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ABSTRACT

The continuum flexible robots are used at various fields due to characteristics of relatively more flexible
than conventional rigid link-joint robots. Among many applications, this paper researches of the continuum
flexible robot which can be apply with ballooning orbital floor blowout surgery. When the balloon support
the fracture under the fractured orbital floor, the completeness of the surgery grows though this procedure
can be performed by highly trained few surgeons. The core problem is the tip of the robot should bend most
to get into the side pathway in narrow space by 1-DOF. The conventional flexible robots suppose it has equal
curvature in entire flexible part or are got restrict of their structures for constant curvatures. For
supplementing those problems, this paper designed the continuum flexible robot which has larger curvatures
at the tip without increasing the number of actuators and analyzed the curvature ratio, the curvature according
to the length of pulled wires and kinematics. The continuum flexible robot was tested by pulled wire from

0Omm to 15mm and then was compared with measured value and estimated value.

Keywords: continuum flexible robot, curvature, curvature ratio, kinematics
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I. INTRODUCTION

1.1 Orbital floor blowout

Orbital floor blowout frequently occur after blunt trauma to the face. Typical symptoms of an inferior orbital
blowout are enophthalmos, limited eye movement, and diplopia which are explained by Figure 1 [1-4].  Surgical
approaches have been used to reconstruct orbital fractures. Surgeons should replace orbital contents and support
the bones while restoring orbital volume and shape [2]. Doctors check movement of eyes, eyesight test, diplopia
(double vision). In addition, patients are usually scanned by computer tomograph (CT). The surgeon usually

operate few days after injured when the edema is fell out which is caused by trauma.

~9)

1. Left eye open,
looking at target,
right eye closed.

%u.

2t nght eve open,
looking to left of target,
left eye closed.

3. Right eye peripheral target,
right central vision suppressed.

FQ*.:%

4.  Perceived prn]en:non of
right eye peripheral target
against left eye visual axis,
both eyes open

Diplopia and esotropic central vision suppression

(b) Limited eye movement (c¢) Diplopia

Figure 1. The explanation of typical symptom of an inferior orbital blowout.

Conventional orbital floor blowout surgery is a direct transconjunctival approach. After incision of under the
eyelid which contains conjunctiva, the surgeon push aside the periosteum and eyeball then check the fracture

position. The herniated orbital contents are repositioned into the original position through the fracture, and the
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factures are removed. When an operating surgeon decide the volume of the eye socket is well reconstructed, the
surgeon put an implant on the orbital floor. The eye ball finally release into original position then the surgery is
finished. In this situation, when the surgeon wants to reposition the orbital contents, the limitation of the surgical
tools are problem. Because picking out the orbital contents from sinus is uncomfortable and also has poor view
due to the surgical fields surrounding. Deflection of implant also cannot guarantee of original orbital volume and

it causes leave from original position of implant. The Figure 2 indicate brief description [5].

(DIncising the conjunctiva ~ @Elevating the orbital contents (3Inserting an implant

Figure 2. The conventional procedure of orbital floor blowout surgery.

N. K. Lim, D. H. Kang et al are suggested transnasal balloon technique because of foregoing method’s problems
[6]. In the suggested surgery, a surgeon inflate the balloon inside of maxillary sinus by transnasal approach. First
of all, the patient lay down with one’s head lower than body. After a surgeon check the fracture of orbital floor by
eyelid approach, precurved Freer elevator is inserted into the maxillary sinus through the maxillary ostium which
is a natural orifice. Then the bone fractures and herniated orbital contents are repositioned for recovering original
volume and shape. When the reposition is over and Freer elevator is took out from the nose, a surgeon push the
Foley catheter (which is about 30cc) with mosquito into the inside of maxillar sinus. The Foley catheter support
the orbital contents under the orbital floor when it is ballooned and it is held about a week. The rest is applying
implant over the fracture and finishing the surgery like conventional method. This method was demonstrated more
effective for restoring. There are three problems about the previous method. The first problem is only highly
skilled surgeons can operate this method because there is no space for endoscope. Only few surgeons can put a
surgical instrument to the maxillary sinus through the maxillary ostium althogh the surgeons have to. The second

problem is the precurved rigid surgical instruments make difficult to put the Freer elevator and balloon into the

