves and holes are machined by EDM drilling. The width
of the grooves is 0.5 mm and the depth of the grooves is 0.38 mm.
Compared with the previous notch continuum manipulator, the
machining of grooves is easier than the machining of fine and
deep holes [31].

2.2. Kinematic analysis of a cable-stayed notch manipulator

The manipulator is divided into rigid joints and elastic beams,
and the bending of the manipulator is realized by the cumulative
bending of the elastic beam. The bending of the elastic beam is
caused by the force and moment on the end of the manipulator,
so the kinematics and mechanical models of the manipulator are

coupled. In this chapter, the bending angle of the elastic beam
is obtained by analyzing the transmission of force and moment,
and the kinematics from the driving space to the joint space is
formed. According to the bending angle of each elastic beam, the
geometric analysis is applied to establish the kinematics from
joint space to Cartesian space. Finally, the complete kinematics
is established.

Compared with the traditional driving wire arrangement, the
driving wire of the cable-stayed manipulator only exerts the
pulling force on the end joint of the manipulator. The bending of
the elastic beam is achieved by the force and moment transmitted
from the end of the manipulator. The driving wire has no contact
with the middle joint of the manipulator, and the relative sliding
only exists between the driving wire and the hole of the base
joint, which simplifies the friction analysis of the manipulator.
Therefore, the controller of the continuum manipulator can be
established by the mechanical model.

To realize the kinematic modeling of the cable-stayed notch
manipulator, reasonable assumptions need to be made for the
manipulator:

(1) When the manipulator is bent, the length of the elas-
tic beam does not change, only bending deformation occurs.
The bending of the elastic beam can be regarded as a constant
curvature, and the rigid joint does not deform.

(2) When the manipulator is bent, the passive driving wire
does not generate friction and driving force on the manipulator.

(3) The bending stiffness of the driving wire is not considered
when the manipulator is bent. The gap between the active driving
wire and the threading hole is negligible.

(4) A quasi-static equilibrium state can be achieved under the
action of friction, and the friction is equal to the maximum static
friction.

2.2.1. The deflection of the elastic beam under force and moment
The bending angle of the elastic beam under force and mo-
ment is related to the stiffness of the elastic beam. The bending
stiffness of an elastic beam can be expressed as K=EI, where E
is the elastic modulus and I is the moment of inertia. E is the
same everywhere in the homogeneous Nitinol tube. As shown in
Fig. 3, a coordinate system is established to analyze the moment
of inertia of the elastic beam. According to the bending direction
of the elastic beam, the z-axis is the neutral axis of the moment of
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Fig. 3. Elastic beam of the notch manipulator. (a) Structural parameters of the elastic beam, (b) Moment of inertia of elastic beam.

inertia. From the definition of the moment of inertia, the moment
of inertia of the elastic beam can be expressed as Eq. (1).

L = / y*dA
s —arccos(h/2r)
/arccos(h/Zr)

/2
=4/ (r cos p)*(v/R? — r2 cos? ¢ — rsin @)r sin pdg
arccos(h/2r)

2(r cos ¢)*(v/R? — 12 cos? ¢ — 1 sin @)r sin pdy

(1)
where A is the critical area of the element, and ¢ represents the
angle between the microelement and the y-axis. As shown in
Fig. 3(a), h is the thickness of the elastic beam, L is the length
of the elastic beam. r is he inner radius and R is the outer radius
of the manipulator.

To analyze the bending situation of the manipulator, the force
analysis of a single elastic beam is carried out first. The elastic
beam of the manipulator can be considered as a cantilever beam
subjected to the combined action of force and moment. As shown
in Fig. 4, (Xi p, Vi b, Zi p) a0d (X; ¢, Vi e, Zi e) represent the base co-
ordinate system and the end coordinate system of the ith elastic
beam, respectively. F; and M; represent the force and moment
applied at the end of the elastic beam. When the manipulator is
bent, g; and b; are the coordinates in the x; , and y; ; directions,
respectively. ; is the angle between F; and x; p-axis. 6; is the angle
of the elastic beam after bending. According to the given forces
and boundary conditions, the deflection problem of the elastic
beam can be solved by the elliptic integration method [32]. The
deflection of the elastic beam under the force F; can be solved by
Eq. (2).

