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Abstract

In this study, the maneuverability of a haptic surgical robot for single-port
surgery (SPS), termed HASROSS, developed in our laboratory is evaluated.
The kinematics of the surgical robot was analyzed and a position control
method on the basis of inverse kinematics was proposed to control the
surgical robot intuitively.

The surgical robot operates under master—slave control implemented by the
haptic interface Omega 7 and a force feedback is provided to the operator. We
assigned five tasks to the surgical robot and compared its performance
against manual operation using commercially available forceps. The first
task is block transfer in which the robot grips and moves the block. The robot
also performs the Task1 Peg transfer. The second task is a ligating operation
using a surgical suture, and the third task is a peeling of grape. The fourth
and fifth tasks are contact detection of a soft tennis ball and obstacle
avoidance, respectively. These tasks are experimentally performed in
manual and robot operations. The maneuverability of the surgical robot is

evaluated by comparing these results. The results verified the effectiveness

of the HASROSS.
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Table5-1 Measured motion space

Robot operation [Manual operation
[ ] [
Forceps A 8189 13000
Forceps B 5670 16375
Laparoscope 7419 11520
TOTAL 21278 408935

FENT LD SPS MBI FIZ KX 28 F#EIE, SBEAnR Y M FEiELD &, =T
DEBAIZRBNT, HRATEIEHA EEY, SR 0 Ry MK 2 A FH o B P T
R X 28ERIFH ORI EDRE TH 72, ZuE, ARy MZEe Ry ML+
WA RET 572D OEERIIRR, #h#R T A R OBIEFEEICHIRN H D720 TH S .
7z, KRERTH LN FEEIEIC X DR R TEIFEIH X, HIIRD 720 RRE TR 2 K IR
WZHELT b D THD DT, EEEOFMITIIT DN TORKATEFEPHIL, KRE-7fH
LS EEZOND.
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Fig.6-1 Setup of the block transfer experiment
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v 7 HEBEN X A 7 AT LTS

FIARERTIE, FEOMO A EO,)X 30°CTHEE L, EArAR Y FOMTOH
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fihE 7wy 7R — FOBSEmIZE T 2 AHMAEIT 50°0~60°L § 5. 7ok, AERIZIENT
FXEHR R Y MZBWTHRT 14— RNy ZEBEREZ FH VT,

/o T —% 2 L, SPS X{EMA ARy b HASROSS O#{EIEDFH 24T - 7.

6-2 tHRTE

t RE & 1T, MEHEBEEAREOTIEL LTHRIICHVWLNELOTHY, 2 2DER
(F—%) OVEEOERD 55610, BEH GIERNRORIK) 2B\ ThH, TOENR
DOHIPENEWET D, To& 21E, B LORBIEZBHTE LT, RO AIEL Y B R0
HLONE I D, FERIICRET 2 L ZITtRENHAVOND. KEBRDYGE, AR AR
v MEFETIT S R ERTHONIAER (F—%) 2o, EArR Y b & FEITHIEL
TG BDE AT SETRRICENE L DN EHET HHLDOTH .

ZOBE, (2504 27 FETREMIZZENIRN] EWHIRGRALTT, 20 2208 A7
FET RN ER 2 FERDMERVEAIT, 250 A7 2 THRICERS S LT 5
FETH D, ZOMFEL p EEMFY, ERTHOLNIIELR (5F—F) POHHEETHS.
p EITEEMHERD Z & T, FRINRTHERN, BHEMICENRWESICAE U DHRTHD.
F7-, EHIIZ p EE 0.05 IZEXE L, pfE 0.05 KiiizBHEL Liz. 2%V, EBRTHEDL
NIAEAR (F—4) 1K L TEREZITY, ROz p HOMEDN p<0.05 Thiu, ZHH
2Ry NEFETERIELIZGEOX A7 ETRRICEAEER S D LT 5. £72, &
ETD 200K (F—4) BNdHOUDRY B L REGE T RE, FHZREEI
WRREZ WS 720, AN RE %1772
tETHNOND tEIFKRATEZ BN D.

D ave

t:m (n=10) (8)

ZIT, ndER (F—#) BERL, BERZEDG IR THEZOND.
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Dsd — \/ 2:1(D7(1k3 I Dave)z (n _ 10)

=720, DI 2T —ZICBITHEALAATDETHY, DyyelTF DFHE 2R
TOLE, QBT —H LT, ARy NMMEIC L AERTEL-TF—& &, FEiEEIC X B ER

T — 2 AR
T/, pEIIRATEZLENS.
—t o)
p = f f(Odt + f (o)t (10)
—o0 t
=77,
( )y e\TT
I((n+1)/2 2\ 2
f) = —\/Ef(n/Z) (1 + n) (11)
(12)

o]

r'(x) =f u*le~%du
0

ZIT, fOIFt A E D, TOIEHT o ~BTH D, £72, wlIEIZEE, x>0Th 5.
QR THEN t DS, HHEFE(M — 1) DO t 4545 TE U SRR (p ) 23 5% (p<0.05)
DEFICHEZEAY, 2F0, 2T —XOVHEIZEND D L HET 5.
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6-3 EERIER

EEFER AR 6-1 177
#£6-1 7o s {EBEREE

Table6-1 Results of block transferring experiment

Robot Manual
operation oper ation
1 1:33 2:08
2 1:25 1:34
3 1:08 1:56
4 1:10 1:57
Count 5 1:23 1:10
6 1:12 1:18
7 0:32 1:02
8 1:13 1:00
9 0:52 1:14
10 0:58 1:06
Average 1:10 1:26

Ry NREEE FEIEMEICR TS, ¥ A7 TREIBLIOEY X X7 2T 2 2 A A
2a7 L LTAHE LT D& 6-2 17T, X 6-2 1B 2F B L OURADERRIT Y #
27 FETHMZZE L, BAOMBIIRD RWZ A7 E TR R bIEBWE R 7 52 TR %
=7

140

130

130

110

g

Time [sec]

s 5 8 8 & £ £ 2 B 2

Manual operation Robot operation

6-2 T EFH]
Fig.6-2 Time required for the block transfer task
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110 \"\ 1
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g o W \
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Fig.6-3 Learning curve in the block transfer experiment

M6-3DT7—=07H—780, iRy MMELEFEEREOLSHLLICRBNTY, 10HED
Z A7 GE TR 1 B BICH TR S, MfT2EAD 2 LI VEBED LEL TV D
EEZD. Fio, 5EIHE SEIHEZRW TRy MEEOT N FEERIEL D & % X 7 52 THE
NN T2,