_2-



maxillary sinus. Especially putting the balloon in to the maxillary sinus is hard even if a surgeon is skillful. The
last problem is that the patients nose get stress during surgery. The patients nose usually distorted because of

curved narrow space and rigid surgical tools. The Figure 3 shows the three problems.

a)

Pre-curved

Freer / ;
\ Maxillary
ostium
b)

: Maxillary
[problem]

ostium

_ Foley catheter
[solution]

Figure 3. The three problems of the ballooning orbital floor blowout

1.2 Previous researches of the flexible robot

Many research groups have been developed flexible robot and evaluated due to its flexible movement. Until now,
various type of the flexible robots are develop. lan D. Walker et al. has been developed and analyzed their flexible
robots which are actuated by wires or pneumatic compressor [7], [8], [9], [10]. They derived kinematics model
and applied to their elephant’s trunk manipulator. Also they intended the model can correspond to other continuum
type robot. But the robot is too big to use for surgery. David B. Carmarillo et al. derived the mechanics model of

tendon-driven continuum manipulators [11]. They analyzed it with beam configuration. The research group at
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mechanical engineering department, University of Wisconsin-Madison considered the influence of friction
between wires and catheter [12], [13]. William S. Rone and Pinhas Ben-Tzvi also analyzed the dynamics of
continuum robot with utilizing the principle of virtual power [14]. Ceilia Laschi at el. developed soft robot arm
which is actuated by SMAs [15]. But all of the prior introduced researches did not focused on not only multiple
curvature when the robot moves by 1-DOF but also intended different curvatures. Except lan D. Walker et al. and
David B. Carmarillo et al., research groups also did not consider the relationship of curvature and length of
compressed side. To use the flexible robot for medical device, the safety should be guaranteed. Hyun-Soo Yoon
et al. developed the flexible robot for maxillary sinus surgery [16], [17]. It has basically safe mechanical structure
due to using compression springs for backbone. But they did not consider of multiple curvature in 1-DOF
movement. Zheng Li et al. used rigid vertebra spherical joint which has many DOFs [18], [19]. Also their robot
can be controlled the curvature by two section by inserting constrained bar in the middle of flexible robot. But it
has a limit of curvature due to using only rigid spherical joint and divide the curvature only two section. In this
paper, we improve the dexterity of the flexible robot about having multiple curvatures and suggest the kinematics

for the continuum flexible robot.

1.3 Research contents and goal

In this paper, the continuum flexible robot with multiple curvature which has larger curvature at the tip is
presented. The design and kinematics analysis of the flexible robot is introduced then its prototype is shown. We

designed the continuum flexible robot first then proposed kinematics model.

The continuum flexible robot is composed of three parts which are flexible part, actuation part and electronic
devices. Flexible part consist of compression spring backbone and spring connecting cylinder. We can give variety
for choosing springs section by section. The entire flow to achieve position information from the length of wire

pulled is

f f: fp-
li,pull —1) Cp» Cq, @ : 0;, d - xX,Y,Z (1)

and the ratio of curvature, c,: c¢;, was obtained by considering mechanical spring analysis. The function of entire
relationships can be divided by three parts. The f; is main transformation function. It is the relationship from the

pulled length of wire [; ,,;; to curvature c,,cq and the angle of curvature ¢. The f; is main contribution of
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this research’s theory. The f, express the relationship from c,,c4,¢ to 6;,d. We made the rigid link and joint
model about a single flexible part. It makes we can get the position data by the curvatures and the angle of
curvature. Finally, we can get the position data of the continuum flexible robot through f;,_g. We evaluated the
functions through making prototype and experiment the curvatures and positions. When we made prototype, the

spring constant of first seventh springs are 4.9kN/mm and rest three springs are 0.49kN /mm.