F"LZ—F 2, k) — F(O, k 2
ETZ_(H/’()_(’() (2)

where
4 do
Ry = [
0 /1 —k?sin*(9)
. 0+ OF 3)
k = sin ———

® = asin(sin(«;/2)/k)

where F(y, k) is the elliptic integral of the first kind, and Eq. (2)
can be solved with the “fsolve” function in Matlab. 6 is the
deflection angle of the elastic beam under the action of the force
F;. Under the combined effort of force and moment, the deflection
angle of the elastic beam can be expressed as Eq. (4).

M;L

b= t0 (4)

l /
Vi
6,
i_e
A
A M, Vio
a;
L
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Fl
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‘_ bl —»
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v A 4

Fig. 4. Deformation analysis of elastic beam.

According to Assumption (1), the bending of the elastic beam can
be regarded as an arc of constant curvature, and the deflection
displacement of the elastic beam can be expressed by Eq. (5).

a; = Lsin(@,»)/&,- 5
{bi = L(] — COS(Q,’))/Q,’ ( )
2.2.2. The kinematics from driving space to joint space

To analyze the force of each elastic beam on the manipulator,
the coordinate system shown in Fig. 5 is established. The manip-
ulator has n elastic beams, the one near the base is defined as
the first, and the elastic beam near the end of the manipulator is
defined as the n-th one. A local coordinate system is established
at both ends of each elastic beam, the coordinate system at the
base of the elastic beam is defined as (x;p, yip, zip ) and the
coordinate system at the end of the elastic beam is defined as
(Xies Yier Zie)

As shown in Fig. 5, a represents the action point of the driving
wire on the manipulator, and b represents the point where the
driving wire passes through the base of the manipulator. F; rep-
resents the pulling force applied to the manipulator. F,, represents
the pulling force of the driving wire, and the friction between
the driving wire and base joint is equal to F, - F;. The force and
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Fig. 5. Force analysis of elastic beams.

moment applied to the n-th elastic beam can be expressed by
Eq. (6).

"PF. = F"ey

n_bM — "-bF[ x n_bon en_bb

(6)

Where "-PF, represents the pulling force vector of the driving
wire in the coordinate system (X, p, Yn b» Znp), "2€pq Tepresents
the unit vector of ba in the coordinate system (X, p, Yn b, Znb),
n-bp illustrates the point b in the coordinate system (X, p, Vn b,
Zn ), and "Po, , represent the origin of coordinate system (x, e,
Yn_e» Zn_e )in the coordinate system(X, p, Yn_b, Zn_b). In the defini-
tion of the coordinate system, the letter “n” in the corner mark
indicates the serial number of the elastic joint. A corner mark
“n_b” represent the start point of the coordinate system defined
at the elastic joint. Similarly, a corner mark “n_e” indicate that
the coordinate system is defined at the end of an elastic joint.
The upper left subscript of the symbol indicates the reference
coordinate system, the other symbols in this paper have the same
expression.

According to Assumption 1, the elastic beam can be considered
an arc of constant curvature. The bending angle of the ith elastic
beam is 6;, then the homogeneous transformation matrix from
(Xn_e» Yn_e» Zn_e) t0 (Xn_b, Yn_b» Zn_p) €an be expressed as Eq. (7).

cos, —sinf, 0 ay
b sin6, cos6, O by
b — 7
n-e 0 0 1 0 @)
0 0 0 1

The distance from the driving wire hole to the axis of the manip-
ulator is d. Point b and "-0,,, can be easily obtained by geometric
analysis.