AU TEREIC B W TS0 & A DO FORNERITEIT /> TWDHR, Ry M
ETIIE1-2ei & A D FORNIENE LN ®, BB EEN L 720, BELS )
SllbtBEZbND.
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Fig.7-1 Appearance of ligation experiment
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Fig.7-2 Appearance of the grape peeling
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Fig.8-1 Experiment of the obstacle contact judgment
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Fig.8-2 Snapshots of the obstacle avoidance experiment
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KR =V OBEMPRHETETEY, WE7 4 —F RNy I BEEL TV EE2D. L
DURND, PRE AT 2 BRI Ui R & otz
BF-Jesm S RAT = A AR — B U 72 BRIC, B F-eii o B HE O A3 oo A, i ARAR
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Table8-1 Results of the obstacle judging contact

Robot Operation 18/20

20/20

100

Manual Operation 20/20

100

20/20

100
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Table8-2 Results of the obstacle avoidance experiment

Subject:A Subject:B
Count Rate [%o] Count Rate [%0]
Robot Operation
10/10 100 10/10 100
(ForceFB ON)
Robot Operation . .
110 10 010 0
(ForceFB OFF)
Manual Operation 10/10 100 10/10 100
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T8 A: Y—Xa—F

24— 7 & Omega.T D E AT L% HEMIEAHIHT 27075 L TH 5.

%Omega. TAH T O S L

function Omega7_sfun (block)

setup (block) ;

function setup (block)
block. NumDialogPrms = 0;

block. NumInputPorts = 3;

%b lock. SetPreCompInpPortInfoToDynamic;

block. InputPort (1).DirectFeedthrough = true;
block. InputPort (2).DirectFeedthrough = true;
block. InputPort (3).DirectFeedthrough = true;

block. InputPort (1). SamplingMode = "Sample’ ;

block. InputPort (2). SamplingMode = 'Sample’ ;

block. InputPort (3). SamplingMode = "Sample’;

block. NumOutputPorts = 3;

%b lock. SetPreGompOutPortInfoToDynamic;

block. OutputPort (1). Samp|ingMode = 'Sample’;

block. OutputPort (2). Samp|lingMode = 'Sample’;
block. OutputPort (3). Samp|ingMode = 'Sample’;

block. SampleTimes = [-1 0];

block. RegBlockMethod (" Outputs’, @Outputs) ;
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function Outputs (block)
syms th0

x=block. InputPort (1).data; %Omega.7 xA M EE=
y=block. InputPort (2).data; %Omega.7 yAMA BEE
z=block. InputPort (3). data; %Omega.7 zAF iR{E=E

a= 0.1; YR —1 VT EH
b=0.1;
c=10.1;

ax=axx;
ay=bxy;
az=c*z;
p=[ax;ay;az];

th0=0;

R= [ cos(th0), -sin(th0), 0;
sin(th0), cos(th0),O0;
0 , 0 ,1]1;%0Tomega FEEFEIZEH 50mega. 7

pr=Rxp;

block. QutputPort (1) .Data= pr(1);

block. QutputPort (2) .Data= pr(2);
block. QutputPort (3) .Data= pr(3);
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£® Omega.7T THEDOER Y b7 — L& HBET S L S ITAVLHER: 7075 L ThHD.
YHEENFERETOT D L
function gyakuundougaku2sfunm4 (block)

setup (block) ;

function setup (block)

block. NumDialogPrms = 0;

block. NumInputPorts = 6;

%b lock. SetPreCompInpPortInfoToDynamic;

block.
block.
block.
block.
block.
block.

block.
block.
block.
block.
block.
block.

InputPort (1)

InputPort (2).
InputPort (3).
InputPort (4).
InputPort (b).
InputPort (6).

InputPort (1).
InputPort (2).
InputPort (3).
InputPort (4).
InputPort (b).
InputPort (6).

.DirectFeedthrough
DirectFeedthrough
DirectFeedthrough
DirectFeedthrough
DirectFeedthrough
DirectFeedthrough

SamplingMode =
SamplingMode =
SamplingMode =
SamplingMode =
SamplingMode =
SamplingMode =

block. NumOutputPorts = 3;

"Sample’ ;
"Sample’ ;
"Sample’ ;
"Sample’ ;
"Sample’ ;

"Sample’ ;

%b lock. SetPreGompOutPortInfoToDynamic;

block. OutputPort (1). Samp| ingMode =
block. OutputPort (2). Samp|ingMode =
block. OutputPort (3). Samp | ingMode =

"Sample’ ;
"Sample’ ;

"Sample’ ;

true;
true;
true;
true;
true;

true;
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block. SampleTimes = [-1 0];

block. RegBlockMethod (" Outputs’, @Outputs) ;

function Outputs (block)
YWEEEENSORY b7 —LDMFEIRUBE TICES THHEEZE OIS LA

% for k=1:20

r=[block. InputPort (1) . data;
block. InputPort (2). data;

block. InputPort (3). data] ; %YE#ZEE (X y z) Omega. TA S
thi=block. InputPort (4). data; WawhE BEAE(ToI—FLYHERARD)
th2=block. InputPort (5). data; %PitchAR HEAE(To3—F LY HERARD)
I3=block. InputPort (6). data; YEFAR HREAE (T I—F&LYHRARD)
14=50; YWEHEBRES
th4=—pi/5; %ZEhFED Y B
th5=0; YXEHED Y B

th=[th1;th2;13]; %WREAHE

J=[ 14 (cos (thb) *(sin(th1)*sin(th4) + cos (thl)*cos (th2) *cos (th4)) +
cos (th1) *sin(th2) *sin(thb)) - cos(th1)#*(300*cos (th2) - 300) - 300*cos (th1) +
cos (th1) *cos (th2) * (13 + 350), |4*(cos (th2)*sin(th1)*sin(thb) -
cos (th4) *cos (thb) *sin (th1) *sin(th2)) + 300*sin(th1)*sin(th2) - sin(th1)*sin(th2)*(I3 +
350), cos (th2)*sin(th1);
300*sin(th1l) + sin(th1)#*(300xcos (th2) - 300) + I4*(cos (th5)* (cos (th1)*sin (th4)
- cos (th2) *cos (th4) #sin(th1)) - sin(th1)*sin(th2)*sin(th5)) - cos(th2)#*sin(th1)*(I3 +
350), 300%cos (th1)*sin(th2) + |4*(cos (th1)*cos (th2)*sin(thb) -
cos (th1) *cos (th4) *cos (thb) *sin (th2)) - cos (th1)*sin(th2)* (13 + 350), cos (th1)*cos (th2);

0, 300*cos (th2) - cos(th2)* (I3 + 350) -
4% (sin(th2)*sin(thb) + cos (th2)*cos (th4) *cos (thb)), -sin(th2)1;

dth=th + Q¥ r);, % =a—b2ZEORX thIREAE LHTE
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% end

block. OutputPort (1) .Data= dth(1);
block. OutputPort (2) .Data= dth(2);
block. OutputPort (3) .Data= dth(3);

