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Abstract

The field of laparoscopic surgery has significantly developed recently due to the
development of new techniques as well as the use of various surgical robots. The da
Vinci robot developed by Intuitive Surgical Inc. is currently the most advanced surgical
robot. This is a master—slave robot with plural robot arms, stereoscopic imaging by the
3D endoscope, and manipulators that imitate the movement of human wrist with seven
degrees of freedom (DOF) by the wire drive. Moreover, in recent years, with the
increasing development of laparoscopic surgery, single-port surgery (SPS) has gained
significant popularity. This procedure is more cosmetically favorable than the
conventional laparoscopic surgery. SPS that was conducted using the da Vinci robot by
replacing manipulators with those with the SPS’s capable shape is reported. However,
da Vinci robot for SPS is not yet in clinical use.

To date, medical accidents have been reported during laparoscopic surgery using the
da Vinci robot because the robot is unable to provide force feedback to the surgeons.
Force feedback is known to have many benefits such as the improvement of the
surgeon’s dexterity and the enhancement of the operability of surgical robots in
telesurgery.

To solve this issue of the current surgical robots, in this study, a six-axis
force and torque sensor produced by ATI Co. is attached on an independently
developed SPS forceps manipulator. The sensor detects an external force at
the tip or shaft of the forceps manipulator, enabling the realization of force
feedback by using haptic function of the Omega 7 master device produced by
Force Dimension Co. Moreover, a new scaling method based on the beam
theory is proposed to enable the improvement of the performance of the force
feedback in various laparoscopic surgical robots beyond the SPS robot.
Specifically, the detected force is amplified using the proposed scaling
method and the amplified force is realized through the haptic device Omega
7.

Experiments were conducted to verify the effectiveness of the proposed
scaling method. The results showed that the operator of the surgical robot
can experience a small force that was applied to the forceps more clearly and
quickly compared with that realized when the conventional constant scaling
method was used.
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Fig.4-3 Force reflecting type bilateral control
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Fig.4-4 Force reflecting type bilateral control in this study
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Fig.4-5 Mini40 and measurable force and torque
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Fig.4-6 Attachment of six-axis force and torque sensor
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Fig.4-9 Force sensing in z direction
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Fig.6-8 Spring model of cantilever beam for displacement of z direction
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Fig.6-4 Experiment for verification of superiority
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Table 6-1 Experimental results

Subject A Subject B
Number |Constant Proposed Constant Proposed
of times |scaling [secl|scaling [secl|scaling [secl|scaling [sec]
7 4.51 3.68 4.85 2.58
2 7.90 3.80 422 2.93
3 5.68 3.81 5.09 2.43
4 7.05 2.30 5.41 3.23
5 4.73 2.85 467 2.27
6 6.61 3.23 4.46 3.19
7 7.20 3.05 4.90 3.30
8 7.93 3.11 4.79 3.26
9 6.61 2.95 4.33 4.24
10 4.90 2.78 4.75 3.92
Average 6.31 3.12 4.75 3.10
2 . . - . .
— Measured value:x
s /\ /\ Constant scaling:x

[\ T
// A\ / /fj\\ / A
VANVANA

400 600 800 1000 1200 1400 1600 1800 2000 2200
Time [msec]

Fig.6-5 Comparison of measured and scaled forces

Force [N]
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Table 6-1 LV, #ERFE A, BOWE L b, EBEATr—V 7 LTHRETZ 40— v
THEVE, BELIEAT =V VTV AT LAEHNTHRT 4 — Ry 7 LTe B0, 1
Voo L—X OB EEDICE o T L RS IR ERHTDHENTE WD D
LD, Fi, Fig6d LV, EHEATS—V 7 X0 bRELIEAT—Y VTV RT
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AWFFETIE, v AX—F /34 A& LT Force Dimension fL:#® Omega.7 % 7=,

Omega.7 Dtk A LL ISR

Fig.A-1 Over view of Omega.7



Table A-1 Spec. of Omega.7

Workspace translation ?160 x 110 mm
rotation 240 x 140 x 180 deg
grasping 25 mm
Forces translation 120N
grasping +8.0 N
Resolution translation 12.0 N
rotation 0.09 deg
grasping 0.006 mm
Stiffness closed-loop 14.5 N/mm
Dimensions height 270 mm
width 300 mm
depth 350mm
Interface standard USB2.0
refresh rate up to 8 KHz
Power universal 110 V-240V
Platforms Microsoft W?ndows XP/Vista ['7/8
Windows CE 7
Linux kernel 2.6 / 3.x
Apple 0S x10.7 /10.8
QNX Neutrino 6.5
WindRiver VxWorks 6.3 /6.9
Software haptic SDK
robotic SDK
Calibration automatic
driftless
Structure delta-based parallel kinematics
hand-centered rotations
rotations decoupled from translations
User input 1 haptic programmable button
Safety features velocity monitoring
electromagnetic damping
Option right-or left handed
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A—2 AL ATTINA R

A—2—1 SPS Hilt f~=t =L —%

AR TIL, ALATTNA AL LT, AFREECTIMAICHRE Sz SPS Al r~=v
2 L—%%Hniz. SPS Ao LD, ~=t =2 L —XOERENZHEHA SN TWNDE—
&, WOk, T a—FOHERE L NIORT.