"“p=[0 d 0]
e (8)
“0og =[0 0 O]

Then the point ™?b and "o, . can be expressed as Eq. (9)
n,bb — n,an,eb
n_b "i‘n brn_e (9)
“0ne =T 00rg

The rigid joints of the manipulator cannot bend and compress and
can be regarded as extensions along the tangential direction of
the elastic beam. Starting from the coordinate system (xq ,, y1 ,,
z1,), the adjacent elastic beams and rigid joints are regarded as
a unit. Through geometric analysis, The homogeneous transfor-
mation matrix from (x; p, ¥i b, Zi b) t0 (Xi+1 ;s Vi+1 4 Zit1,) €an be
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Fig. 6. Analysis of friction between the driving wire and joint.

expressed as Eq. (10).

cosf; sinf; 0O —(a;+ tcosb;)
,'J?_lb_bT _ |- sinf; cos®; 0 —(b;+tsinb;) (10)
0 0 1 0
0 0 0 1

The vector '-Pa can be obtained by geometric analysis, and the
expression of the vector "-Pa can be obtained by Eq. (11)

n_b n_b
a=,_1,T--

3 bg2_bplb
T T @ (11)
Using the positions of point "-’a and point ™’h, the unit vector
"-be,, in the coordinate system (X, p, Yn_p, Zn_p) Can be expressed
as Eq. (12).

n,ba _ n,bb

n_beba = |n_ba _ n_bb|

(12)
So far, the complete expression of Eq. (6) has been obtained.
The forces and moments applied to the elastic beam in the
middle of the manipulator have similar expressions. The force
and moment applied to the ith elastic beam can be expressed as

Eq. (13).
i’th = Fti’beba 13
LbM — i,th X Lboi,eifbb ( )

The expression of “Pa, “’h and "0, in the base coordinate
system of the ith elastic beam can be obtained by Eq. (14).
Ca it T T
T...7,PT"h (14)

ibp _ ib
b= i+1_b
i_bi
0, = ,'_eTLeoorg

iib

Where iljb_bT represent the homogeneous transformation matrix
from (Xis1_p, Yit1_bs Zi+1.6) 1O (Xib, Vi b, Zip), and the =", T can be
expressed as Eq. (15)

cos@; —sinfG; 0 (a;+ tcos6;)
b sinf; cos6; 0 (b;+ tsin6;
Hzl,bT — 0 1 0 1 1 ( 1 0 l) (-15)
0 0 0 1

As shown in Fig. 6, The driving wire and the base joint can
be regarded as entanglement, and the friction between them can
be described by the belt friction model [33]. The relationship
between the input force of the driving wire F, and the pulling
force applied on the manipulator F; can be expressed by Eq. (16).

F = Fpe™ ¢ (16)

where u is the friction coefficient between the driving wire and
the base joint, and ¢ represents the angle between the force
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applied on the manipulator F; and x; p-axis. The angle ¢ can be
expressed by Eq. (17).

LbaLbb

¢ =cos”'("e- |1-bal-bp|

) (17)
Where -Pe, is the unit vector on x; 1, axis.

The bending angle of the elastic beam can be solved by the
numerical iterative method. As shown in Fig. 7, the design param-
eters of the notch manipulator and the pulling force are already
given. Before the iterative process starts, the initial bending angle
of the elastic beam needs to be given first. Substituting the
given initial bending angle and deflection distance into Eq. (7)
to Egs. (11) and (14), the corresponding transformation matrix
and vector can be obtained. Further, according to Egs. (6) and
(13), the force and moment applied to each elastic beam of
the manipulator can be obtained. The new bending angle and
deflection displacement of the elastic beam can be obtained using
Eq. (4). Judging whether the bending angle of the elastic beam
has converged by comparing the new bending angle with the last
bending angle. The iteration stops if the bending angle already
meets the accuracy requirements. Otherwise, the iteration contin-
ues with the new bending angle. Although the calculation process
of the method proposed in this paper has been illustrated in Fig. 7.
A more detailed calculation process is given by Algorithm (1).

