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Design and Evaluation of a Novel
Rotatable One-Element Snake
Bone for NOTES

The distal head of the natural orifice transluminal endoscopic surgery (NOTES) platform
commonly uses the structure of a snake bone, which cannot rotate, and the manufacturing
is often time-consuming. A novel rotatable, one-element snake bone for NOTES is pro-
posed. This paper first describes the movement mechanism and actuation. The new struc-
ture, which is composed of hinge pairs for bending and track-sled rings for rotation, was

designed to reach a 90 deg bending angle and 62 deg rotational angle. The workspace of

the snake bone was derived using screw theory and was simulated on maTLAB. The rela-
tionship between the angle and wire displacement was analyzed in detail. The new snake
bone system bent and rotated by manipulating control wires that were actuated by DC
motors, and its angular movements were measured by motion sensors with an angle error
within £2.6 deg. The snake bone was mounted on a flexible tube, inserted into a colono-
scopy model, and navigated by motor actuation to eventually reach the cecum. The exper-
imental results demonstrate the new snake bone’s ability to travel through a natural
orifice by rotating and bending, which satisfies the mobility requirement for NOTES.
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1 Introduction

Natural orifice transluminal endoscopic surgery (NOTES)
developed out of a merger of endoscopy and surgery [1]. NOTES
offers the advantages of avoiding external incisions and scars,
reducing pain, decreasing the amount of anesthesia required, and
shortening the recovery time by using natural body orifices as the
primary portals of entry for surgeries [2]. The NOTES platform
consists of a flexible, hollow body, which enables travel in the
interior of the human body, and a distal end (head). After the dis-
tal end passes through a natural orifice, such as a transluminal
opening of the stomach, vagina, bladder, or colon, and reaches the
target working place in the peritoneal cavity, several therapeutic
and imaging tools can be passed through the hollow conduit of the
NOTES body for use during surgery [3]. The position of the thera-
peutic and imaging tools is set by controlling the bending
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movement of the distal end, the mechanical structure of which is
based on a snake bone.

Recently, there has been a focus on using the snake bone as an
inspiration for the NOTES structure [4], the advantages of which
include flexibility, safety, dexterity, and potential for minimiza-
tion [5]. Driven by steel cables [6], shape-memory alloy [7], flu-
idic actuation [8], or embedded servo motors [9], the snake bone
mainly consists of multiple links, such as articulated joints [10,11]
or spring-like structures [12]. However, these prior snake bone
designs present two major limitations. First, the movement is con-
strained to two bending degrees-of-freedom (DOF), which yield a
limited workspace that restricts the function of NOTES. The re-
orientation of NOTES tools of these older designs often requires
the entire flexible body to be rotated by the physician. This
unwieldly manipulation results in decreased ease-of-use and
imprecise control and can negatively impact the health of the phy-
sician; musculoskeletal injuries are highly correlated with high
surgical procedure volume [13]. Second, the fabrication process is
tedious and therefore tends to have higher manufacturing costs.
For example, the bending joints in the articulated distal section
must be first individually machined and then assembled together
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piece-by-piece using rotation pins. Furthermore, the workspace of
the distal end directly impacts the accuracy of the control of the
instrument’s manipulations. Shen et al. [10] described the position
and workspace of the distal end with the Denavit—Hartenberg con-
vention. However, building a model using the Denavit—
Hartenberg convention is complicated [14] and time-consuming,
and it could have an insignificant solution. On the other hand,
Weng et al. [15] designed a kinematic model for a snake-like
robot using the screw theory, the derivation of which is simple;
however, the resultant structure is complicated.

To overcome the drawbacks of the current designs, we propose
a novel design for the snake bone that introduces an additional
DOF via rotating the distal end rather than the entire body. The
revised snake bone design features rotation segments that are con-
trolled by wires that a physician can manipulate for increased con-
trol. Since the surgical tools are also installed in the snake bone
structure, the rotating function increases the tool’s mobility and
operability. This presents the potential to decrease both the num-
ber of required tools and the overall diameter of the NOTES body.
The body is machined as a single element and therefore minimizes
the work of assembly. To precisely control the distal end in real
time, we build the snake bone model through screw theory, which
is capable of fast solutions and presents the calculations of the
workspace and the relation between the control wire displacement
and angle. The experimental results validated the performance of
the snake bone.