Fig.A-2 Over view of SPS forceps manipulator

Table A-2 Spec. of SPS forceps manipulator

Eoed 720 mm
e 55 mm

S 70 mm

=R 3.5 kg
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Table A-3 Spec. Motors of SPS forceps manipulator

2232_U-12SR 1724_U-12SR

ERGBITE 12[V] 12[V]

BRI 8.7[W] 2.17[W]

T—F BRER 86[%] 80[%]
EE) by 46.8[mNm] 10.5[mNm]

[ERES 22[mm] 17[mm]

B 32.2[mm] 24[mm]

HE 62[g] 27(g]

WEXT7AYR WEX7AYE
20/1 15/10

Ny 7Ty va =1[deg] =1.5[deg]

Eh/EiR E EiBH -30~100[C] -30~100[°C]

VI L 66:1/86:1 68:1

X7~y K |EE 48 / 48|g] 27(g]
B®3 28.6/ 28.6[mm] 25.4[mm]

BTEER L 500/500[mNm] 350[mNm]

WirisEEeRs kLo 700/700[mNm] 500[mNm]

ZhR 70 / 70[%] 70[%]

IE2-512 IE2-512

P UL R 512 512

Tra—¥ | Fx RV 2 2
IVANE 180+45 180+45

JE B i 160[kHz] 160[kHz]

YEBhIR & -25~85[C] -25~85[°C]
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A—2-2 SPS HHuedRy h7—24

AW TIL, ALATT AL AL LT, AFREETMAICHYE Sz SPS A~ =t
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Fig.A-3 Over view of SPS robot arms



Table A-4 Spec. Motors of SPS robot arms
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Translation

Yaw

Pitch

1741_U012CXR

2342_S012CR

2342_S012CR

TEAGEIE 12[V] 12[V] 12[V]
mAH T 5.54[W] 17[W] 17[W]
T—F BRE 74[%) 80[%] 80[%]
wE) b 28.5[mNm] 80[mNm] 80[mNm]
B 17[mm] 23[mm] 23[mm]
B3 52[mm] 63[mm] 63[mm]
HEE 45[g] 88[g] 88[g]
WEXT7AYE | HEXTAYF | BEEXTAYF
20/1 26/18 26/1S
Ny Fovva =1[deg] =1[deg] =1[deg]
Eh/EiR E EiBH -30~100[C] | -30~100[°C] | -30~100[°C]
DRI L 3.71:1 43:1 23:1
X7~y K |EE 28[gl 139lgl 116lgl
B’ 32.7[mm] 53.4[mm] 53.4[mm]
BTEER Ly 500[mNm] 3500[mNm] |  3500[mNm]
WiriseEeRs kLo 700[mNm] 4500[mNm] |  4500[mNm]
ZhR 88[%l] 70[%] 88[%]
IE2-512 HEDS5540A | HEDS5540A
RE/JVR 512 500 500
Tra—F | Fx RV 2 2+1 2+1
ISV AR 90+45 180+35 180+35
JE B i 160[kHz] 100[kHz] 100[kHz]
YEBhIR B & -25~85[°C] | -40~100[C] | -40~100[C]




47

A—3 6 Hh )R Y —"Mini40”

ARFZETIE, SPS At F~=t = L —% O FIeumih F 72138 il s #2448 7 & ke
H57-oi2, ATI#8o 6 fill /1% & > —Minid0 % /=, Minid0 Of-kE% UL FICR
9.

