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Abstract—NOTES (Natural Orifice Translumenal Endoscopic
Surgery), a recently developed form of minimally iwvasive
surgery, has attracted attention as a new laparosp@ operation.
However, manipulation of forceps throughout the sugery
continues to be a burden to surgeons. Our previougesearch
focused on designing a model that could carry forgs and a
camera through the abdominal cavity. The first probtype, a
wire-tube driven micro robot, relied on the actionof two suction
cups for movement along the peritoneum (abdominal all).
However, the actions required to carry out the turing motions
of the first prototype were strongly influenced bythe rigidity of
the tube. In order to solve this problem, in this wdy, we
proposed a wire-wire driving mechanism for the robs, then
developed a simulation model for investigating degh and
control issues. Based on the investigation, a newqgpotype was
designed to determine the feasibility of the robotOur results
showed the robot’s potential as a NOTES support dése.

|I. INTRODUCTION

OTES (Natural Orifice Translumenal

Surgery), a latest minimally invasive surgery, hasachieve stable movements,

attracted attention as a new laparoscope operdiORES is
a procedure in which forceps are inserted througfataral
orifice (mouth, anus, and vagina, etc.), and a bt at the
site to reach intra-abdominal cavity. Because shigjery is
able to minimize incision size and in turn, the amoof pain,
it is believed to increase the patient's QOL (Quabf Life)
[1]. This approach may hold tremendous potentialydver,
several issues must be addressed before it igdintedl into
the clinical care. One main issue is that the paghfrom the
surgeon’s fingertip to the targeted site is gemgtahger than
that of usual endoscopic operations, causing thegukation
of forceps to become a complex task. Compared thi¢h
multi-link manipulator for usual endoscopic surgé2y; [3],
the devices developed for moving and operatingdenghe
body could be expected to be used as surgical suppo
tackle the issue.

A robotic system that uses two suction cups amtbe-twire
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driving mechanism for in-vivo movement has beeroragul
[4]. This robotic system performs injection to thgocardium,
moving along the epicardial surface by controllihg attach
and release of two suction cups. However, the rdiffees in
character between the epicardium and abdominalmaitk it
impossible for the robot to function effectively rthg a
NOTES surgery. In [5], a robotic system for NOTE®@ort
(for the gallbladder removing, as reported) hasbbeported.
The robot attaches to the peritoneum relying ortrang
magnetic field (0.66T-1.5T), and moves along théaahinal
cavity using an external magnet stage. However stheng
magnetic field makes it impossible to use tools sndical
supplies containing magnetic metals. Moreover gffects of
long-term exposure to strong magnetic fields ateyabclear.
In our previous research, we focused on developimicro
mobile robot that could transport forceps and/camera to
targeted surgical sites, while at the same timeecihg the

Endoscopiwisibility of the intraperitoneal environment [6h order to

it was proposed that
peritoneum (abdominal wall) be used as the surflace
movement in the abdominal cavity. Two suction cwgse
used to attach the robot to the peritoneum. Theemewnt of
the cups was then controlled using a wire-tube imlgiv
mechanism, in which 3 pairs of wire-tube were ug®d3

the

D.O.F. (Degree Of Freedom) movements, i.e., moving

forward/backward, turning left/right, and moving/dpwn.
For each wire-tube pair, the tube was fixed toré@ housing
containing the rear suction cup, and the wire weaifto the
front housing containing the front suction cup. &m
experiment using porcine peritoneum, an adsorgtore of
150g was measured, which is enough for the suppas&d

However, since the wires passed through and were

therefore constrained by the corresponding tulbesturning
motions of and operation for the motions of thstfpirototype
were strongly influenced by the rigidity of the &ub

In this study we attempted to solve this problenutilizing
a wire-wire driving mechanism. In other words, theéubes
fixed to the rear housing were simply replaced lwir@s.

Using this driving mechanism, it was expected titneat
constraint on the front wires from the rear tubesld be
relaxed. However, it became clear that, due toofteration
force and their own weight, deflection may occur the
relaxed wires, which would affect the effectivenedsthe
operation. Therefore, it is necessary to ensurethigawires
are properly restrained.