Our main contribution is finding relationships of curvature and spring constant and applying it to kinematics to
get a position information. The first function, calculating proximal and distal curvatures and curvature formation
angle from pulled wire length, was modified. Because of uncertainty of the wires outside length, we only consider
the length of inner side. The detail explanation will be continued in section 3.1.3. The second function was
achieved by geometrical approach based on rigid link-joint model. The third, we got a position information
through Denavit-Hartenberg parameters. Finally, we comparing the curvatures and position information of

estimated and measured value by experiments.



Il. DESIGN

In this research, the continuum flexible robot has to have relatively large curvature at the distal part and limber
backdrivability at a body. Because the robot can pass through the route of different curvature for each section like
the route for reaching maxillary sinus. The Figure 4. shows the flexible robot formed by 3 part which are flexible
part, driving part and electronic devices. The flexible part is attached to driving part with conduit. The driving
part consist of three servo motors and other mechanical components. The electronic devices contain
MCU(Arduino Due), communication transducer, power transformation, joystick and power supply. The robot has

3-DOF which has two orthogonal rotation and one translation. Users operate the robot by their own view feedback.

Wire hole

Compression spring

Figure 4. (a) The flexible part combined with driving part. (b) The three component of flexible part. (c) Detail
view of cylinder in the flexible part.

2.1 Flexible part

The flexible part has three kind of spring connect cylinder and conduit which connect compression springs.

Compression springs’ outer diameter is 4mm and the outer diameter of cylinders and conduit are 5mm.

-6-



Cylinders and conduit have 2.7mm hole in the center and eight 0.3mm hole for wire. Due to the center hole,
the robot has 1 channel that can be used for endoscope or end-effector. 4 wires which are connected by pulley for
each pair makes 2-DOF movement. Entire length of the flexible partis 63.012mm which is divided by proximal
part of 42.409mm and distal part of 20.603mm. The proximal part is divided by 7 segments which has
49N /mm for spring constant k,. The distal part has 3 segments which has 0.49N/mm for spring constant k.
The length of each single segment are 4.119mm and 3.735mm. They are distance between connecting cylinders

sq and s,. The detail drawing of flexible part is shown in Figure 5.

= e - 2,25

Figure 5. (a) The cylinder. (b) The end cap. (c) The conduit



2.2 Driving part

(b)

Figure 6. The view of driving part. (a) The front view. (b) The rear view.

The Figure 6 illustrate the driving part which consist of three servo motors (MX-28R, Robotis), two pulley at
each motors that laid down on upper plate, 150mm ball screw, support unit, 150mm linear guide, coupling,
aluminum plates. The holders for conduit and motor for rotating ball screw and support block for linear guide are
made by 3D printer (Objet ADEN E250, Stratasys). Two pair of wires are twined around at pulley so they make

total 2-DOF. Rest 1-DOF of translation is controlled by ball screw.

2.3 Electronic devices

For control three motors, 2-DOF joystick and two push switches are used. MCU (Arduino Due) convert the
analog signal from joystick, MX485 chip convert USART from Arduino to RS485 which used by motors. The X,
T rotation joystick controls each servo motor on the plate in Figure 6. The two push button controls the servo
motor which is attached to ball screw for Z translation. The configuration of electronic devices are illustrated in

Figure 7.



DCto DC
Power Source Jd Converter
12V |
) (12V to 5V)
12V
Joystick I oV >V ®
MX-28R i
v ! I s )
MCU O MAX 485 o)
> . —+ (USART - RS485 > IVIX-28R -
(Arduino Due) communication) : .
MX - 28R ? i

Figure 7. The configuration of electronic devices.



1. KINEMATICS ANALYSIS

3.1 Relationship between the length of pulled wire, curvature and angle of

curvature

The first step of kinematics of the continuum flexible robot is knowing about the relationship between wire
pulled length, [;,,,,;; tocurvature c,,c, and the angle of curvature ¢. To find curvature, we have to know about
the wire length of compressed side of spring [;. We assume the outer arc length of spring is consistent which is
opposite side of compressed side. We consider about relationship of curvature and spring constant because we use
springs of different constant. Through the relationship of two curvature we can get wire length of compressed side
at proximal and distal part. When the robot bend by two combination of wire, the angle of curvature ¢ should
be considered. We have to combine relationships of [;,,,;; and c,,c; with ¢ then apply to conventional

method of robotics.