Fig.A-4 Over view of six-axis force and torque sensor

Table A-5 Spec. Six-axis force and torque sensor Mini40

A:Fy, Fy +40[N]

4R H:F, +120([N]
VYT, T, +2[Nml]

kLY:T, +2[Nm]

A:F,. F, +810([N]

1 872 © OB RBA R 7:F, +2400[N]
VYT, T, +19[Nm]

MLY:T, +20[Nm]

X, Y8#DAH 1.1 X 107[N/m]

- LS 2.0 x 107[N/m]

X, Y#EYDRLY 2.8 X 103[Nm/rad]

ZEEYDMLY 4.0 X 103[Nm/rad]

- A:F,, F, FLY:T, 3200[Hz]
A:F, FVY:T,, T, 4900[Hz]

HE 50[g]

2N Ef (OMF A 40[mm], 6.35[mm]
S 12.2[mm]
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&B: VY7 k=T

B—1 MATLAB/Simulink €5/ 7'a 7/ J A

AEFFETIX, 6 AR P—CRE LD (Fx, Fy, F2) # A7 —U 7L<
Omega.7 IZANJTHZ TRy MEEEIZHRO 7 4 — Ry 7 &AL LTV 5.
Fig.B-1 {2779 Simulink OE7 V707 J A%, J1RH 74— RKR_v 7 E0fElzT57n s
T LDOEERKTH S, FigB1LIZRT 1L, 6iNRE L —ThdOEEMEZ AR D
7CTHD. FigB1 Lo idtE Y —TCishll-7-BEEE st hmo )t ZodE v o k
NICEWMT D777 varyyayr Thh, Tt h—TCTRHi L& R0 T
RITDA =V TETAy =V 735777 vary7uy 7 Thad, VT x HIH, y
FHDIZoHr LY 2z FRONEEH L, A=V 7357707 aryny 7 Thh.
VIZE ATV RAERLTTEOITEICAAL v FEUVEZ D 2 & TEAMIEEZIT O 7
Thd. VIIIAT—V 7 LIl 2/ R EB AL THOD T 77 var7ny 7 Thb.
ZLTC, Mitr¥—Chmii&h, A7r—U 7 & x Fif, yJimn, z FmolofEz
EHEAEVICEDL 77T varyTay 7 ThHDH. £z, VX S-function THYH, Y—A
a— F3fHE B—2 I TR T 5.

Fig.B-1 Model of Simulink for force feedback
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B—1—1 YUY —DBIEEENE NVIICERT LT v aryTay s
Fig.B-2 |57 Simulink €7 /WE, FigB-1 [CRENLZ NPT 77 var 7y 7H
DETINTHD. FigB-2IZ - T all LD B =0 bt A A R EEEOFESMEEZTT S .
ZLC b ArTay 72Xy —0n0OBEEMEE 3RO EAE Y O R L
VWA B. BOYA L 6X6 DIFFITH Y, Z OISt % — i ATI AL TR
Yok ——o—2E EE NG,

Fig.B-2 Function block for correcting zero-point and converting volt to forces

B—1—2 X Hm, yERONe A r— 735777 varyyayy
Fig.B-3 (27”7 Simulink €7 /Ui, FigB-1 IRENHAMO7 77 vavyray 7N
DETFNTHD. cDT 7 r7ar7ay 72X tHlmoizbhll-biraiaEtL,
KR TRET DA =V o Z7EA O ICE VA=V 72T 6D Th D, £,

e DLV T2 L D 2 FRD I OFH HIT-> TV 5.

amU7

Fig.B-3 Function block for scaling x and y direction forces



50
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Fig.B-4 |Z/~7 Simulink €7 /Ui, FigB-1 IIRENDIVD 777 aryryay 7N
DETFNTHD. ZIZTIE, xHM, y HFEO=bh k08 Uz 2 otz K5 T
RETDA =V TETA—=Y 7L, x FaEy FROAr—1 v 7 Sl ofEo -
BIE#EMZ % Z LTz HFMOTOEZE ABFHTEDHRESICAF—V 7 LTS5,

>
ol Product?
D (>
Fax MK Sart 2
n
3 I
Ker2

Add1

Fig.B-4 Function block for scaling z direction force

B—2 CH++E3E7nu /7 A

B—2—1 Omega.7 HlfEIH 7" = 7 Z A

AR~ A X —F 31 A L LT Force Dimension % Omega.7 % H\ 7=. Omega.7
HWIALERE R N7 4 — RNy 7 %2475 70 7 7 AxFftRto 77 7
T LE ISR E T o7, A AE VI Omega.7 (2 AT SATALEE % 25 DHEEER O,
MATLAB / Simulink @71 7 J Ao FE ATV IZEONT NREREHFAID,
Omega.7 |ZIEDEREZ FF-E 7. Vvl 7.0 Y —Aa— RELINICGLR T 5.