WawAm BIEA
%Pitchmm BiEMH
YEEIAFR BiEA

Mgt K

X
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function gyakuundougaku2sfunm4_rightarm(block)

setup (block) ;

function setup (block)
block. NumDialogPrms = 0;

block. NumInputPorts = 6;

%b lock. SetPreCompInpPortInfoToDynamic;

block. InputPort (1).DirectFeedthrough = true;
block. InputPort (2).DirectFeedthrough = true;
block. InputPort (3).DirectFeedthrough = true;
block. InputPort (4).DirectFeedthrough = true;
block. InputPort (5).DirectFeedthrough = true;
block. InputPort (6).DirectFeedthrough = true;
block. InputPort (1). SamplingMode = "Sample’ ;

block. InputPort (2). SamplingMode = 'Sample’ ;
block. InputPort (3). SamplingMode = "Sample’;
block. InputPort (4). SamplingMode = 'Sample’;
block. InputPort (5). SamplingMode = "Sample’;
block. InputPort (6). SamplingMode = "Sample’;

block. NumOutputPorts = 3;

%b lock. SetPreGompOutPortInfoToDynamic;

block. OutputPort (1). Samp|ingMode = 'Sample’;
block. OutputPort (2). Samp|lingMode = 'Sample’;
block. OutputPort (3). Samp|ingMode = 'Sample’;
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block. SampleTimes = [-1 0];
block. RegBlockMethod (" Outputs’, @Outputs) ;
function Outputs (block)
YWEEEENSORY b7 —LDMFEIRUBE TICES THHEEZE OIS LA

% for k=1:20

r=[block. InputPort (1) . data;
block. InputPort (2). data;

block. InputPort (3). data] ; %YE#ZEE (X y z) Omega. TA S
thi=block. InputPort (4). data; WawhE BEAE(ToI—FLYHERARD)
th2=block. InputPort (5). data; %PitchAR HEAE(To3—F LY HERARD)
I3=block. InputPort (6). data; YEFAR HREAE (T I—F&LYHRARD)
14=35; YWEHEBES
th4=—pi/18; %WZEhFEH Y EER
th5=0; YXEHED Y B

th=[th1;th2;13]; %WREAHE

J=[ 300*cos (th1) + cos (th1)*(300*cos (th2) - 300) - [4%(cos (thb)*(sin(th1)*sin(th4)
+ cos (th1) *cos (th2) *cos (th4)) + cos (th1)*sin(th2)*sin(th5)) - cos(th1)*cos(th2)* (I3 +
350), sin(th1)#*sin(th2)*(I13 + 350) - 300%sin(th1)*sin(th2) -
[ 4% (cos (th2) *sin (th1) *sin (thb) - cos(th4)*cos (thb) *sin(th1)*sin(th2)),
-cos (th2) #sin(th1) ;

300*sin(th1l) + sin(th1)#*(300xcos (th2) - 300) + I4*(cos (th5)*(cos (th1)*sin(th4)

- cos (th2) *cos (th4) #sin(th1)) - sin(th1)*sin(th2)*sin(th5)) - cos(th2)#*sin(th1)*(I3 +
350), 300%cos (th1)#*sin(th2) + l4*(cos (th1)*cos (th2)*sin(thd) -
cos (th1) *cos (th4) *cos (thb) *sin (th2)) - cos(th1)*sin(th2)* (I3 + 350),
cos (th1) *cos (th2) ;

0, 300*cos (th2) - cos(th2)* (I3 + 350) -
4% (sin(th2)*sin(thb) + cos (th2)*cos (th4) *cos (thb)), -sin(th2)1;

dth=th + ¥ r); % =a—Fr2EDOX thIEEAE LTS
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% end

block. OutputPort (1) .Data= dth(1);
block. QutputPort (2) .Data= dth(2);
block. OutputPort (3) .Data= dth(3);

WawAm BIEA
%Pitchmm BiEMH
YEEIAFR BiEA

Mgt K

X
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Evaluation of Performance of the Surgical Robot HASROSS

Katsuaki Oiwa*a), Non-member, Shotaro Maeda™, Non-member, Chiharu Ishii™, Member

In this paper, the maneuverability of a haptic surgical robot for single-port surgery (SPS), termed HASROSS, developed in our
laboratory is evaluated. The kinematics of the surgical robot was analyzed and a position control method on the basis of inverse
kinematics was proposed to control the surgical robot intuitively. The surgical robot operates under master—slave control
implemented by the haptic interface Omega 7 and a force feedback is provided to the operator. We assigned five tasks to the
surgical robot and compared its performance against manual operation using commercially available forceps. The
maneuverability of the surgical robot was assessed in a block transfer experiment, a ligation experiment and a grape peeling
experiment. The completion times of forceps manipulation by robot operation were compared with those of manual operation. To
assess the force feedback functionality of the surgical robot, we tested whether the robot could properly contact and avoid
obstacles using the forceps. The results verified the effectiveness of the HASROSS.

Keywords : haptic surgical robot, single-port surgery, maneuverability evaluation, force feedback

1. Introduction

In recent years, minimally invasive surgery has become the
preferred option in hospitals, but it requires accurate and delicate
operation in a small workspace with a limited field of vision,
demanding considerable skill of the surgeon. Single-port surgery
(SPS) has been lately embraced by laparoscopic surgeons [1].
Various surgical robots controlled by a teleoperated master—slave
system such as the da Vinci system have also been developed and
used in conventional laparoscopic surgery [2]. Other surgical
robots have been designed for SPS [3]-[5]. In addition, to perform
minimally invasive surgery, only visual information is provided in
the conventional robotic systems. Force feedback is particularly
beneficial in surgical robot systems, as it improves the surgeon’s
dexterity and enhances the operability of surgical robots in
telesurvey execution [6].

Our originally developed haptic surgical robot for SPS, termed
HASROSS, is described in [7]. We analyzed the kinematics of the
developed surgical robot and proposed a position control method
based on inverse kinematics as an intuitive control. The present
study evaluates the maneuverability of the surgical robot for SPS.
To this end, we assigned five tasks to the surgical robot and
compared its performance against manual operation using
commercially available forceps.

The first task is block transfer in which the robot grips and
moves the block. The robot also performs the Taskl Peg transfer
described in [8] and [9]. The second task is a ligating operation
using a surgical suture, and the third task is a peeling of grape. The
fourth and fifth tasks are contact detection of a soft tennis ball and
obstacle avoidance, respectively. These tasks are experimentally
performed in manual and robot operations. The maneuverability of
the surgical robot is evaluated by comparing these results.

a) Correspondence to: Katsuaki oiwa.
E-mail:katsuaki.oiwa.st@stu.hosei.ac.jp
* Medical and welfare robotics laboratory
Hosei University 3-7-2, Kajinocho, Koganei, Tokyo, Japan 184-8584

© 2015 The Institute of Electrical Engineers of Japan.