2 Methods

2.1 Design Requirements. The material of the snake bone
must have a certain strength to withstand the stresses created by
the forces exerted on the control wires. The outer diameter of a
snake bone that is capable of mounting two instrument channels
should be approximately 12 mm (e.g., GIF-2TH180, OLYMPUS,
Tokyo, Japan). The angle of the bending movement driven with
two pairs of wires should come up to 90 deg in four directions: up,
down, left, and right. To increase the workspace of the surgical
instruments and decrease the manipulation of the rotation, the

The top view of
the snake bone

bending <

+y -y

snake bone must add another rotational degree-of-freedom, which
can be actuated by a pair of wires such that the entire range of
rotational motion sums up to approximately 60 deg. The structure
also consists of articulated joints, in which rivets do not fix adja-
cent links, and thus, the manufacturing of the snake bone is not
time-consuming.

2.2 Design and Prototyping. The new snake bone design
(Fig. 1) is explained in sections of movement mechanism and
actuation.

2.2.1 Design of Bending and Rotation Mechanism. The rotat-
able one-element snake bone was machined from a single stainless
steel tube 11.8 mm in outer diameter, 0.4 mm in thickness, and
125.8 mm in length. The various cuts formed hinge pairs for bend-
ing (1) and track-sled rings for rotation (2) (as shown in Fig. 1).
The bending pair consists of a female hinge (3) and a male hinge
(4), the rotation of which yields a bending of 15 deg per pair. Fig-
ure 2 shows the schematic diagram of bending 0 between the
female hinge and male hinge. To avoid segments disconnecting
during bending, the square pivot (5) was introduced to both sides
of the bending pair to provide stability.

The entire snake bone consists of six identical rotatable bending
units (as shown in the magnified viewing area of Fig. 1), one prox-
imal unit (6), and one distal unit (7). The rotational feature is com-
posed of stacks of rings, 31 in total, with each ring a series of
tracks (female) (8) and sleds (male) (9) around the body circum-
ference, which yields a rotation of 2 deg per ring. Figure 3 shows
the schematic diagram of rotating ¢ between the track and sled.
To avoid risking the disconnection of segments during rotation,
the number of track-sled pairs around a ring was increased,
thereby decreasing the slippage between segments.

The angular displacements of each of the hinge pairs and track-
sled rings sum to a designed total of 90 deg of body bending angle
and 62 deg of body rotation angle, respectively.

2.2.2  Analysis. The workspace of snake-like bone was mod-
eled using screw theory. We first introduce the bending movement

Fig. 1 The design of the rotatable one-element snake bone: one segment consists of pairs of
bending hinges and a rotational section of track-sled rings
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(a)

(b)

Fig.2 Schematic diagram of the bending angle 6 between the female hinge and male hinge: (a)
original and (b) bending 0 status of the adjacent links

Fig.3 Schematic diagram of the rotating angle é between the track and sled

of hinge pairs. According to screw theory, ifg(0) represents the ini-
tial configuration of the tip of the female hinge with respect to coor-
dinate S, then the final configuration generated by rotating about a
fixed axis with respect to the same coordinate S is given by

2(0) = ¢“%g(0) )

50 _ ege (I —e”)(w ><1v) + ow’vo) Cw£0 Q)

In Eq. (1), e’ is a mapping from the initial position g(0) to the
next position g(f) after rotating by an angle 6. In Eq. (2),
¢! =1+ @ sind + &*(1 — cosh), w € R, ||| = 1, is the axis of
rotation; 0 is the angle of rotation; and v = —w X ¢, g € R3isa
point on the axis. Note that @ can be calculated using the follow-
ing formula:

0 —3 (00))
o= w3 0 —o |, ifw=(w;0;n;) 3)
—y 1 0

By using Egs. (1)—(3), we can obtain the final position of the tip
of the female hinge, after it has bent a certain angle 0 about the
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axis located in the center of the articulated joints between the
female hinge and male hinge.

This paper assumes that the center of the base of the snake bone
is the origin of the reference coordinate system. As mentioned ear-
lier, the snake bone is composed of six rotatable bending units,
and thus, the final position of the tip of the snake bone (TSB) can
be found by

gsr(e) — e&136629e£398649e£596569g8t(0) 4)

where each pair of hinges bends to an angle 0 in one direction
without rotation, and gy (0) is the initial position of TSB.

The calculation is similar in other orthogonal directions. The
values of  that are parallel to the y-axis for six articulated joints
are [0;1;0], i.e., the orthogonal six axes parallel with the x-axis
are [1;0;0].