Y —2Z=a—F  encodernextd.cc
// (C) 2001-2011 Force Dimension

// All Rights Reserved

// Version 3.3.1

#include <stdio.h>

#include <windows. h>

#include “dhdc. h”

#include <conio. h>



#tdefine REFRESH_INTERVAL 0.001 // sec
typedef struct
{
double x[6]; //Share_datafiE (&
} Shared_data;
HANDLE shmap;
Shared_data *sData; //xtransData. x[]% &>
typedef struct
{
//12.21 EHR+ =227 7 AH A 25->26
double g[6]; //Share_datal## {4
} Shared_datal;
HANDLE shmap1;
Shared_datal *sDatal;
typedef struct
{
double f[6]; //Share_data2f &4
} Shared_data2;
HANDLE shmap2;
Shared_data2 *sData2; //*transData. f[1% &
void OpenSHMQO  //JbAy A & U BHAGALEL
{
/|77 AN BT ATV = N OVEK

shmap = CreateFileMapping ((HANDLE) OxFFFFFFFF, //lfFH 2=V & LT

NULL,
PAGE_READWRITE,
0,
sizeof (Shared_data),
“Test Mapping name”);
/] 2 —DIERL
sData = (Shared_data*)MapViewOfFile (shmap,
FILE_MAP_WRITE, 0, 0, sizeof (Shared_data)) ;
shmap1 = CreateFileMapping ( (HANDLE) OxFFFFFFFF
NULL,
PAGE_READWRITE,
0,

[/EEAEY E LTS
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}

sizeof (Shared_datal)
“Test Mapping namel”) ;
//E 22— DAERL
sDatal = (Shared_datalx)MapViewOfFile (shmapl,
FILE_MAP_WRITE, 0, 0, sizeof (Shared_datal)) ;
shmap2 = CreateFileMapping ((HANDLE) OXFFFFFFFF, //d:f5 22U & LT H
NULL,
PAGE_READWRITE,
0,
sizeof (Shared_data2)
“Test Mapping name2”) ;
//E 2 —DAERL
sData2 = (Shared_data2+*)MapViewOfFile (shmap2,
FILE_MAP_WRITE, 0, 0, sizeof (Shared_data2)) ;

void CloseSHM()  //3tA7 A& U & T /L

{

}

UnmapViewOfFile (sData) ;
CloseHand!e (shmap) ;

UnmapViewOfFi e (sDatal) ;
CloseHandle (shmap1) ;

UnmapViewOfFi e (sData2) ;
CloseHandle (shmap?2) ;

int main (int argc, char s*argv)

{

int i;

int done = 0;

int enc[DHD_MAX_DOF];
int encCount;

double px, py, pz;
double fx, fy, fz, fg;
double r0, r1, r2, r3;
double freq = 0.0;

52
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double t1,t0 = dhdGetTime ();
// message
int major, minor, release, revision;
dhdGetSDKVersion (&major, &minor, &release, &revision);
printf (“Force Dimension — Encoder Reading Example %d. %d. %d. %d¥n”, major, minor, release
revision) ;
printf (“(C) 2011 Force Dimension¥n”) ;
printf (“All Rights Reserveq. ¥n¥n”);
// open the first available device
if (dhdOpen () < 0)
{
printf (“error: cannot open device (%s)¥n”, dhdErrorGetLastStr());
return -1;
}
// identify device
printf (“%s device detected¥n¥n”, dhdGetSystemName());
OpenSHM () ;
// identify number of encoders to report based on device type
switch (dhdGetSystemType () {
case DHD_DEVICE_3DOF:
case DHD_DEVICE_3DOF_USB:
case DHD_DEVICE_OMEGA:
case DHD_DEVICE_OMEGA3:
case DHD_DEVICE_FALCON:
encCount = 3;
break;
case DHD_DEVICE_6DOF:
case DHD_DEVICE_6DOF_500:
case DHD_DEVICE_6DOF_USB:
case DHD_DEVICE_OMEGA33:
case DHD_DEVICE_OMEGA33_LEFT:
encCount = 6;
break;
case DHD_DEVICE_OMEGA331:
case DHD_DEVICE_OMEGA331_LEFT:

encCount = 7,
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break;
case DHD_DEVICE_CONTROLLER:
case DHD_DEVICE_CONTROLLER_HR:

encCount = 8;
break;
default:
encCount = 7;
break;

}
// display instructions
printf (“press 'q to quit¥n¥n”);
printf(“press’a’,’b’,’ ¢’ or 'd to select mode¥n¥n”);
printf ("a: &5l O AR E A2 AT A Y ~E D, ¥n¥n")
printf ("b:m > a— X DfEEZ G AE Y ~kDH, ¥n¥n");
printf (“c: AT 3l AL & ONalfizddih o = o o — 22 7 2 U ~5D, ¥n¥n”) ,
printf (“d: FA73Hh D FEFEAE & ONEERAfh O = o — i, 4T3, RO iR R AT AE Y
~i%E%D, ¥n¥n")
printf (“encoder values¥n”);
// configure device
dhdEnab | eExper tMode () ;
// loop while the button is not pushed
if (dhdKbGet() == ("a’)) {
while (!done) {

rO=sDatal->g[0];

r1=sDatal->g[1];
// read all available encoders
if (dhdGetEnc (enc) < 0) {

printf (“error: cannot read encoders (%s)¥n”, dhdErrorGetlLastStr ());

done = 1;