2. Surgical Robot for Single-Port Surgery

2.1 Single-port Surgery In conventional laparoscopic
surgery, the forceps and laparoscope are inserted through incision
holes on the body surface. However, in SPS, they are inserted
through a single-incision hole on the umbilicus. The scar is almost
unnoticeable because the incision trace is indistinguishable from
the umbilical wrinkle pattern [10]. Therefore, SPS yields a better
aesthetic outcome than conventional laparoscopic surgery. In
addition, SPS reduces the risk of adhesion-based postoperative
complications because of its much lower invasiveness than the
conventional method.

2.2 Experimental Devices Fig. 1 shows the haptic
device Omega 7 produced by Force Dimension, used as a master
device for teleoperation control of the developed SPS surgical
robot. Omega 7 can perform seven DOF operations: translational
motions along three axes, rotary motions around these three axes,
and a grasping motion around one axis. In addition, force feedback
is available for the translational motions and the grasping motion.

Fig. 1. Haptic device Omega 7 and its manipulations (left panel
indicates the yaw, pitch, and translational motions; right panel
indicates the rotational motions (blue, red, yellow) and the
grasping motion (pink).)
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Translation 4
{1 Standard
coordinates

Fig. 2. Overview of the SPS surgical robot HASROSS.

Fig. 2 shows an overview of the SPS surgical robot HASROSS.
The surgical robot consists of two forceps manipulators and two
robotic arms. The laparoscope is assumed to be operated manually
by a laparoscopic camera assistant. As shown in Fig. 2, the
surgical robot for SPS can perform yaw, pitch, and translational
motions. The surgical robot is also equipped with a force feedback
function. A six-axis force sensor is attached in the root of the
forceps shaft as shown in Fig. 3. Therefore, the system will detect
loads applied to the shaft of the forceps. In tasks 4 and 5, the
contact force was fed back to the operator through the Omega 7.
The feedback force was based on the force measured by the
sensor.

Force sensor

Forceps manipulator for SPS

Fig. 3. Forceps manipulator for SPS.

2.3 Kinematics The standard coordinates (X, y, z) are set
in the center of the curved guide of the surgical robot. Two Omega
7s and the SPS surgical robot are then placed as shown in Fig. 4.

The tips of the forceps

Robot arm

Curved guide |/

Surgical robot

I Standand coondinates , ? P bs
e ==l o Remote center of motion
(Top view)} {Side view}

Fig. 4. Placement of the surgical robot and Omega 7.

This arrangement is called the home position. In the position
tracking control, intuitive operation is realized so that the moving
direction of the forceps tip coincides with the operating direction
of Omega 7. An example is indicated by the blue arrow in Fig. 4,
in which the right side surgical robot is controlled using the left
side Omega 7. To achieve intuitive operation, we developed the
following forward and inverse kinematics of the developed
surgical robot.

The forward kinematics are solved through a simultaneous
transformation matrix, which converts the standard coordinates to
the coordinates at the tip of the forceps, denoted as “°T .

L LO: L1- L2 L L4 L
0-I—L6: TLl TLZ TL3 3TL4 TL5 5TL6

The end position of the left-side robotic arm with forceps
manipulator in the standard coordinates is obtained by multiplying

.
the origin vector “p=[0 0 0 1] from the right side of (1).

In this study, we seek a numerical solution to the inverse
kinematics using the Jacobian matrix. Then, by Newton’s method,
we obtain:

o

new

=g + A0
= 0,4+ Ar
= eold +J 71(rnew Lt

The previous angle of the robotic arm 8,4 is measured by
encoders mounted on the drive motors of the robotic arm, and rye,,
and rgq are detected by Omega 7. r,e, and rqq represent a current
tip position and the tip position from one step before. Thus, the
updated angle of the robotic arm Oy, is obtained by numerically
solving the inverse kinematics. Details are given in [7].

2.4  Control Methodology The target angular
displacement 6, is provided to the surgical robot at each
sampling time. As explained above, the target angle is found by
numerically solving the inverse kinematics by Newton’s method.
Tracking the target angular displacement provides a suitable
position tracking control of the forceps tip.

The controller is a proportional-integral-derivative controller.
The position of the forceps tip is tracked in the operating direction
of the Omega 7. The control program was written in
MATLAB/Simulink softoware. As the interface board, we used a
digital controller (PCIA04; Inteco Co., Ltd.). The motor amplifier
comprised a bipolar power supply (Metronix Inc.) and a
VOoItPAQ-X4 (Quanser Corp.)

3. Operating Range

In the first experiment, we evaluated the operating range of the
forceps tip by robot operation using the surgical robot and by
manual operation using the commercially available SPS forceps.
The forceps used in the manual operation were commercially
manufactured for SPS by Covidien Ltd.

3.1 Operating Range Experiment In this experiment,
two SPS forceps and an aluminum rod that mimics a laparoscope
were inserted in crossover fashion into the single-incision
laparoscopic surgery (SILS) port made by Covidien Ltd. Two of
them were fixed to prevent their interference and another one was
moved freely. The locus of the maximum movable range was
traced onto a grid paper by a pen mounted at the tip of the rod and
the forceps. The experiments were sequentially performed for the
rod and the forceps. The SILS port was placed 15 cm from the
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grid paper as shown in Fig. 5. The experiment was carried out for
robot operation using the surgical robot and for manual operation
using the SPS forceps.

Wall Panel

15¢m

SILS Port

Laparoscope

Forceps

Fig. 5. Schematic of the operating range experiment.

3.2 Experimental Results The results of the operating
range experiment are summarized in Table 1. For all the
manipulated parts, manual operation of the SPS forceps far
exceeded the maximum range of movement of the surgical robot’s
operation. This result is attributed to the limited operating area of
the surgical robot, which narrows the movement range of the robot
operation. However, it should be mentioned that the maximum
movable range of the actual surgery is smaller than the movable
range of measurement by manual operation.

Table 1. Results of the operating range experiment.

Robot operation |Manual operation
[ ] [mf ]
Forceps A 8189 13000
Forceps B 5670 16375
Laparos cope 7419 11520
TOTAL 21278 40895

4. Evaluation Experiment of Block Transfer

The maneuverability of the surgical robot was evaluated in
block transfer tasks. The subject was a healthy 23-year-old male
who is not a medical worker but is sufficiently familiar with
forceps operation. The control program was created using
MATLAB/Simulink software.

4.1 Experimental Methodology The equipment of
the evaluation experiment was set up as shown in Fig. 6. The
block transfer tasks were performed with VTi medical Dexterity
Blocks. In the block transfer experiments, three blocks were
sequentially manipulated by the nondominant hand of the subject.
The subject was required to transfer the object in midair to his
dominant hand and then place the block on the opposite side of the
board. The time to transfer three blocks was recorded.