3.1.1 Kinematics model of a single spring

The curvature changes depending on wire length of compressed side. First we have to know the relationship

between wire length and curvature. We adjust the law of cosine to the Figure 8 and suppose the outer line is neutral

. 2 2
line. The wire length is ;—‘ = \/2 G— Zr) -2 (% - Zr) cos 0. After rearranging the equation and substitute

6= Cn—s we can get

1 cs
l;=2n (— - Zr) sin— 1)
c 2n
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-

.
I

_ L
|

B : Lateral cross section of spring

Figure 8. The lateral view of a single spring section at the flexible part when only a wire was pulled.

3.1.2 Stress analysis and relationship of the spring constant k and the curvature

of aspring c

In this paper, we use springs which has several different spring constant. To get a relationship of the spring
constant and the curvature of a spring, we have to analyze the stress of cross section of spring coil. The analysis
of compression helical spring was explained at [20]. We applied conventional method to analyze the spring.. In

Figure 9, the shear stress which is away from center O with p is t =TTmp. In here, d is diameter of
2

compression spring and 7, is maximum shear stress. The moment of shaded ring which has radius p and width

dp is dM = 2mp?dprt. In here, p is distance to points of action, 2mpdp is the area where the shear stress is

d
f? 4TTTMP 17:cl3‘rm

d
applied. In Figure 10, the total torque momentis FD = f07 dM = |J; y dp = " when compression spring

bend to one side. So the maximum shear stress is

_ 16FD @)
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E3
Ny
dp Tm
N
a b ‘{ 0
1%
J
7 )
e dx —> -« — 0/

Figure 9. The shear stress of cross-sectional element of spring coil

By elastic theory, distortion angle is achieved by y = %’" = 71“6;[;

In here, G is the shearing modulus of elasticity.
ydx

As we can see in Figure 9, distortion angle is da = 7

due to bc = ydx. In [20], the text book demonstrated

the entire deflection angle B by When the spring is considered to straight bar, entire deflection angle B of one

side of bar can be achieved by integrating da from0to mnr. Itis g = [ da = f(:mr%ydx = fo""r—:;z =
16;5”. So the deflection angle 6 of a single spring is
2F
B =1k ©))

4
In here, k = ;3_36;1 is spring constant of compression spring. Substituting 8 = sc to (3) due to Figure 11, we can

achieve the relationship between curvature and spring constant

_2F 1

C—E'E. (4)

So when the different springs which have same outer diameter are connected, the relationship of curvature and

spring constant is

i ky
d_= 5
5k ®)
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(a) Bending of
compression spring (b) Outer cross section

Figure 11. The relation between curvature and deflection angle.

3.1.3 Wire length of the compressed part of spring in proximal part [;,, and

distal part [; 4

The continuum flexible robot of this paper has different tendency in shape of curvature. The flexible robot of
this research has large curvature at the distal part. It means the wire length of the compressed part of spring in
proximal part and distal part. To calculate the wire length of compressed part of spring for designed flexible robot,

we have to divide the section according to sort of the springs. In this case, the meaningful curvature increase until
-13-



0.16. Because of the range of x from 0 to 0.16, [; = 2n G— Zr) sin% can be linearized both proximal part

l._ =m,c,+b
and distal part as {”’ L

. So an equation of [;, and [;, is
li,d = ded + bd q Lp Ld

mp kd mp kd
lip = P ha = by =L by (6)
mgy p mgy p
. . _ Sp—li‘p(0.16) _ Sd_li,d(0'16) _ _
In above equation, each lope and intercept are m,, = otore  Ma= "o b, = sp, bg = sq.

Also the equation which is expressed by the relationship of the pulled wire and wire length of the compressed

partis

npli'p +ngl g =s— li'pu” - {(td Xn)+ ttip} @)

In here, n,,n, are the number of proximal and distal part nodes (n = n,, + ng).

So the wire length of the compressed part of spring in proximal and distal part is

mp Ky - _ ﬂﬁ
]=|" e, o ey
rd np Ng S — li, pull — {(td X n) + ttip}

By using the wire lengths, we can get c,,, ¢4, ¢ that the first relationship of kinematics for the flexible robot. We

add the appendix to explain the wire length of the compressed part for using various springs to get various

curvatures.