Algorithm 1: Manipulator bending angle solver
Initialize the parameters: manipulator mechanical parameters
Initialize the parameters: F,, Maxgen, err /* Maxgen: Max iteration; err: Fitness err’/
Initialize the parameters: a;, b;, 6; /* Initial state of manipulator®/
for t = 1: Maxgen do [*iteration number: t*/
Calculate F; using Eq. (16) and Eq. (17)
Calculate “Pa, “b using Eq. (14)
Calculate =, , T, """ T using Eq. (10) and Eq. (15)
Calculate “?M, “PF using Eq. (13)
Update the bending angle of elastic beam using Eq. (4) of "0,
Update the deflection distance using Eq. (5) of "™"a;, "*"b;
Calculate err = ""6; — 6;
if err < 1e — 03 then
Bending angle of elastic beam 6; = ",
deflection distance a; = "*"q;, b; = ""b;
break
else

Bending angle of elastic beam 6; = ",
deflection distance a; = "*"a;, b; = "*"b;
iteration number t =t + 1
end if
end for

2.2.3. The kinematics from joint space to cartesian space

Unlike traditional rigid link robots, it is difficult to describe
the motion of the notch manipulator proposed in this paper
using only link lengths and joint angles. As shown in Fig. 8,
the Cartesian coordinate system is established at the base of the
manipulator. Considering the overall rotation of the manipulator,
the coordinate transformation from the base coordinate system of
the manipulator to the Cartesian fixed coordinate system can be
achieved by the following process: (1) The manipulator rotates
angle @ counterclockwise around the x;— axis, (2) The manip-
ulator rotates the angle 7 /2 counterclockwise around the y;—
axis. The coordinate transformation matrix can be expressed as
Eq. (18)

0 sing cos® 0

o _ | 0 cos® —sin® 0O

T=1_1 o 0 0 (18)
0 0 0 1
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The combination of elastic beam and rigid joint can be re-
garded as a unit. When the elastic beam is bent, the link moves
along the y;— axis for a distance L(1-cos(6;))/ 6;+tsin(6;), along the
x;— axis for a distance Lsin(6;)/ 6;+tcos(6;). 6; is the bending angle,
which has been obtained by numerical iteration.

cosf; —sinf; O Lsin(6;)/0; + t cos 6;
; sing; cosf; 0 L(1— cos(6;))/6; + tsinb;
i = , 1
0 0 1 0
0 0 0 1

(19)

The kinematics of the manipulator from joint space to Cartesian
space can be expressed as Eq. (20)

oT =T33 g T T T (20)
2.3. Prototype and experimental verification

The control accuracy and load capacity of the manipulator are
the keys to endoscopic surgery and are also the main difficulties
in the development of miniature manipulators. In this paper, the
kinematics from driving space to joint space and the kinematics
from joint space to Cartesian space are respectively verified by
two experiments. Finally, the load capacity of the manipulator is
proved by the weightlifting experiment.

2.3.1. Experiment of elastic beam bending

According to the method proposed in this paper, the bending
angle of the elastic beam can be obtained by numerical itera-
tion with the driving force. To verify the effectiveness of the
method, an experimental setup as shown in Fig. 9 was estab-
lished. The continuum manipulator was fixed to the bench by
a 3D-printed bracket. The driving wire of the continuum ma-
nipulator was connected to the weight around the guide wheel.
The camera (MV-CE100-30GM, Hikvision, China, distinguishabil-
ity: 3840 x 2748) perpendicular to the motion plane of the
manipulator was used to capture the bending of the elastic beam.

The actual bending angle of the elastic beam was obtained
from the image captured by the camera. The reference bending
angle of the elastic beam was calculated by simulation. All cal-
culations were performed on a computer equipped with an Intel
Core i7 CPU at 3.9 GHz and 16 GB of RAM. The initial conditions
and design parameters of the manipulator are summarized in
Table 1.