10 block transfer tasks were conducted for the robot operation
and the manual operation. The manual operations were performed
in a cage, limiting the operations to the maximum movable range
of the surgical robot. In this experiment, the bending angle of the
forceps during the manual operation was fixed at approximately
30°. The bending angle of the right forceps (6, in Fig.4) of the

robot operation was fixed at approximately 30°, and the bending
angle of the left forceps was arbitrary changed depending on the
hand operation.

The incident angle in the operating shaft relative to the
operating face of the block board of the forceps was fixed at
approximately 50°-60°. During this experiment, the surgical robot
was operated without the force feedback function. The obtained
results were analyzed to evaluate the maneuverability of the
surgical robot for SPS.

Fig. 6. Setup of the block transfer experiment.

4.2 T-test The t-test evaluates the statistical
significance of different results. Specifically, if the average values
of two samples selected from a population appear to differ, the
t-test determines whether the difference is likely to be real [11]. In
our experiments, we evaluated whether the task completion time
differed between the robot and manual operations.

The probability, called the p-value, actually measures the
probability that differences among groups obtained during an
experiment are chance occurrences. We considered that p-values
were significant at the 0.05 level, because this means that the
average completion times coincide between the manual and robot
operations at a 5%.

4.3 Experimental Result The results of the block
transfer experiment are shown in Table 2 and Fig. 7. Fig. 8 plots
the learning curve representing the time required for familiar
operation. The blue and red bars in Fig. 7 represent the average
task completion times of the manual operation and robot operation,
respectively, and the thin black lines extend from the earliest to the
latest completion time.

Clearly, the robot operation completed the task earlier than the
manual operation. This was attributed to the equivalent left and
right manipulation ability of the robot, and the intuitive tasking by
the position tracking control. In addition, the difference was
statistically significant because p = 0.0472 was obtained.
Therefore, the difference between the average task completion
times was not due to accidental errors.

The learning curve demonstrates that by the 10th trial, the
completion time of both manual and robot operations had reached
its minimum. In the first few trials, the robot operation was
accomplished faster than manual operation because the robot
performs right and left operations with equal competency.
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Table 2. Results of the block transfer experiment.

Robot Manual
oper ation operation
1 1:33 2:08
2 1:25 1:34
3 1:08 1:56
4 1:10 1:57
Count 5 1:23 1:10
6 1:12 1:18
7 0:52 1:02
8 1:13 1:00
9 0:52 1:14
10 0:58 1:06
Average 1:10 1:26

Time [se¢]

B 8 &8 8 8 & 8B 8

H

120
110
100 |

Manual operation

Robot operation

Fig. 7. Time required for the block transfer task.
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Fig. 8. Learning curve in the block transfer experiment.
5. Ligation Operation and Grape Peeling

To evaluate the surgical robot in a more practical setting, the
robot performed ligation using a medical nylon suture, and its
performance was compared with that of manual operation. In
addition, a peeling of grape was carried out using the surgical
robot. The subject was a 23-year-old male who is not a medical
worker but sufficiently accustomed to forceps operation.

5.1 Experimental Methodology of the Ligation The
manual operation was performed in no-cage and in cage situations,
limiting the maximum movable range to that of the surgical robot.

The ligation operation was performed four times by the manual
operation and the robot operation, and the average completion
time was calculated. The equipment of the ligation operation
experiment is shown in Fig. 9. In this experiment, the surgical
robot was operated without the force feedback function.

s

Fig. 9. Appearance of the ligation experiment.

5.2 Experimental Result of the Ligation The robot
operation required 28 s on average to complete the ligation
procedure against 21 s by the manual operation in an unrestrained
operating area and 24 s by the manual operation in the caged area.

The completion times of the manual operation were shorter than
that of the robot operation. One of the reasons of this is considered
as follows. Because the maximum movable range of the surgical
robot is narrower than in the normal manual operation, large left
and right movements for ligation operation are prevented under
this condition.

5.3 Methodology and Result of Grape Peeling The
subject performed peeling of grape using the surgical robot. The
appearance of the grape peeling experiment is shown in Fig. 10.

The robot operation required 174 s to complete the grape
peeling. As a result, the grape peeling was successfully
accomplished by the surgical robot.

Fig. 10. Appearance of the grape peeling.

6. Evaluation Experiment of Force Feedback

6.1 Experimental Methodology During laparoscopic
surgery, there is risk of organ damage when the surgical
instruments contact the organ outside of the endoscope’s field of
view. Generally, the robots cannot detect contacted obstacles
unless they elicit a tactile response.

Therefore, this experiment examined the judgment rate of the
surgical robot when contacting obstacles outside the operation
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screen and compared the judgement performance with that of
manual operation. For this purpose, the robot was equipped with
the force feedback function.

After judging the contact obstacles from force feedback alone,
the subject was required to avoid the obstacle. The force feedback
function of the surgical robot was evaluated in two tasks. The
human subjects were two students with sufficient knowledge of
forceps operation.

As for the motion scaling of displacement, the forceps tip
follows half of the movement of Omega 7, and as for the haptic
feedback, doubled force was presented to the Omega 7.

1) Contact judgement

Fig. 11 shows the equipment of the contact judgment
experiment. The subject moved the forceps tip to the left and the
right without looking at the forceps tip. An obstacle was touched
to the forceps tip by the experimental collaborator. The obstacle
was a soft tennis ball mimicking the softness of an organ. The
subjects were required to declare when they sensed contact with
the tennis ball.

This task was conducted by the manual operation and the robot
operation with the force feedback function. The case of “unsure
contact” was considered a failure. The judgment rate of each
subject was measured in 20 trials per subject.

a = TN
A "\

Obstacle

Surgical robots

Fig. 11. Experiment of obstacle contact judgment.

2) Obstacle avoidance

Snapshots of the obstacle avoidance task are presented in Fig.
12. The subjects started the experiment with grasping the block
used in the block transfer experiment. Then, without looking at the
forceps tip, the subject stacked it onto other specified building
blocks by pushing the forceps tip to the sidewall of the building
blocks, where the stack height was randomly selected. Since the
subjects see only the shaft of the forceps on the operation screen,
the forceps tip is completely hidden from the subjects.

This task was conducted by the robot operation with and
without the force feedback function. If the position of the building
blocks was not clearly identified or a block was not stacked onto
other building blocks, the trial was considered a failure. The
success rate was computed from 10 trials per subject.

6.2  Experimental Result
1) Contact judgement

The results of the contact judgement are summarized in Table 3.
In the robot operation, subject A successfully detected contact in
18 out of 20 trials (a success rate of 90%), whereas Subject B was
successful in all trials. Therefore, both subjects clearly identified
the contact with a soft tennis ball, verifying the functionality of
the force feedback. The subject A failed in two trials. This is
because when the tip of the forceps contacts the soft tennis ball,
the force sensor attached in the root of the forceps cannot detect

the contact due to the deflection of the forceps shaft.
In the manual operation, the force was directly detected by the
forceps; hence, the judgment rate was 100%.