3.1.4 Calculate the curvature and the angle of curvature ¢ by two adjacent wire

The continuum flexible robot can have infinite angle of curvature with same curvature. The angle of curvature
¢ appears commonly by combination of two orthogonal wires though (1) represents bending to particular

orthogonal direction. Figure 12 shows the lateral cross-section when the robot bend to arbitrary direction by

l;, ;41 In this case we use %— (r + a) rather than %— 2r for the law of cosine in (1).

-14-



Figure 12. The lateral view of a single sp ring section at the flexible part when two wires were pulled.

In (1), % — 2r represents the distance of wire from the outer diameter. When the two orthogonal wires are pulled

at the same time, we have to reconsider %— 2r as the Figure 12 shown. In the axial cross section to getan a as
the Figure 13 shows, we assume the each direction of wire 1 and 2 from center is positive x-direction and y-
direction. In Figure 13, the robot bend with curvature radius % with the angle of curvature ¢. So we can achieve

a = r cos ¢. In the same way, the wire length of compression side when the robot bend with arbitrary angle is

l—z(1 1+ )‘Csl—2<1 1+ si )'CS 8
1 =2n - r(1+ cos ¢) sulzn, ,=2n - r(1+ sin¢) snlzn
1—2(1 1 )'Csl—z(l 1—si )-CS ©)
3 =2n - r(1 —cos¢) SmZn' 4 =2n - r(1 —sin¢) smzn.
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Figure 13. The axial cross-section when two wires were pulled.

To get a function of the wire length, we assume the flexible robot is perfect continuum flexible robot. The

equation can be linearized to [; = lim 2n (% - (r+ a)) sin% =s(1—c( +a)).Sothe c and ¢ are
n—oo

o _15(1_Cr)_li+1
¢l,l+1 = tan S(]. _ CT') _ li
o S@=cr) =1
s(—cr) —liyy

(when wire 1,2 or 3,4 are pulled) s—1.
L

‘wdra WO

kq,’)i,iﬂ = —tan (when wire 12,3 or 4,1 are pulled)

where, a, =cos¢p,a, =sin¢,a; = —cos ¢,a, = —sin ).

3.2 Relationship between c,,cq4,¢ and 6,d

To match curvature and the angle of curvature for rigid-link arm with two pair of orthogonal revolute joint which

is connected by a prismatic joint, we used geometric information of a single node after bending as shown in Figure

14. When a single section bend, d = 2n (% - r) sin— is a distance of center from bottom to tipand y = >~

is an angle between ZY-plane and d. d can be laid down on XY square which has (Vd? — Y2,d cosy cos ¢).

-16-



Sothe 6; and 6, are

Y d cosy cos d cosy cos
0, =tan" == tan'l# =tan™! veose
X d? —Y? 1 2 (11)
((E - r) sc) — (d cosy cos ¢)?
) d sin d sin
%:—mfhchwwl——JL:—mfl 4
dz—y? 1 2 (12)
((E - r) sc) — (d cosy cos ¢)?

. /
75)6:

(@) (b)

Figure 14. (a) The rigid link-joint model. (b) The geometric information of a single node after bending. The rigid
link-joint model lie down on plain XY.

The relationship of revolute jointis 6, = 8,, 6, = 65 because we assume that a node bend symmetry. By prior

geometric information, each information of rigid-link arm is
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Figure 15. Kinematic representation of the rigid link-joint model for D-H parameters.

(13)

To find the coordinate of tip of a segment, rigid-link model was explained by D-H kinematics. In this paper, we

use D-H notation which is introduced by [21]. This method yields the D-H table given in Table. 1, illustrated by
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Figure 15. In order to calculate the final transformation matrix 2T, series of matrix multiplications should be

carried out.