// apply zero force
it (dhdSetForceAndTorqueAndGripperTorque (0, 0.0, 0.0, 0.0, 0.0, 0.0, r0) < DHD_NO_ERROR) {
printf (“error: cannot set force (%s)¥n”, dhdErrorGetlLastStr());

done = 1;

// display refresh rate and position at 10Hz
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t1 = dhdGetTime ()
if ((t1-t0) > REFRESH_INTERVAL) {
// retrieve information to display
freq = dhdGetComFreq () ;
t0 = ti1;

// write down position
if (dhdGetPosition (&px, &py, &pz) < 0) {
printf (“error: cannot read position (%s)¥n”, dhdErrorGetLastStr());

done = 1;

if (dhdGetForce (&fx, &fy, &fz) < 0){
printf (“error: cannot read force (%s)¥n”, dhdErrorGetLastStr());

done = 1;

#tdefine K 50.0

#define L 4.5
fx = (K * px);
fy = (K * py):
fz = (K * pz);

dhdSetForce (fx, fy, fz);
// print out encoders according to system type
printf (“p (%+0.03f %+0.03f %+0.03f) m | f (%+0.01f %+0.01f %+0.01f) N | freq (%0.02f)
kHz ¥r”, px, py, pz, fx, fy, fz, freq):
sData—>x [0]=px;
sData—>x [1]=py;
sData—>x[2]=pz;
sData—>x [3]=fx;
sData—>x [4]=fy;
sData—>x [6]=fz;
sData—>x[6]=freq;
// limit to kHz and check for exit condition
dhdSleep (0.001);
if (dhdGetButton(0)) done = 1;
if (dhdKbHit () {
if (dhdKbGet() == ("q’)) done = 1;



56

if (dhdKbGet() == ('b")){
while (!done) {
rO=sDatal->g[0];
ri=sDatal->g[1];
// read all available encoders
if (dhdGetEnc (enc) < 0) {
printf (“error: cannot read encoders (%s)¥n”, dhdErrorGetLastStr ());

done = 1;

// apply zero force
if (dhdSetForceAndTorqueAndGripperTorque (0, 0.0, 0.0, 0.0, 0.0, 0.0, r0) < DHD_NO_ERROR) {
printf (“error: cannot set force (%s)¥n”, dhdErrorGetLastStr());

done = 1;

// display refresh rate and position at 10Hz
t1 = dhdGetTime (

if ((t1-t0) > REFRESH_INTERVAL) {

// retrieve information to display
freq = dhdGetComFreq () ;
0 =ti1;

// print out encoders according to system type

for (i=0; i<encCount; i++) printf ("%06d ”, enclil);
printf (” ¥ro),
sData->x[0]=enc [0];
sData->x[1]=enc[1];
sData->x[2]=enc[2];
sData->x[3]=enc[3];
sData->x[4]=enc[4];
sData->x[5]=enc[5];
sData->x[6]=enc[6];

// limit to kHz and check for exit condition
dhdSleep (0.001);

if (dhdGetButton(0)) done = 1;



}
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if (dhdKbHit () {
if (dhdKbGet() == ('q’)) done = 1;

if (dhdKbGet() == ('c¢’)){
FILE *fp;
char *fname = “check. csv”;
fp = fopen( fname, “w” );
if( fp ==NULL ){
printf( “%s~ 7 A /L3 BHIT E AN, fname ) ;

return -1;

fprintf (fp, “px, py, pz, enc[3], enc[4], enc[5], enc[6]1¥n") ;
while (!done) {
rO=sDatal->g[0];
r1=sDatal->g[1];
// read all available encoders
if (dhdGetEnc (enc) < 0) {
printf (“error: cannot read encoders (%s)¥n”, dhdErrorGetLastStr ());

done = 1;

// apply zero force
if (dhdSetForceAndTorqueAndGripperTorque (0, 0.0, 0.0, 0.0, 0.0, 0.0, r0) < DHD_NO_ERROR) {
printf (“error: cannot set force (%s)¥n”, dhdErrorGetLastStr());

done = 1;