2.4. Manipulator kinematic model validation

To verify the kinematics of the manipulator from the driving
space to the working space, the experimental setup shown in
Fig. 10 was built. The continuum manipulator was fixed to the
front of the drive unit. The driving wire of the manipulator was
guided by the pulley and then connected to the slider. The slider
was driven by the nut screw pair, and a tension sensor with a
range of 5N was installed between the slider and the nut to mea-
sure the tension of the driving wire. A DC servo motor (DCX19S
from Maxon Group) was connected to the screw to generate the
pulling force. The motor was driven by the digital controller (G-
SOLTWI6/100EEO1from Elmo Group), and the digital controller
was connected to an industrial computer (C6920 from Beckhoff
Group) by the EtherCAT bus. The signal of the tension sensor was
processed by the transmitter to form a standard voltage signal,
and the voltage signal was collected by the industrial computer
through the AD converter (EL3164 from Beckhoff Group). The
position and posture of the manipulator were measured by the
electromagnetic tracking system (Resolution:0.001 mm, VIPER
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Table 1
Parameters Value | Parameters Value
Thickness of Elastic beam 0.30 mm Length of rigid joint 2.00 mm
Length of Elastic beam 2.00 mm Weight mass 0.25 kg
Inner diameter of manipulator 1.00 mm Initial bending angle of elastic beam 4°
Outer diameter of manipulator 1.75 mm Initial coordinate of each elastic beam in x;-axis 1.90 mm
Young modulus 43.00 Gpa Initial coordinate of each elastic beam in y;-axis 0.10 mm
Number of elastic beams 7 Friction coefficient 0.2

v

Calculate F,“ a, “*b, ,-5T, 4T <

v

Given the design
parameters of the

Calculate -°"M, “°F

notched manipulator

v

+ Calculate new a, b, 6,
use Eq.(4)

Input pulling force F,

Use the new a, b, 6,
iterate

v

Given a initial state a, b, 6,

Is the accuracy
meet the requirements

Get the bending angle of 6,
and deflection distance a, b,

Fig. 7. Iterative calculation process of manipulator bending angle.

Fig. 8. Kinematics from joint space to Cartesian space.

4, Polhemus Ltd.). The electromagnetic (EM) sensor (diameter:
0.8 mm) was mounted on the end of the manipulator via a
3D-printed bracket. An EM source was placed in the front of
the manipulator to ensure that the sensor was within detection
range. PC connected to EM tracking controller via USB for data
acquisition. The position and posture of the manipulator were
recorded every time the pulling force increased by 50 g until
the maximum pulling force reached 350 g. The experimental
process was repeated five times, and the average value of the
experimental data was taken as the final experimental result.

2.4.1. Manipulator load capacity and stiffness test

To verify the load capacity and stiffness of the manipulator, the
performance was verified using the experimental device shown
in Fig. 11. The load capacity test of the manipulator needed to
simulate a real surgical scene, so a sheath of surgical forceps

%523
Manipulator

' ¥

Fig. 9. Experimental setup for the elastic beam bending angle.

was passed through the instrument channel. The position of the
manipulator without payload was considered as the initial value.
As the payload on the manipulator was gradually increased to
400 g, the position of the manipulator was recorded by the EM
sensor. The same operation was then repeated with the bending
angle of 30°, 45°, 60°, 75°, and 90°, respectively.

3. Results
3.1. Results of elastic beam bending

The experimental results of the elastic beam driven by the
0.25 kg weight are shown in Fig. 12(a). The experimental results
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Fig. 10. Manipulator kinematics verification experimental setup.
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Fig. 11. Experiment setup for manipulator load capacity and stiffness test.

of the elastic beam bending angle have the same distribution as
the simulation. The distribution law of the elastic beam bending
angle is that the middle is large, and the ends are small. The
common assumption that the continuum manipulator has the
same bending angle of each elastic beam does not apply to the
cable-stayed notch manipulator. The max error of the bending
angle occurs at the second elastic beam, about 0.15°. The variance
between the experimental results and the simulation results is
0.008°. The smaller variance indicates that the method proposed
in this paper can better describe the bending of the elastic beam.
The iterative process of the elastic beam bending angle is shown
in Fig. 12(b). Although the bending angle fluctuates during the
iteration, most angles can reach convergence in the fourth gener-
ation. The iterative calculation can be done for all bending angles
in the sixth generation. The method proposed in this paper has a
faster computing speed.