As with the previous experiment, a simulation madé¢he
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robot was developed, this time using the new wigw Phase0: Attached front suction cup and rear suction cup(standby)

driving mechanism. After carrying out an investigatinto /”Y//I//I’" attached: @
possible design and control issues, a prototypecvested to A )/ release: ()
confirm the robot’s capabilities. /A /
sucti cup

Rear wire

Front wire

II. OUTLINE OF THE NEW STYLE ROBOT'S
Phasel:Release tront suction cup and push front wires

A. Soecification of the new robot =

As described in the introduction, the front and fe@usings % O
are operated by 6 wires to realized 3 D.O.F. (Dedpé =
Freedom) movements up to 150gf adsorption force
achieved using vacuum pressure (maximal 0.69MPg)1 F Phase2: Attach front suction cup
shows the design of the new robot. Aside from theirdy
mechanism, all other design conditions remain #meesas the

first prototype (see [6]).

Phase3:Release rear suction cup and push rear wires

. (®

Phase4: Attach rear suction cup

Phase5:Back to Phasel

¢ front housing
Fig.1 An illustration of the new robot Fig.2 Phase transition diagram for moving forward

B. Phasetransition for various movements Phasel:After release front suction cup,
1) moving forward/backward pull front right wire and fix others
The phase transition of forward motion is depidtellig. 2.
The arrow labeled “F” expresses force of operatlanone
forward movement, the front suction cup is released
pushed forward a certain distance by the attaclivexywhere
it then reattaches to the peritoneum. Next, thegeetion cup
is released and pushed in the direction of thetftap, where
it too reattaches.
By reversing the direction of force we can atteachwards
movement.
2) turning left/right
Turning motion is confirmed by making differenceveeen
the stretching-out length of left and right wird@he phase
transition diagram of turning right is shown in Fiy Only the
right front wire is pulled after Phasel, whichlie same as the
moving forward motion, thus, the left wire will betbowards
right, and the front housing will turn right. Tung left could
be achieved by making stretching-out length of triglre
longer.
3) moving up/down Phase4: Attach rear suction cup
Vertical movement is also possible by making ddfere :
between the stretching-out length of upper wirbsgé two
wires close to suction cups) and lower wire (omglsi wire)

(Fig.4).

Phase3:Release rear suction cup and push rear wires

Phasze5:Back to Phasel

Fig.3 Phase transition diagram for turning right
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<standby=

rear suction cup  front guetion cup

rear wire for up {md down ’%

LY I | |

front wire for up and down

<up:Pugh front wire for up and down=>

<down:Pull rear wire for up and down=>

=

Fig.4 Phase transition diagram for moving up/down

<«

C. The deflection issue of the wires

As previously mentioned, the deflection of the wiveould
affect the effectiveness of the operation, thusukhdoe
investigated.

Due to the deflection, 1) the full operation fo@mnot be
transmitted (Fig.5); 2) the adsorption force woaldo be
influenced (Fig.5), in addition the suction is wetakshear
force and bending moment. Thus, our next step avakentify
to what extent deflection affected movement, thetenine
the best way to minimize the effects.

A computer simulator was developed to investigatsigh
and control issues for the new robot. Specificaftyrces

exerted on the suction cups and wires were insg@ect

Moreover, the result from the tests on the stinauldielped
decide the most appropriate restraints for wirespand
wire-bending.

Based on the investigation by the robot simulatar,
prototype robot with the new driving mechanism wasede.
Further comparisons were made between the wire-tuoe
wire-wire driving mechanism.

(a) Deflection at the time of forward movement

(b) Deflection at the time of turn movement
Fig.5 Deflection assumed to produce at the timepefration

ll. CONSTRUCTION OFTHE NEwW ROBOT

A. Smulation model

The robot model and the physical system were coctstd
in Working Model 2D version 7.0 (MSC Software, USAhd
the control system was based on MATLAB version (T.0e
Math Works, USA). Since the working model is 2Deg th
simulator was built so that the surface for mowivas in the
plane of the working model, giving a top view oéttobot.
For that reason, the wire for up and down was eahi(Fig.6).
The dimensions of the new robot's are shown in TBBL,
which were determined based on the first prototget.

TABLE |
SIZE OF THE NEW STYLE ROBOT'S SIMULATION MODEL
Front housing Rear housing Wire
Length[mm] 14.5 14.5 400
Width[mm] 27 27 0.8
Mass [g] 5 5 0.88

Since the Working 2D software depicts only rigiddipo
simulation, flexible wire movements could not begeessed
directly. Instead, wires were indirectly represenby small
rigid links connected to a rotating spring. Variauaterials
could be expressed by changing the constant abtiagional
spring.