Table 1 lists the values of g (0) and ¢, points on the six axes
parallel with the y-axis.

Using Egs. (1)—(4), when each bending pair yields a bend of
15deg, the final coordinate gq(0) of the TSB is [78.8852, 0,
73.0852] relative to the reference coordinate system. To calculate
the angle of bending, «, another final position, g« (0), of point
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Table 1 Points on the six axes parallel to the y-axis

Points X y z

8st(0) 0 0 125.8
Q1 0 0 19.0
) 0 0 35.4
q3 0 0 51.8
q4 0 0 68.2
qs 0 0 84.6
qs 0 0 101.0

2« (0) (i.e., [0, 0, 110]) below the tip must be calculated with the
same method. The angle can be found through the law of cosines

(gst( ) — gst’(e))
|g§l( ) gsl’(0)|

Cosa =

(&)
IK|

where k is the unit vector in the z positive direction; then, oo = 90.

Thus, the maximum angle of bending meets the design requirement.
Next, adding another DOF of bending to the y direction, with

® = [1;0; 0], the final position of the tip can be obtained as follows:

gsl(e) — efy] 0, ein 0’\'66)20/\ eirZOyef)soA eéﬂoveéy-"o.\ eémoygfyso,\ ecfrsoy

eulhetilig (0) ©)

0, &40y

where %% and %% (i =1,2,3,4,5,6) are, respectively, the
exponential of twist about the six axes parallel with the y-axis and
x-axis; 0, and 0y are the bending angles of each of the hinge pairs
toward the x- and y-directions, respectively.

To simulate the real position of TSB, the rotation of stacks of
rings, composed of tracks (female) (8) and sleds (male) (9), must
be added. As mentioned above, 31 rings form the rotatable fea-
ture, and thus, the final formula after derivation is shown in the
following equation:

K K 5 . . K K
gsl(e) :e§z|5€§v|a\ (He‘f:ifi) e‘fnoveizﬁ&eiyz().\

=2

10 . .
(H )eC\zO»eC 1o C\30 (He ) ia 51556940

i=7 i=12

20 N 25 N N N
(H ) ‘fﬂe C ’l‘sei,vSBr (Hes::,&) ef,\sgyefzzs&eﬁys@x

=17 i=22

(Heg ‘s)es‘f’o‘e“‘&g (0) 7

i=27

y(mm) -100-100 x(mm)

(a)

Fig. 5 Some extreme gestures: certain angle or multiple
angles reach the maximum

Table 2 Implication of letters (rcc, rotate counterclockwise)

Symbol Meaning Symbol Meaning

A x+90deg E y+90deg, rcc 62 deg

B y+90deg F x—90deg, y —90deg

C x—90 deg G x—90deg, y —90deg,
rcc 62 deg

D y—90deg H y—90deg, rcc 62 deg

Here, 0 is the angle of each ring that is rotating about the central
axis of the ring, and eérf‘s(z’ =1,2,...,31) are the exponentials of
the twist about the 31 axes parallel to the z-axis. Using Eq. (7), the
coordinate of TSB can be found, and the workspace of the snake
bone with rotation can also be calculated by adjusting the values
of the parameters (0,,0y,d). MATLAB was used to simulate the
workspace, and the results are shown in Fig. 4. Some extreme ges-
tures, with certain angles or multiple angles reaching the maxi-
mum, are shown in Fig. 5, and Table 2 gives the specifics of each
position.

Compared with a workspace that does not employ rotation, the
situation with respect to rotation is appreciable, and thus, it

y(mm) 100 -100 x(mm)

(b)

Fig. 4 Workspace of the revised snake bone: results generated by: (a) adjusting 6y, 6, without rotation and (b)

adjusting 0y, 0y, and o
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demonstrates that this new design of snake bone can significantly
improve the mobility of surgical instruments.

2.2.3 Design of Actuation Mechanisms. Two pairs of wires
(10) and (11) were threaded through small guide tubes that were
positioned along the external wall of the body (Fig. 1). Bending is
achieved through pulling and releasing these bending wires. Bend-
ing 0 between the female hinge and male hinge, and wire dis-
placement (Fig. 2) along with the body, can be found in Eq. (8).
Multiplying Adyy, by six, the total wire displacement for one wire
can be obtained

Adyy = d — d' = 2Rsin (15#) — 2Rsin (ISSeg - g) )

where R(5.95 mm) is the bending radius.