3.2. Manipulator kinematic model validation

Fig. 13(a) is the experimental result of the bending angle of the
manipulator. As the driving force increases, the bending angle and

the angle-changing speed of the manipulator gradually increase.
This means less tension is required per unit bending angle as
the bending angle increases. The maximum error between experi-
mental and simulated values is 3.2°, which is negligible relative to
the overall bending of the manipulator. Because the EM tracking
sensor is attached to the manipulator through the bracket, the
experiment value of the manipulator position includes the length
of the bracket, and the length of the bracket is 15 mm. To facilitate
the comparison of experimental and simulated values, the length
of the bracket is also included in the simulated value.

The experimental results of the manipulator position are
shown in Fig. 13(a). The maximum error between the exper-
iment value and simulation value on the y-axis and z-axis is
0.85 mm and 1.52 mm, respectively. Compared to the length of
the manipulator, the error rate is less than 5%, which is generally
acceptable in engineering applications. The excellent agreement
between the experimental value and the simulation value proves
the correctness of the kinematics. From Fig. 13(a), it is known that
the changing speed of the manipulator bending angle increases
with the pulling force. Therefore, in Fig. 13(b), the changing
speed of the manipulator position is also gradually increased.
Although the experimental and simulated values are in good
agreement, there are still errors. The primary sources of errors
are the measurement errors of the EM tracking sensor and the
manufacturing errors of the manipulator.

3.3. Manipulator load capacity and stiffness test

It can be seen from Fig. 14 that the cable-stayed notch manip-
ulator proposed in this paper shows a good load capacity. When
the payload is less than 100 g, the deflection of the manipulator
is commonly less than 5 mm. When the payload of the manip-
ulator reaches 400 g, its maximum deflection does not exceed
23 mm. As shown in Fig. 14, the deflection of the manipulator
is mainly due to the reverse bending of the elastic beam near
the base. The reverse bending of the elastic beam is caused by
the combined effect of the payload and the pulling force of the
driving wire. As the bending angle of the manipulator gradually
increases, the smaller the moment of the payload to the elastic
beam near the base, the greater the stiffness of the manipulator.
It can be seen from Fig. 14 that the stiffness of the manipulator
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of the manipulator position.

gradually increases with the increase of the bending angle. Based
on the forces and moments experienced by the elastic beam,
the load capacity of the manipulator can be further improved by
optimizing the elastic beam stiffness.

4. Conclusions

This paper proposes a cable-stayed notch continuum manipu-
lator for transluminal endoscopic surgery. Since the position and
posture of the manipulator are coupled with the pulling force of
the driving wire. The bending angle of the elastic beam under
the action of force and moment is obtained based on CEIS. The
transformation of force and moment between adjacent joints is
obtained through coordinate transformation. The bending angle
of the elastic beam is obtained by the iterative solution, and then
the kinematics from driving space to joint space is obtained. The
position and posture of the manipulator are obtained through
the bending angle of the elastic beam, and the kinematics from
the driving space to the Cartesian space is formed. The elastic
beam bending experiment proves that the solution from the drive
space to the joint space can be solved by the iterative method
proposed in this paper. Manipulator kinematic experiment shows
that the kinematics model can accurately describe the motion of
the manipulator. The load capacity experiment proves that the
cable-stayed notch manipulator has an excellent load capacity.
The maximum load of the manipulator can reach 400 g. To the

25 . . .
3
—%— 30°
20 L I 450
——%— 60° i
o —8— 75°
E 15F —g—90°
S
3
2 10¢
[0
a

200
Weight (g)
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Fig. 14. Deflection of manipulator with different bending angle and payload.

best of our knowledge, the resultant payload was larger than any
previously reported payload.

In future work, the structural optimization, inverse kinematics,
and variable stiffness of the manipulator will be carried out based
on the CEIS.
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