Table 1. D-H table for rigid-link arm model

a1 ai—q dl 91
1 0 0 0 0,
s
2 -3 0 0 0,
3 0 d 0 03
s
4 0 0 0 0,
5 0 a 0 0
0T = OTIT2T3T4T (14)
where,
cosf; —sinf; 0 O] [ cosd, —sinf, 0 0
o — sinf; <cosf; 0 O ir — 0 0 1 0
! 0 0 1 ol 2 —sinf, —cosf, 0 Of
0 0 0 1i 0 0 0 1
cosf; —sinf; 0 O] [cosf, —sing, 0 O
27 — sinf; cosf; 0 O 3p 0 0 -1 0
3 0 0 1 of 4 sinf, cosd, 0 O}
0 0 0 1i 0 0 0 1
[1 0 0 «a
4»_10 1 0 O
=0 0 1 of
0 0 0 1

Substituting above matrixes to (14), the result of the homogenous transformation matrix 2T is
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Uy VUx Wx DPx

o = Uy Uy Wy Dy (15)
uZ vZ WZ pZ
0 0 0 1
where,
U, = —56,50,c0;5 + c0,c0,c03c0, — cH,560,503,

Uy, = c0,56,c03 + s6,c0,c05c0, + 560,56,505,
u, = c0,c05cl, + cO,cl3,

v, = 50,5050, — cO,c0,c0,50; — cO,50,c03,

vy, = —c0,50350, — s6,c0,¢0,503 + s6,50,c03,
v, = —c0,c0,503 + cO,cO3,
Wy = 581€0, + c0,¢0,560,, wy, = —c0,c0, + 50,c0,560,, w, = 50,50,

Py = au, + dcb;c,,
py = auy, + dsf;c6,,
p, = au, + dso,,

c=cos0 and s = siné.

We can obtain the whole transformation matrix of a flexible robot by multiply 2T by the number of springs.

Also transformation matrix should be divided according to the kind of springs.
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IV. EXPERIMENTS AND RESULTS

1.1 Experiment method

In this experiment, we investigate the mobility of the flexible robot. For evaluate the curvature according to the
length of wire pulled, the only one wire was pulled so the robot bent to one side. So the curvature formation angle
was fixed to 0. The robot was laid down a graph paper and the wire which is connected to vernier calipers was
pulled from O0mm to 15mm as shown in Figure 16. Every bending state was recorded by camera. To avoid the
distortion caused by distance from camera lens to subject (which is the flexible part in this case), the camera was
away 400mm from graph paper. The horizontality of camera was checked by inclinometer. After taking pictures,
we measured the value of every parameters in prior equations by overlapped the taken pictures on the CAD
(Inventor, Autodesk) then the taken sixteen pictures are resized in CAD to real size. Figure 17 shows two examples

of measured pictures.

Figure 16. The experiment environment for measuring curvatures and positions.

-21-



1T PSS O |
: £

NJ

=

=

R D A A R
106.846833 .. =ie iy U Ve

-
o

1 9.9549830 -+ 1T e
SEERL e ; 788316232029
(@) (b)

Figure 17. The example about measuring method for curvatures, positions and curvature ratios.

1.2 Comparing estimated value and measured value

The curvature variation of continuum flexible robot evaluated by comparing estimated value and measured value.
In Figure 18, we compare curvature of proximal and distal part. In this case estimated value and measured value
was almost same because the tendency was almost equal both part. The graph’s slope of real value was 9 rather

than 10 which was expected value.

0.2

estimated value| |
real value

0.18

0.16

0.14

012

011

0.08

Curvature of distal

0.06

0.04 [

0.02

0

] 002 004 006 008 04 012 014 016 018 02
Curvature of proximal

Figure 18. Comparing proximal and distal curvatures.

The Figure 19 shows the curvature ratio convergent to 9 in both estimated value and real value. It has same
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meaning with Figure 18.
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Figure 19. Curvature ratio and length of pulled wire

In Figure 20, we compare wire length of compression side at proximal and distal part. As we checked from prior

result which is curvature and wire length, the error increases as the both part of wire getting shorter.

3.5 b
= estimated value
real value

3t i
M
L]
w

T 25 ]
—
o

L 2r 7
=
o
c

D45} 1
@
=

= 1 1

0.5 b

D i i i i i i i
3 3.1 32 3.3 34 35 36 3.7 38

Wire length of proximal

Figure 20. Comparing proximal and distal wire lengths of compression side.