Table 3. Results of judging contact with an obstacle.

Robot Operation 18/20 90 20/20 100
Manual Operation 20/20 100 20/20 100

2) Obstacle avoidance

The results of the obstacle avoidance task are summarized in
Table 4. In the robot operation with force feedback function
(Force FB ON), the avoidance success rate of both subjects was
100%, indicating proper contact with the obstacle. In the robot
operation without force feedback function (Force FB OFF), the
robot failed in all but one attempt. In the manual operation, the
force was detected by the forceps, and the success rate was 100%.

Table 4. Results of the obstacle avoidance experiment.

Subject:A Subject:B
Count Rate [%0] Count Rate [%0]
Robot Operation
10/10 100 10/10 100
(ForceFB ON)
Raobot Operation , ,
1/10 10 010 0
(ForceFB OFF)
Manual Operation 10/10 100 10/10 100

7. Discussion

In the block transfer experiment, the robot operation required an
average of 70 s to complete the task, whereas manual operation
required 86 s. The faster completion time in the robot operation
was attributed to the equivalent left and right manipulation ability
of the robot, and the intuitive tasking by the position tracking
control.

In addition, in the right-hand robot arm, the subject was able to
control the bending angle of the forceps tip arbitrarily during the
experiment. Therefore, the robot’s timing in the block transfer
experiment might also have been shortened by the ability to grasp
at a suitable angle.

The block transfer experiments demonstrated the usefulness of
the surgical robot for SPS. However, in the ligation operation
experiment, manual operation required less time than the robot
operation. Furthermore, within the narrow operating space of the



Evaluation of Performance of the Surgical Robot HASROSS (Katsuaki Oiwa et al)

surgical robot, it is difficult to tie a tight knot in the suture. In
further developments, we must adapt a proprietary ligation method
to the surgical robot, adding the bending function of the forceps
tip to both robot arms.

The force feedback function enables contact detection when the
forceps tip touches an obstacle outside the operation screen. The
experimental results verified the effectiveness of the force
feedback function. However, when a small load was applied to the
forceps tip, the small contact to the forceps tip was not easily
detected by the force sensor attached in the root of the forceps.

8. Conclusion

This study investigated the performance of the developed SPS
surgical robot HASROSS and compared it with that of manual
operation. The usability of the surgical robot was validated in a
mock ligation operation and in block transfer experiments. In
addition, the force feedback function of the SPS surgical robot
was verified in contact detection and obstacle avoidance
experiments.

In future work, we will evaluate the maneuverability of our SPS
surgical robot by adding a grasping force feedback function.
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Abstract—This study evaluates the operability of a surgical
robot for single-port surgery (SPS) developed in our
laboratory. The surgical robot operates under master—slave
control implemented by the haptic interface Omega 7 and is
reinforced with a force feedback mechanism. The
maneuverability of the surgical robot system was assessed in
a block transfer experiment and a ligation experiment. The
completion times of forceps manipulation by robot
operation were compared with those of manual operation.
To assess the force feedback functionality of the surgical
robot, we tested whether the robot could properly contact
and avoid obstacles when using the forceps. The results
verified the effectiveness of the surgical robot system for
SPS.

Index Terms—surgical robot, single-port
maneuverability evaluation, force feedback

surgery,

I. INTRODUCTION

In recent years, minimally invasive surgery has
become the preferred option in hospitals, but it requires
accurate and delicate operation in a small workspace with
a limited field of vision, demanding considerable skill of
the surgeon. Single-port surgery (SPS) has been lately
embraced by laparoscopic surgeons [1]. Various surgical
robots controlled by a teleoperated master—slave system
such as the da Vinci system have also been developed
and used in conventional laparoscopic surgery [2]. Other
surgical robots have been designed for SPS [3]-[8]. In
addition, to perform minimally invasive surgery, only
visual information is provided in the conventional robotic
systems. Force feedback is particularly beneficial in
surgical robot systems, as it improves the surgeon’s
dexterity and enhances the operability of surgical robots
in telesurvey execution [9] and [10].

Our originally developed surgical robot for SPS is
described in [11]. We analyzed the kinematics of the
developed surgical robot and proposed a position control
method based on inverse kinematics as an intuitive
control.

The present study evaluates the maneuverability of the
surgical robot for SPS. To this end, we assigned four
tasks to the surgical robot and compared its performance

against manual operation using commercially available
forceps.

The first task is block transfer in which the robot grips
and moves the block. The robot also performs the Taskl
Peg transfer described in [12] and [13]. The second task
is a ligating operation using a surgical suture. The third
and fourth tasks are contact detection of a soft tennis ball
and obstacle avoidance, respectively.

These tasks are experimentally performed in manual
and robot operations. The maneuverability of the surgical
robot is evaluated by comparing these results.

Il. SURGICAL ROBOT FOR SINGLE-PORT SURGERY

A. Single-port Surgery

In conventional laparoscopic surgery, the forceps and
laparoscope are inserted through incision holes on the
body surface. However, in SPS, they are inserted through
a single-incision hole on the umbilicus. The scar is almost
unnoticeable  because  the incision trace is
indistinguishable from the umbilical wrinkle pattern [14].
Therefore, SPS yields a better aesthetic outcome than
conventional laparoscopic surgery. In addition, SPS
reduces the risk of adhesion-based postoperative
complications because of its much lower invasiveness
than the conventional method.

B. Experimental Devices

Fig. 1 shows the haptic device Omega 7 produced by
Force Dimension, used as a master device for
teleoperation control of the developed SPS surgical robot.
Omega 7 can perform seven DOF operations:
translational motions along three axes, rotary motions
around these three axes, and a grasping motion around
one axis. In addition, force feedback is available for the
translational motions and the grasping motion.



Figure 1. Haptic device Omega 7 and its manipulations (left
panel indicates the yaw, pitch, and translational motions; right
panel indicates the rotational motions (blue, red, yellow) and the
grasping motion (pink).)
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Figure 2. Overview of the SPS surgical robot.

Fig. 2 shows an overview of the SPS surgical robot.
The surgical robot consists of two forceps manipulators
and two robotic arms. The laparoscope is assumed to be
operated manually by a laparoscopic camera assistant. As
shown in Fig. 2, the surgical robot for SPS can perform
yaw, pitch, and translational motions.

For this study, the surgical robot is also equipped with
a force feedback function. A six-axis force sensor is

attached in the root of the forceps shaft as shown in Fig. 3.

Therefore, the system will detect loads applied to the
shaft of the forceps. In tasks 3 and 4, the contact force
was fed back to the operator through the Omega 7. The
feedback force was based on the force measured by the
sensor.

Force sensor

Forceps manipulator for SPS

Figure 3. Forceps manipulator for SPS.

C. Kinematics

The standard coordinates (x, y, z) are set in the center
of the curved guide of the surgical robot. Two Omega 7s
and the SPS surgical robot are then placed as shown in
Fig. 4.