Considering the trade-off between the computati@osk
and simulation accuracy, two separate models wessed, a
10-link and a 40-link model. The 10-link model witte lower
computational cost, was used to verify the maniricof the
new robot, and derive the control policy. Then, #telink
model was used to explore the manipulation detaifs]

dnvestigate influences of the deflection and wineding.

Because the suction cups are soft, and because daher2
states for each cup (“attached” and "freed”), thkofving
simulation strategy was chosen to avoid complexetiog.

When in “attached” state, a force proportionatethe
distance between the initial positions of A-D (defil points
on the two housings, the distance between A ar@dhd D is
equal to the suction cups’ diameter: Fig.6) andrtberrent
positions, would be exerted to pull back the surctiop. This
force is called adsorption friction. The reactiamce of the
adsorption friction is treated as the load on thaien cup in
the horizontal plane (parallel to the plane showrkig.6).
When in “freed” state, there is no force actingtio@ suction
cup, allowing it to move freely.

Moreover, suction is weak to rotation along suctioip’s
vertical axis. Therefore during that manipulatiothe
adsorption force of the suction cups is lower ttrat of the
static state. The force working on A-D was useddltulate
the rotation moment.

B. Thereal robot

The real robot, controlled using the wire-wire rmeaism
was designed and manufactured, as shown in Fip& nfass

2818



of the robot’'s main body (not including the wirés)9g. In
order to compare it to the first prototype, theydialctor that
differed was the driving mechanism.

front housing

operating
portion

rear housing

small rigid body

slot joint -

1\‘7
G|

(a)‘Housi‘ng an‘d wiré model
Fig.6 Details of the simulation model

H'TIII U} II'\I”I'”||||||I||'||I|H||||||1|\||“|H|H||I|\|||H|\||||\|I!H|IIII|IH<I_ |
aohs 74t
: |\ :

air supply tube
(a) Robot upper part (b) Robot front part
Fig.7 The size of the new prototype

IV. RESULTS

Since the deflection is the necessity of the neivirdy
mechanism and main subject of investigation, is fhaper,
the experiment results relating to deflection werinarily
described.

A. Wire-binding simulation
The left-turn simulation was carried out on the lih@-
model. Formula (1) denotes the force required toimaate
the wire, where denotes timepull is a gain coefficient, and
ply is the distance between the front wire and thewéz.
Four = 40t Cpull ( ply —30) (1)

Adsorption friction at points C and D are calcuthtesing
formula (2), wheren andm are gain coefficientsx andfy are
the distances between the current positions antialini
positions point$x andPy.

F, = -n&ign( fx— Px)( fx— Px)?

F, = -mLsign( fy~Py)(fy - Py)’

X

These formulas were empirically deduced
experiments using the 10-link model.

Deflection can be controlled by wire-binding, i.eby
constraining the relative movement of the pairedesvi

Physically, this can be done using a short ring.tha
simulation model, this constrain was implementea asall
rigid body with a slit, as shown in Fig.8. The widif the slit
was set to 2mm, 3mm, 5mm, and 7mm respectivelyhim
version of simulation, in order to save computapower, the
rigid body was fixed to ground, that is, it doe$ mmve with
wire. The position of wire-binding was set to mdsflected
position, decided by simulation without wire-bingin

Fig.9 shows the changes in the deflection during th
manipulation. TABLEII and lllshow the maximal load of Y
direction, and maximal turning angle of the fromtuking,
respectively. Narrowing the slit reduced deflectiand
adsorption force (i.e., load to suction cups), @lth it also
decreased turning angle. However, since the wititeoslit is
too big, the “7mm constraint” case could not redtice
deflection as same as the “no constraint” case.

e TRAT WS TedT ]
' ! ! housing

deflection[mm]

o L C S,
~— no constraint
b | ===-2m
Erammnn 3"-”-"
=ZF | ==-5mm
—=—7mm
_30 0025 008 0075 01 0125 015 0175 02
time[s]

Fig.9 Front left wire deflection in each constraitith

TABLE I
THE Y DIRECTION MAXIMUM ADSORPTIONFRICTION OFC AND D POINT

[N*10 ‘6] no constraint 2mm 3mm 5mm 7mm

C 3.64 143 2.04 4.67 5.28

D 3.63 059 095 259 4.13

difference 0.016 0.835 1.09 2.08 1.15
TABLE I

THE AMOUNT OF THE MAXIMUM TURN OF THE FRONTHOUSING
[rad] no constraint 2mm  3mm  5mm  7mm

maximum turn 0.352 0.318 0.345 0.457 0.566

B. Left-turn results on the robot

through' Similar experiments were carried out in the redioto As

shown in Fig.10, the front and rear wires were traitsed by
using pieces of straw, with the inner diameter o, 3.79
mm, 5 mm, and 6.14 mm. Using the same conditionthas
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simulation experiment, the wire-binding was put the
position 100 mm behind the rear housing.