// display refresh rate and position at 10Hz
t1 = dhdGetTime (

if ((t1-t0) > REFRESH_INTERVAL) {

// retrieve information to display
freq = dhdGetComFreq () ;
0 = t1;

// write down position
if (dhdGetPosition (&px, &py, &pz) < 0) {
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printf (“error: cannot read position (%s)¥n”, dhdErrorGetLastStr());

done = 1;

if (dhdGetForce (&fx, &fy, &fz) < 0){
printf (“error: cannot read force (%s)¥n”, dhdErrorGetLastStr());

done = 1;}

#tdefine K 50.0

#define L 4.5
fx = (K * px);
fy = (K * py);
fz = (K * pz);

dhdSetForce (fx, fy, fz);
// print out encoders according to system type
printf (“p (%+0.03f %+0.03f %+0.03f) m | r (%06d %06d %06d %06d)¥r”, px, py, pz,
enc[3], enc[4], enc[b], enc[6]);
sData->x[0]=px;
sData—>x [1]=py;
sData—>x[2]=pz;
sData->x[4]=enc[4];
sData->x[5]=enc[5];
sData->x[6]=enc 6]
fprintf (fp, “%f, %f, %, %d, %d, %d, %d¥n”, px, py, pz, enc[3], enc[4], enc[5], enc[6]) ;
// limit to kHz and check for exit condition
dhdSleep (0.0001);
if (dhdGetButton(0)) done = 1;
if (dhdKbHit ()

if (dhdKbGet() == ('a')) {

fclose( fp );

done = 1;

if (dhdKbGet() == ("d")) {



while (1done) {
rO=sDatal->g[0];
r1=sDatal->g[1];
r2=sDatal->g[2];
r3=sData2->f[0];

// read all available encoders

if (dhdGetEnc (enc) < 0) {

printf (“error: cannot read encoders (%s)¥n”, dhdErrorGetLastStr ());

done = 1;}

// apply zero force
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if (dhdSetForceAndTorqueAndGripperTorque (r2, r1, r0, 0.0, 0.0, 0.0, r3) < DHD_NO_ERROR) {

printf (“error: cannot set force (%s)¥n”, dhdErrorGetLastStr());

done = 1;

// display refresh rate and position at 10Hz
t1 = dhdGetTime () ;

if ((t1-t0) > REFRESH_INTERVAL) {

// retrieve information to display
freq = dhdGetComFreq () ;
10 = t1;

// write down position

if (dhdGetPosition (&px, &py, &pz) < 0) {

printf (“error: cannot read position (%s)¥n”, dhdErrorGetLastStr());

done = 1;}
if (dhdGetForce (&fx, &fy, &fz) < 0) {
printf (“error: cannot read force (%s)¥n”, dhdErrorGetLastStr());

done = 1;
fx = r0;
fy = r1;
fz = r2;
fg = r3;

dhdSetForce (fx, fy, fz, fg);

// print out encoders according to system type

printf (“p (+0.03f %+0. 03T %+0. 03f) m | r (%06d %06d %06d %06d) ¥r”, px, py, pz, enc[3]
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enc[4], enc[5], enc[6]);

sData—>x[0]=px;
sData—>x[1]1=py;
sData—>x[2]=pz;
sData—>x[3]=enc[3];
sData—>x[4]=enc[4];
sData—>x[5]=enc[5];
sData—>x[6]=enc[6];

// limit to kHz and check for exit condition
dhdSleep (0.001);

if (dhdGetButton(0)) done = 1;

if (dhdKbHit () {

if (dhdKbGet() == ("q’)) done = 1;

// close the connection
dhdClose

// happily exit

printf ("¥ndone. ¥n");

CloseSHMQ) ;
return 0;
]
B—2—2 Omega.7 /1R AE#HILAH S-Function 7’12 77 A

A7n 75 MEMATLAB / Simulink TR —V 7 &7 x F, v i, z 5O
TOEEIFEAEVIZEDHDTHS. encodernextd.CC # HNWTHHF ATV ITELNT-
TR ERETARD Z £ T, Omega.7 ~D IR 7 4 — R I RA[GEL 0D, 7Tu /T A
DY —Aa— R FIZRR T 5.