The tips of the forceps

Robot arm

Curved guide 3

Surgieal robot

, P

L N85
Remote center of motion

{Side view}

Standard coonlinates

{Top view)

Figure 4. Placement of the surgical robot and Omega 7.

This arrangement is called the home position. In the
position tracking control, intuitive operation is realized so
that the moving direction of the forceps tip coincides with
the operating direction of Omega 7. An example is
indicated by the blue arrow in Fig. 4, in which the right
side surgical robot is controlled using the left side Omega
7. To achieve intuitive operation, we developed the
following forward and inverse kinematics of the
developed surgical robot.

The forward kinematics are solved through a
simultaneous transformation matrix, which converts the
standard coordinates to the coordinates at the tip of the
forceps, denoted as “°T,.

LOTLG :LOTLl I_1TL2 LZTLS I_3TL4 I_4TL5 LSTLS (1)

The end position of the left-side robotic arm with forceps
manipulator in the standard coordinates is obtained by

N
multiplying the origin vector “p= [0 00 1] from
the right side of (1).

In this study, we seek a numerical solution to the
inverse kinematics using the Jacobian matrix.

Then, by Newton’s method, we obtain:

enew = eold + Ag

=6, +JAr

= eold +J 71(rnew - r-old) . (2)
The previous angle of the robotic arm 6,4 is measured by
encoders mounted on the drive motors of the robotic arm,
and rpey and roq are detected by Omega 7. ryew and ryq
represent a current tip position and the tip position from
one step before. Thus, the updated angle of the robotic

arm 6Oy is obtained by numerically solving the inverse
kinematics. Details are given in [11].

D. Control methodology

The target angular displacement 6., is provided to the
surgical robot at each sampling time. As explained above,
the target angle is found by numerically solving the
inverse kinematics by Newton’s method. Tracking the



target angular displacement provides a suitable position
tracking control of the forceps tip.

The controller is a proportional-integral-derivative
controller. The position of the forceps tip is tracked in the
operating direction of the Omega 7. The control program
was written in MATLAB/Simulink software. As the
interface board, we used a digital controller (PCIA04;
Inteco Co., Ltd.). The motor amplifier comprised a
bipolar power supply (Metronix Inc.) and a VoltPAQ-X4
(Quanser Corp.)

I1l.  OPERATING RANGE

In the first experiment, we evaluated the operating
range of the forceps tip by robot operation using the
surgical robot and by manual operation using the
commercially available SPS forceps. The forceps used in
the manual operation were commercially manufactured
for SPS by Covidien Ltd.

A. Operating Range Experiment

In this experiment, two SPS forceps and an aluminum
rod that mimics a laparoscope were inserted in crossover
fashion into the single-incision laparoscopic surgery
(SILS) port made by Covidien Ltd. Two of them were
fixed to prevent their interference and another one was
moved freely. The locus of the maximum movable range
was traced onto a grid paper by a pen mounted at the tip
of the rod and the forceps. The experiments were
sequentially performed for the rod and the forceps. The
SILS port was placed 15 cm from the grid paper as shown
in Fig. 5. The experiment was carried out for robot
operation using the surgical robot and for manual
operation using the SPS forceps.

Wall Panel

SILS Port

15cm

Laparoscope

Forceps

Figure 5. Schematic of the operating range experiment.

B. Experimental Results

The results of the operating range experiment are
summarized in Table I.

For all the manipulated parts, manual operation of the
SPS forceps far exceeded the maximum range of
movement of the surgical robot’s operation. This result is
attributed to the limited operating area of the surgical
robot, which narrows the movement range of the robot
operation. However, it should be mentioned that the
maximum movable range of the actual surgery is smaller

than the movable range of measurement by manual
operation.

TABLE I. RESULTS OF THE OPERATING RANGE EXPERIMENT

Robot operation |Manual operation
[m ] [ ]
Forceps A 8189 13000
Forceps B 5670 16375
Laparos cope 7419 11520
TOTAL 21278 40895

IV. EVALUATION EXPERIMENT OF BLOCK
TRANSFER

The maneuverability of the surgical robot was
evaluated in block transfer tasks. The subject was a
healthy 23-year-old male who is not a medical worker but
is sufficiently familiar with forceps operation. The
control program was created using MATLAB/Simulink
software.

A. Experimental Methodology

The equipment of the evaluation experiment was set up
as shown in Fig. 6.

Figure 6. Setup of the block transfer experiment.

The block transfer tasks were performed with VTi
medical Dexterity Blocks. In the block transfer
experiments, three blocks were sequentially manipulated
by the nondominant hand of the subject. The subject was
required to transfer the object in midair to his dominant
hand and then place the block on the opposite side of the
board. The time to transfer three blocks was recorded.

10 block transfer tasks were conducted for the robot
operation and the manual operation. The manual
operations were performed in a cage, limiting the
operations to the maximum movable range of the surgical
robot. In this experiment, the bending angle of the forceps
during the manual operation was fixed at approximately
30°. The bending angle of the right forceps (6, in Fig.4)
of the robot operation was fixed at approximately 30°,
and the bending angle of the left forceps was arbitrary
changed depending on the hand operation.

The incident angle in the operating shaft relative to the
operating face of the block board of the forceps was fixed



at approximately 50°-60°. During this experiment, the
surgical robot was operated without the force feedback
function. The obtained results were analyzed to evaluate
the maneuverability of the surgical robot for SPS.

B. T-test

The t-test evaluates the statistical significance of
different results. Specifically, if the average values of two
samples selected from a population appear to differ, the t-
test determines whether the difference is likely to be real
[15]. In our experiments, we evaluated whether the task
completion time differed between the robot and manual
operations.

The probability, called the p-value, actually measures
the probability that differences among groups obtained
during an experiment are chance occurrences. We
considered that p-values were significant at the 0.05 level,
because this means that the average completion times
coincide between the manual and robot operations at a
5%.

C. Experimental Result

The results of the block transfer experiment are shown
in Table 1l and Fig. 7. Fig. 8 plots the learning curve
representing the time required for familiar operation. The
blue and red bars in Fig. 7 represent the average task
completion times of the manual operation and robot
operation, respectively, and the thin black lines extend
from the earliest to the latest completion time.

Clearly, the robot operation completed the task earlier
than the manual operation, and the difference was
statistically significant because p = 0.0472 was obtained.
Therefore, the difference between the average task
completion times was not due to accidental errors.

The learning curve demonstrates that by the 10th trial,
the completion time of both manual and robot operations
had reached its minimum. In the first few trials, the robot
operation was accomplished faster than manual operation
because the robot performs right and left operations with
equal competency.

Timee [sec]

Manual cperation Robot operation

Figure 7. Time required for the block transfer task.
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Figure 8. Learning curve in the block transfer experiment.