In Figure 21, we evaluate the curvature and line length of compressed side. Both proximal and distal value of
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real and estimated value has same tendency. In distal part, the largest error was 0.287mm at curvature is
0.1217mm™2. In proximal part, the largest error was 0.164mm at curvature is 0.0177mm™1. The error gets

bigger as the wire length becoming shorter.

4.5 T T T T T T T
Proximal part
& — Distal part i
Real value of Proximal part
3.5 . 1
Real value of Distal part
= %
o
5
= 2|y
[<5)
E
- 2+
15
1k
05 I I I I I I I
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Curvature

Figure 21. Relationship between line length I; and curvature ¢ in proximal and distal part in the flexible part.

In Figure 22, we evaluate the position at X-Y plane through the transformation matrix of (15). As the robot bent
more, the estimated value was not well fitted with real value. Real trajectory tends to bent more than estimated
value. It caused by line length of measured value gets shorter as the curvature gets larger. Due to accumulate of

error, position error occurs.

60 3mm |
——Bmm
50 - —9mm | |
—12mm
—15mm
40 - 1
{2
=
@ J
>

Figure 22. Position at X-Y plane. The solid-line is estimated value and dotted-line is real value.
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1.3 Phantom experiment of the larger curvature at the tip and conventional

flexible robot

In this research, we designed the continuum flexible robot with larger curvature at the tip. As we said in 1.1, the
continuum flexible robot has to have larger curvature at the tip for the orbital floor blowout surgery. The phantom
experiment was executed to evaluate the effectiveness for the using at surgery. The flexible robot has to pass
through narrow and highly curved path. The phantom was made by 3D printer (Objet ADEN E250, Stratasys) and
its shape resemble human nasal path which is from nostril to maxillary sinus. The phantom expose the cross-
section of path for checking robot’s movement inside of the phantom. The proposed continuum flexible robot can
go through the narrow space as shown in Figure 23. Beside the proposed continuum flexible robot can reach a
goal location, the continuum flexible robot which has same springs stuck by inner entrance of goal location.
Because the comparison robot cannot highly bend in front of the inner entrance. When the comparison robot was
pushed harder as shown in Figure 23 (b), only body of the comparison robot bent more while the proposed

continuum flexible robot go through the path smoothly.
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Figure 23. Comparison of work performance between the larger curvature continuum flexible robot and the robot
which has same springs. (a) is the continuum flexible robot with larger curvature at the tip and (b) is
the continuum flexible robot which has same springs.
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V. DISCUSSION AND CONCLUSIONS

In this paper, a continuum flexible robot with multiple curvature has been developed and evaluated curvature
changes in respect to length of wire pulled. The orbital floor blowout surgery of transnasal and transconjunctival
approach was motivated about the research subject. In transnasal approach, a flexible robot which can control the
curvature was needed. Due to narrow and sharply curved structure of transnasal pathway, the tip of flexible robot
must has larger curvature than other section. Because it is hard to get into the sharply curved pathway if the
flexible robot has constant curvature. So we suggested the continuum flexible robot which has larger curvature at

the tip.

We made the 5mm outer diameter flexible robot with ten 4mm outer diameter compression springs as
prototype. From base to seventh spring has ten times larger than rest three springs. First of all, we analyzed and
evaluated with assuming the flexible robot has equal curvature at the same spring. The robot has larger curvature

as the wire length shorten when we compared with estimated value. It has two major causes.