V—Aza— R counter_cppl0.cpp
/¥ File . sfun_counter_cpp. cpp
* Abstract:

*

* Example of an C++ S—function which stores an G++ object in



* the pointers vector PWork
*
*  Copyright 1990-2005 The MathWorks, Inc

* $Revision: 1.4.4.5 §
*/
#include <stdio.h>
#include <windows. h>
typedef struct
{
//12.21 EHR+ =227 7 AH A 25->26
double g[6]; //Share_datalti& {4
} Shared_datal;

HANDLE shmap1;
Shared_datal *sDatal; //*transData. g[]1% & >

typedef struct
{
//12.21 BSR+l E=XI127 7 AN 25->26
double f[6]; //Share_data2##id (&
} Shared_data2;

HANDLE shmap2;
Shared_data2 *sData2; //*transData. f[]% &>

void OpenSHM ()

{
/] 77 ANV LT F T =7 NOVER
shmap1 = CreateFileMapping ((HANDLE) OxFFFFFFFF, [/HEFEAEY E LTS
NULL,
PAGE_READWRITE
0,

sizeof (Shared_datal),
“Test Mapping namel”);

/] 2 —DIERL

sDatal = (Shared_datalx)MapViewOfFile (shmapl

61



FILE_MAP_WRITE, 0, 0, sizeof (Shared_datal)) ;

shmap2 = CreateF i |eMapping ((HANDLE) OXFFFFFFFF, [/ G AEY E LTS
NULL,
PAGE_READWRITE

sizeof (Shared_data2)
“Test Mapping name2”) ;
//E 2 — DBk
sData2 = (Shared_data2x)MapViewOfFile (shmap2
FILE_MAP_WRITE, 0, 0, sizeof (Shared_data2)) ;
}
void CloseSHM()
{
UnmapViewOfFile (sDatal) ;
CloseHandle (shmap1) ;

UnmapViewOfFile (sData2) ;
CloseHand|e (shmap2) ;

#tifdef __cplusplus
extern “C” { // use the C fcn—call standard for all functions

#endif // defined within this scope

fidefine S_FUNCTION_LEVEL 2
#tdefine S_FUNCTION_NAME counter_cpp10
#include “simstruc. h”
#idefine IS_PARAM_DOUBLE (pVal) (mxIsNumeric(pVal) && 'mxIsLogical (pVal) &&¥
ImxIsEmpty (pVal) && !mxIsSparse(pVal) && !mxIsComplex (pVal) && mxIsDouble (pVal))
#define MDL_CHECK_PARAMETERS
#if defined (MDL_CHECK_PARAMETERS) && defined (MATLAB_MEX_FILE)
static void mdlCheckParameters (SimStruct *S)
{
const mxArray *pValO = ssGetSFcnParam (S, 0) ;
if ( 'IS_PARAM_DOUBLE (pVal0)) {
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ssSetErrorStatus (S, “Parameter to S-function must be a double scalar”);

return,

}
tendif
static void mdlInitializeSizes (SimStruct *S)
{
ssSetNumSFcnParams (S, 1); /* Number of expected parameters */
#if defined (MATLAB_MEX_FILE)
if (ssGetNumSFcnParams (S) == ssGetSFcnParamsCount (S)) {
md|CheckParameters (S) ;
if (ssGetErrorStatus(S) != NULL) {
return;
]
} else {
return; /* Parameter mismatch will be reported by Simulink */
]
ftendif
ssSetSFcnParamTunable (S, 0, 0);
ssSetNumContStates (S, 0);
ssSetNumDiscStates (S, 1);
if (IssSetNumInputPorts(S, 4)) return;
ssSetInputPortWidth(S, 0, 1);
ssSetInputPortWidth(S, 1, 1);
ssSetInputPortWidth(S, 2, 1);
ssSetInputPortWidth(S, 3, 1)
ssSetInputPortDirectFeedThrough(S, 0, 1)
ssSetInputPortDirectFeedThrough(S, 1, 1);
ssSetInputPortDirectFeedThrough(S, 2, 1);
ssSetInputPortDirectFeedThrough(S, 3, 1)
ssSetInputPortRequiredContiguous (S, 0, true);
ssSetInputPortRequiredContiguous (S, 1, true);
ssSetInputPortRequiredContiguous (S, 2, true);
ssSetInputPortRequiredContiguous (S, 3, true);
ssSetInputPortSampleTime (S, 0, 0.001);
ssSetInputPortSampleTime (S, 1, 0.001);
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ssSetInputPortSampleTime (S, 2, 0.001);
ssSetInputPortSampleTime (S, 3, 0.001);
ssSetInputPortOffsetTime (S, 0, 0.0);
ssSetInputPortOffsetTime(S, 1, 0.0);
ssSetInputPortOffsetTime (S, 2, 0.0);
ssSetInputPortOffsetTime(S, 3, 0.0);
if (1ssSetNumOutputPorts(S, 1)) return;
ssSetOutputPortWidth (S, 0, 7);
ssSetNumSampleTimes (S, 1);
ssSetNumRWork (S, 0) ;
ssSetNumIWork (S, 0);
ssSetNumPWork (S, 0); // reserve element in the pointers vector
ssSetNumModes (S, 0); // to store a C++ object
ssSetNumNonsampledZCs (S, 0);
ssSetOptions (S, 0);
}
static void mdlInitializeSampleTimes (SimStruct *S)
{
/* mxGetScalar (ssGetSFcnParam (S, 0))*/
ssSetSampleTime (S, 0,0.001); //ssSetSampleTime (S, 0, mxGetScalar (ssGetSFcnParam(S
0))):
ssSetOffsetTime(S, 0, 0.0);
ssSetMode|ReferenceSampleTimeDefaultInheritance (S) ;
}
#tdefine MDL_START /* Change to #fundef to remove function */
#if defined (MDL_START)
static void mdlStart (SimStruct *S)
{
OpenSHM Q) © //3:47 7 7 A /LARRK
} // pointers vector
#endif /* MDL_START %/
static void mdlOutputs (SimStruct *S, int_T tid)
{
real_T =*y0 = ssGetOutputPortRealSignal (S,0); // the pointers vector and use
const real_T #*u0 = ssGetInputPortRealSignal (S, 0) ;
const real_T #ul = ssGetlnputPortRealSignal (S, 1) ;