The rotation wires (12) were threaded through small guide
tubes that were positioned along the internal wall of the body to
form a helix with variable pitch (Fig. 6(a)). At the bottom of the
snake bone, the pair of wires begins parallel to the axis to promote
smooth pulling. The pair of wires spiral up the body axis to form a
helix of decreasing pitch toward the top of the snake bone, which
yields increasing force for rotation and smaller sliding friction as
the helix approaches the top. To calculate the relation between the
rotation angle and rotation wire displacement, we unfolded the
snake bone structure from the upper fixed point P to the lower
wire outlet, as shown in Fig. 6(b). Pulling and releasing these rota-
tion wires rotates the entire body, which makes point P move to
point P’. The rotational distance Ad, and rotation wire displace-
ment Ad,,, are obtained as follows:

Ad, = or ©)

Adp, = VL2 + b — /(L — Ad,)* + 2 (10)

where ¢ (¢ = 31 - ) is the total angle (radians) of a counterclock-
wise rotation about the central axis of the body; 7(5.90 mm) is the
body radius; L(L = 3.57r) is 3.5 times half the perimeter of the
body undersurface; 7(80mm) is the height between the upper
fixed point and the wire outlet. Figure 7 shows the relation
between the rotation wire displacement and the rotation angle.
The relationship between the wire displacement and the bend-
ing or rotational angle is essentially linear (Eq. (8) and Fig. 7).
Thus, according to Egs. (5)—(10), the position and angle situation

e Q’
C Adr p’
:(\ . 1] | decreased P —
e pitch
i D
°~ o~ |mm:guide
/ RS tube
: :rotation
Q i section
/
\ ,’
AN
7 increased
4 \ pitch
A
1:\ 12 /1 L
1
clockwise  counterclockwise
rotation rotation
(a) (b)

Fig. 6 The rotational actuation of the snake bone: a pair of
wires spiral up the body axis to form a helix of decreasing pitch
toward the top of the snake bone
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Fig. 7 The relation between the rotation wire displacement
and rotation angle

motion
sensor

(13) (13)

snake
bone

motion
bending and rotation sensor
wires are actuated by as

(16) - (18)

motor
(18)

motor
(16)

motor
a7

(16)

Fig. 8 Fabrication and validation: (a) the machined snake
bone is laser machined as one piece and (b) the experimental
setup and schematic

of TSB can be estimated by measurement of the wire
displacement.

2.3 Fabrication of the Control System. The snake bone was
machined by a laser cutter (StarCut Tube, Rofin Co., Ltd., Ham-
burg, Germany), and the guide tubes were glued into the body
structure (Fig. 8(a)). Two motion sensors (MPU-9250, Inven-
Sense, Inc., San Jose, CA) ((13) and (14) in Fig. 8(b)) were
attached onto the distal end and proximal end of the snake bone
(Fig. 8(b)). The bending angle and the rotation angle were defined
as the difference between the corresponding angles of the two
motion sensors. The angular data were collected by a microcon-
troller unit (STM32F103ET, ST CO., Ltd., Agrate Brianza and
Catania & Tours, Italy & France) ((15) in Fig. 8(b)). The angle
and rotation wires were actuated by three DC motors (GM12-
N20K, TT Motor (HK) Industrial Co., Ltd., Hong Kong, China)
((16)—(18) in Fig. 8(b)) under the control of a microcontroller
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unit. To improve on the previous system that used fish wire for its
control wires [16], steel wire was used instead, which thereby
decreased the elasticity and increased the precision of control.

3 Results

Four experiments were performed to evaluate the function of
the new snake bone design. The first experiment examined the
rotation of the snake bone bent at three different angles: 0, 30, and
60 deg. The second experiment examined the bending of the snake
bone without rotation to ensure the alignment of the guide tubes.
The pulling of the control wires was kept at a constant 7 mm/s and
reached its maximum displacements in the first and second experi-
ments, at 3.9 mm and 9.3 mm, respectively. Each experiment con-
sisted of 100 trials, the averages of which are shown as single
profiles (Fig. 9).

The snake bone rotated up to 62deg for Odeg of bending
(Fig. 9(a)). Increasing the bending angle changed the shape of the
rotation wires and increased the frictional forces that the wire
experienced, thus increasing the wire displacement that was
required for the same resultant body rotation. The bending profile
(Fig. 9(b)) demonstrates the bending function of the snake bone.
The bending angle increased along with the wire displacement,
and the averages over 100 trials are shown. These curves are dif-
ferent from prior work [16] because the steel wires of the new
design experienced little extension during the trials.