The robot moved across a piece of transparentiilia flat,
level surface of an endoscopic surgery training Kihe
pictures shown below depict the bottom view ofribleot.

1t IIIIIII|I|II|\JH|I|I|IIIIIII||IH|IIII]I\IIlIIII'IIIIl\IIIUIII g Iy
LI AN A Vi

Fig.10 Wires constrained in the real robot

Results are shown in Fig. 11-12. In order to corapghe
simulation results, only pictures relating to theft-turn
motion of the front housing are shown.

A tendency observed, in the simulation experimierthat a
tighter constraint could result in a smaller dditat, but as a
side effect, a smaller turning angle (Fig.11).

Fig.12 shows the changes in voltage at the frodtraar
suction cups. A jump to 6v indicates that the sucttup has
been released, while a voltage of 0 shows thatctie is
attached to the surface. A tact switch was usezhtble the
“attached” state. When a suction cup was moved tigha
position with a good posture (ready for attachg, tdct switch
is pushed.

The time interval between when the tact switchtished
and when the voltage falls to zero can be consilasethe
time it takes for the suction cup to attach to theface.
Comparing the hatching portion of “no constraintise
(Fig.12(a)) and “5mm constraint” case (Fig.12(lt))s clear
that 5mm constraint could result in easier manifaha

Ll B

the amount of furm

(e) 6.14mm
Fig.11 Turing left of the front housing

turn left
107 | === front voltage

tact switch
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100 | — rear voltage
— ‘ tact switch
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(b) 5mm constraint

Fig.12 Output of pressure sensors and tact switch

C. First and second robot prototype comparison

Fig. 13 and 14 show the turn motion of the firad aacond
robot prototypes respectively. In Fig. 13, the mosequence

2820



of the first robot was described. After the froouking turns
and attaches to the surface, the rear suctionscuigbdased. At
that instant, the rotation moment would work on tear

suction cup in the direction denoted by the arnowig.13(c).

Fig.13(d) shows that due to the inflexibility okthigid tube,

the rear housing of the first prototype was forttechove in a
straight line rather than a curve.

On the other hand, as shown in Fig.14, in the figrniotion,
the rear housing of the new prototype robot was &bmove
along the curve. This improvement was a directlteduthe
increased flexibility of the rear wires.

(c) release rear suction cup (d) turn of the front housmg
Fig.13 Turn movement of the first prototype

1" 2l

(b) turn of the front housmg

(a) release front suction cup

attached attached

(c) release rear suction cup (d) turn of the rear housing
Fig.14 Turn movement of the new prototype

V. CONCLUSION

Despite increased research into NOTES laparoscopic

surgeries, the driving mechanism found in micro iteob
devices continues to be a hindrance. The purposthisf
experiment was to investigate whether a wire-wiriiinly
mechanism would show increased performance oveolthe
wire-tube model. As predicated, the new driving haedsm is
a more effective model. However, deflection of thiees
creates a new challenge.

A robot simulator with flexible wires and soft siact cups
were developed to test the new driving mechanism an
investigate the solutions to the problems relatiingeflection.
Based on the simulator, a robot containing the dewing
mechanism was also developed. Six wires were figeithe
front and rear housings to realize 3 D.O.F. of orti The
turning motions of both prototypes were tested@mdpared.

Results by simulator and real robots presentechaisient
tendency, which denotes that the problem causedhbéy
deflection could be solved by appropriately cornsing the
paired wires by wire-binding.

Therefore, it is reasonable to consider that, langing to
the new wire-wire driving mechanism, the manipuigbif
the robot improves for NOTES support usage.

Before this device is able to be used in surgehegiever,
it will be necessary to miniaturize the robot fenth and
conduct animal experiments for to ensure it is fafdvuman
use.
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