TABLE Il. RESULTS OF THE BLOCK TRANSFER EXPERIMENT

Robot Manual
oper ation operation
1 1:33 2:08
2 1:25 1:34
3 1:08 1:56
4 1:10 1:57
Count 5 1:23 1:10
6 1:12 1:18
7 0:52 1:02
8 1:13 1:00
9 0:52 1:14
10 0:58 1:06
Average 1:10 1:26

V. LIGATION OPERATION

To evaluate the surgical robot in a more practical
setting, the robot performed ligation using a medical
nylon suture, and its performance was compared with that
of manual operation. The subject was a 23-year-old male
who is not a medical worker but sufficiently accustomed
to forceps operation.

A.  Experimental Methodology

The manual operation was performed in no-cage and in
cage situations, limiting the maximum movable range to
that of the surgical robot. The ligation operation was
performed four times by the manual operation and the
robot operation, and the average completion time was
calculated. The equipment of the ligation operation
experiment is shown in Fig. 9. In this experiment, the
surgical robot was operated without the force feedback
function.



Figure 9. Appearance of the ligation experiment

B. Experimental Results

The robot operation required 28 s on average to
complete the ligation procedure against 21 s by the
manual operation in an unrestrained operating area and
24 s by the manual operation in the caged area.

The completion times of the manual operation were
shorter than that of the robot operation. One of the
reasons of this is considered as follows. Because the
maximum movable range of the surgical robot is
narrower than in the normal manual operation, large left
and right movements for ligation operation are prevented
under this condition.

VI. EVALUATION EXPERIMENT OF FORCE
FEEDBACK

A.  Experimental Methodology

During laparoscopic surgery, there is risk of organ
damage when the surgical instruments contact the organ
outside of the endoscope’s field of view. Generally, the
robots cannot detect contacted obstacles unless they elicit
a tactile response.

Therefore, this experiment examined the judgment rate
of the surgical robot when contacting obstacles outside
the operation screen and compared the judgement
performance with that of manual operation. For this
purpose, the robot was equipped with the force feedback
function.

After judging the contact obstacles from force
feedback alone, the subject was required to avoid the
obstacle. The force feedback function of the surgical
robot was evaluated in two tasks. The human subjects
were two students with sufficient knowledge of forceps
operation.

As for the motion scaling of displacement, the forceps
tip follows half of the movement of Omega 7, and as for
the haptic feedback, doubled force was presented to the
Omega 7.

1) Contact judgement

Fig. 10 shows the equipment of the contact judgment
experiment. The subject moved the forceps tip to the left
and the right without looking at the forceps tip. An
obstacle was touched to the forceps tip by the
experimental collaborator. The obstacle was a soft tennis

ball mimicking the softness of an organ. The subjects
were required to declare when they sensed contact with
the tennis ball.

This task was conducted by the manual operation and
the robot operation with the force feedback function. The
case of “unsure contact” was considered a failure. The
judgment rate of each subject was measured in 20 trials
per subject.

Obstacle |
Surgical robots

Figure 10. Experiment of obstacle contact judgment.

2) Obstacle avoidance

Snapshots of the obstacle avoidance task are presented
in Fig. 11. The subjects started the experiment with
grasping the block used in the block transfer experiment.
Then, without looking at the forceps tip, the subject
stacked it onto other specified building blocks by pushing
the forceps tip to the sidewall of the building blocks,
where the stack height was randomly selected. Since the
subjects see only the shaft of the forceps on the operation
screen, the forceps tip is completely hidden from the
subjects.

This task was conducted by the robot operation with
and without the force feedback function. If the position of
the building blocks was not clearly identified or a block
was not stacked onto other building blocks, the trial was
considered a failure. The success rate was computed from
10 trials per subject.

Figurell. Snapshots of the obstacle avoidance task.

B. Experimental Results

1) Contact judgement
The results of the contact judgement are summarized
in Table 111. In the robot operation, subject A successfully



detected contact in 18 out of 20 trials (a success rate of
90%), whereas Subject B was successful in all trials.
Therefore, both subjects clearly identified the contact
with a soft tennis ball, verifying the functionality of the
force feedback. The subject A failed in two trials. This is
because when the tip of the forceps contacts the soft
tennis ball, the force sensor attached in the root of the
forceps cannot detect the contact due to the deflection of
the forceps shaft.

In the manual operation, the force was directly
detected by the forceps; hence, the judgment rate was
100%.

TABLE Ill. RESULTS OF JUDGING CONTACT WITH AN OBSTACLE

20/20 100
20/20 100

Robot Operation 18/20 0
Manual Operation 20/20 100

2) Obstacle avoidance

The results of the obstacle avoidance task are
summarized in Table IV. In the robot operation with
force feedback function (Force FB ON), the avoidance
success rate of both subjects was 100%, indicating proper
contact with the obstacle. In the robot operation without
force feedback function (Force FB OFF), the robot failed
in all but one attempt. In the manual operation, the force
was detected by the forceps, and the success rate was
100%.

TABLE IV. RESULTS OF THE OBSTACLE AVOIDANCE EXPERIMENT

Subject:A Subject:B
Count Rate [%] Count Rate [%]
Robot Operation 10/10 100 10/10 100
Robot Operten | '
(ForceFB OFF) 1/10 10 010 0
Manual Operation 10/10 100 10/10 100

VII. DISCUSSION

In the block transfer experiment, the robot operation
required an average of 70 s to complete the task, whereas
manual operation required 86 s. The faster completion
time in the robot operation was attributed to the
equivalent left and right manipulation ability of the robot,
and the intuitive tasking by the position tracking control.

In addition, in the right-hand robot arm, the subject
was able to control the bending angle of the forceps tip
arbitrarily during the experiment. Therefore, the robot’s
timing in the block transfer experiment might also have
been shortened by the ability to grasp at a suitable angle.

The block transfer experiments demonstrated the
usefulness of the surgical robot for SPS. However, in the
ligation operation experiment, manual operation required
less time than the robot operation. Furthermore, within
the narrow operating space of the surgical robot, it is
difficult to tie a tight knot in the suture. In further
developments, we must adapt a proprietary ligation
method to the surgical robot, adding the bending function
of the forceps tip to both robot arms.

The force feedback function enables contact detection
when the forceps tip touches an obstacle outside the
operation screen. The experimental results verified the
effectiveness of the force feedback function. However,
when a small load was applied to the forceps tip, the
small contact to the forceps tip was not easily detected by
the force sensor attached in the root of the forceps.

VIIl. CONCLUSION

This study investigated the performance of our
developed SPS surgical robot and compared it with that
of manual operation. The usability of the surgical robot
was validated in a mock ligation operation and in block
transfer experiments.

In addition, the force feedback function of the SPS
surgical robot was verified in contact detection and
obstacle avoidance experiments.

In future work, we will evaluate the maneuverability of
our SPS surgical robot by adding a grasping force
feedback function.
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