The third experiment tested the deflection angles (DA) between
the TSB and the unit vector in the z positive direction (as shown
in Fig. 10) at certain values of the bending and rotational
angles, to examine the reliability of the design. Here, 7
(1 =06-0,),¢(¢ =6 0y) represent the total bending angle toward
the x positive direction and the y positive direction, respectively.
Table 3 compares the DA as simulated using MATLAB and experi-
mentally measured. The results demonstrate the stability of the
control system and its potential for precise control in surgical
instruments.

——bending angle: 0 degrees

~
o

i i

§ 60 ——bending angle: 30 degrees
oo
250 ——bending angle: 60 degrees
W 40

2

S 30
s2

®

+ 10

&

0 -

0 0.5 1 15 2 25 3 35 4 45
Displacement (mm)
(a)

100
:m: 90
o 80
80
% 70
~ 60
o
oo 50
c
© 40
0o
£ 30
°
c 20
o
@ 10

] 1 2 3 4 S 6 7 8 9
Displacement (mm)

(b)

Fig. 9 Bending and rotation as a function of the pulled wire
displacement. The average of 100 trials is presented as a single
profile. For clarity, bending and rotation in only one direction is
displayed. The maximum body bending angle and body rotation
angle is 90 and 62 deg, respectively.
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Fig. 10 Deflection angles between the TSB and unit vector in
the z positive direction

Table 3 Simulated and actual measurement in some specific
configurations

1 ¢ ® DA (deg) DA (deg)
(deg) (deg) (deg) (simulating) (real, 120 trials)
45 0 0 45 45+1.54
0 45 0 45 45+1.63
45 45 0 63.54 63.5+1.42
90 90 0 126.11 126+1.87
0 45 31 44.47 44+2.28
0 90 62 84.89 84+2.42
90 0 62 84.89 85+2.06
45 45 31 66.37 66+1.97
90 90 62 105.71 105+2.51

In the last experiment, we assembled an inserted instrument
and simulated the use case. The instrument was composed of the
new snake bone, a hollow flexible tube, and a camera (Fig. 11). A
snake bone was mounted on one end of the tube, and a small uni-
versal serial bus camera was passed through the entire hollow
body to take photos. The protective rubber sleeve, which featured
a smooth inner surface, was wrapped around the snake bone. This
instrument was inserted into a colonoscopy training model (Colo-
noscopy Training Model I-B, Koken Co., Ltd., Tokyo, Japan). By
controlling the motions of the motors to rotate and bend the distal
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y__—snake bone

USB camera
. \/
\

protective rubber
sleeve

flexible tube

Fig. 11 lllustration of the inserted instrument

end, the device traveled in the interior of the model and took pic-
tures at specific locations of the model (Fig. 12), eventually reach-
ing the cecum. The result of this test case demonstrates the
device’s ability to travel in a natural orifice through rotation and
bending.

4 Conclusions

In this paper, we have presented the design, fabrication, and
experimental validation and characterization of a novel snake
bone for NOTES with the movements of both rotation and bend-
ing. The one-element snake bone for NOTES has several advan-
tages over the traditional design. First, the surgical instruments
installed inside the hollow snake bone can rotate 62 deg about the
central axis of the body, which is actuated by the rotation wires,
which decreases the wrist load and subsequently increases the ease-
of-use for the physician. At the same time, the design of the snake
bone significantly increases the workspace and mobility of the sur-
gical instruments. These advantages demonstrate the importance of
introducing a rotational DOF into the snake bone design.

Second, the manufacturing of the new snake bone design
requires substantially less fabrication time and less human labor.
The body of this new snake bone can be machined as one piece

using a laser-cutting machine, which obviates the need for manual
assembly and, thus, presents the potential for mass production.

This work also found the relation between the wire displace-
ment and the bending or rotational angle, which furthers the preci-
sion of the manipulation. The bending and rotation functionality
of the prototype was tested using a setup of motion sensors and
actuators in the paper. These validated results present the potential
that this design can satisfy the requirements for NOTES. Future
work will entail the design of rotation-agnostic bending, the inte-
gration of the snake bone into the NOTES platform, and in vivo
testing.
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