First, it caused by choosing neutral arc at (1). This problem come from analysis of kinematics. When the spring
get eccentric pressure from wire for bending, we assumed the outer arc of Figure 8 has constant length. But strictly
speaking, the position of neutral arc always change depending on the length of the compressed side of wire. Outer
arc also shorten when the wire is shorten not much. But when the wire is shorten much, the flexible robot has

larger curvature and it influence to lower spring by the form of moment. So the neutral arc move to between outer
arc and middle arc. We can checked it by putting (% — 1.47r) when we using the law of cosine at (1). The

modified result was better fitted than prior result. When we put r = 1.5 ratherthan r = 2.5 as Figure 24 shown,
the position error of the continuum flexible robot was reduced. For the future work, finding proper r at each
curvature is needed. Until this research, we can increase the accuracy of estimated value of the continuum flexible
robot’s position data through getting accurate location of neutral arc in Figure 8 at each bending angle. Then we
put the each r values in case by case. In the future work, we need the proper relationships of bending angle with

change of r which express the location of neutral arc.
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Figure 24. Position at X-Y plane when r is 1.5 rather than 2.5. The legend mean the pulled length of wire. The
solid-line is estimated value and dotted-line is real value.

Second is friction between wire and cylinder [12], [13], [22]. This problem is kind of kinetics. As we can watched
by Figure 25 which has same springs throughout the flexible robot, springs has larger curvature as it goes to the
conduit. This phenomenon is also appeared more prominent at the tip of the multiple curvature flexible robot.
Even if we modified the value of the distance of neutral arc line, the error of the position was larger as the curvature
increased. Also there are mechanical errors which is possibility of differences in the number of active (or effective)

coils at each section due to adhesion method of springs.

In experiment, we measured and compared only curvatures and position data. We cannot measured the angle of

curvature ¢ due to some reasons. To measure a 3D position data, we try to use optical tracking systems (Polaris,

NDI) with markers, 3D camera (Intel® Realsense™) and 3D scanner (Artec Spider). When we try to use optical

tracking systems, it was hard to get position data without the continuum flexible robot’s deflection. We have to
touch to the continuum flexible robot with probe which is attached markers. We also cannot get 3D position data
because the continuum flexible robot has gloss surface. Both devices have to receive light refection so the devices
cannot detect the surface of the continuum flexible robot. [23], [24] shows research about tracking the flexible
robots. For the future work, we can achieve position data through changing the material or modifying the

measuring system of the continuum flexible robot.
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Figure 25. The comparison test of the flexible robot which is composed of equal springs.

This paper formulate the method and model of the continuum flexible robot. As the flexible robot bent much,
the error increased. The ratio of curvature is more important than robot’s position data as shown in Figure 23.
Because the continuum flexible robot go through the narrow path by its natural mechanical backdrivability. The
ratio of curvature which express the possibility of moving to side path in forked road should be guaranteed. So
guarantee of the expected curvature is more important than the position data of the continuum flexible robot. The
movement of tendency was followed well but kinematic problem of neutral arc location which is also related with
mechanical analysis of compression spring should be modified. The mechanical friction between wire and
cylinder should be considered additionally. If this problems solve at future study, the analysis of the continuum
flexible robot will be more precise. Also we need feedbacks from doctors for more information of the orbital floor
blowout surgery. We need the exact required curvatures, convenience of operation, maximum diameter of flexible

robot etc.
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APPENDIX

The continuum flexible robot can be used more than 2 springs. This means the wire length of the compressed
part of spring can be divided by 3 parts or more. In 3.1.3, we calculated only two parts which are proximal part
l;, and distal part [; ;. We have to prove the method of 3.1.3 to apply in using various springs. First we calculated

the wire length of the compressed part of three springs. Suppose the ratio of spring constantis k;:k,: ks = 4:2:1

and each ratio of slope which is achieved by equation (1) is % = 1. We can get the three equations of two

linearized graph equations and the relationship of the pulled wire and wire length of the compressed part.

ll - 0.512 = bl - 0.5b2
lz - 0.513 = bz - 0.5b3
Tllll + nzlz + Tl3l3 =S — li’pu” - {(td X ‘)’l) + tflp}

We can express above equations by matrixes.
1 -05 0 L by — 0.5b,
[0 1 —O.Sl (lz> = b, — 0.5b,
n; n nz I3 S = lipun — {(td xn) + ttip}
Al=B
~l=A"1B
The matrix A is nonsingular matrix by checking det(4).

When we increase the dimension of vectors and matrixes, vector of wire lengths of the compressed part of
springs can be expressed by matrix A,., and vector B,.;. So the final equation of the wire length of the

compressed part is

_ -1
lnxl - Anxn an1~

Where,
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