const real T =*u2 = ssGetlInputPortRealSignal (S, 2);
const real _T *u3 = ssGetInputPortRealSignal (S, 3);

sDatal->g[0] = u0[0];

sDatal->g[1] = u1[0];

sDatal->g[2] = u2[0];

sData2->f[0] = u3[0];

yo[0]=1;

UNUSED_ARG (tid) ; // object

}

static void mdlTerminate (SimStruct *S)

{

} // function

t#tifdef MATLAB_MEX FILE /* 1Is this file being compiled as a MEX-Tile? %/
#tinclude “simulink.c” /* MEX-file interface mechanism */

ftelse

#include “cg_sfun.h” /* Code generation registration function */
#tendif

#ifdef _ _cplusplus
} // end of extern "C” scope

#endif
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A New Scaling Method of Force Feedback for Surgical Robot for Single-Port
Surgery

Shotaro Maeda*a), Non-member,

Katsuaki Oiwa™, Non-member, Chiharu Ishii™, Member

This paper proposes a novel scaling method of force feedback for the surgical robot for single-port surgery (SPS) developed in
our laboratory, incorporating an analysis of the shaft of the forceps based on the beam theory. A six-axis force and torque sensor
is attached to the base parts of the forceps manipulator of the surgical robot for SPS to detect a force applied at the tip or shaft
part of the forceps. Then, the detected force is amplified using the proposed scaling method and the amplified force is realized
through the haptic device Omega 7 produced by Force Dimension Co. Experiments were conducted to verify the effectiveness of
the proposed scaling method. The results showed that the operator of the surgical robot can experience a small force that was
applied to the forceps more clearly and quickly compared with that realized when the conventional constant multiple scaling

method is used.

Keywords : forceps manipulator, force feedback, haptic device, scaling method, beam theory, force and torque sensor

1. Introduction

The field of laparoscopic surgery has significantly developed
recently due to the development of new techniques as well as the
use of various surgical robots. The da Vinci robot developed by
Intuitive Surgical Inc. is currently the most advanced surgical
robot. This is a master-slave robot with plural robot arms,
stereoscopic imaging by the 3D endoscope, and manipulators that
imitate the movement of human wrist with seven degrees of
freedom (DOF) by the wire drive. Moreover, in recent years, with
the increasing development of laparoscopic surgery, single-port
surgery (SPS) has gained significant popularity. This procedure is
more cosmetically favorable than the conventional laparoscopic
surgery. Unfortunately, the use of surgical robots for SPS has still
not been practical. SPS that was conducted using the da Vinci
robot by replacing manipulators with those with the SPS’s capable
shape is described in (1); however, this robot is not yet in practical
use. Furthermore, medical accidents have been reported during
laparoscopic surgery using the da Vinci robot because the robot is
unable to provide force feedback to the surgeons. Force feedback
is known to have many benefits such as the improvement of the
surgeon’s dexterity and the enhancement of the operability of
surgical robots in telesurgery®®.

To solve this issue of the current surgical robots, in this study, a
six-axis force and torque sensor produced by ATI Co. is attached
on an independently developed SPS forceps manipulator. The
sensor detects an external force at the tip or shaft of the forceps
manipulator, enabling the realization of force feedback by using
haptic function of the Omega 7 master device produced by Force
Dimension Co. Moreover, a new scaling method of the haptic
function is proposed to enable the improvement of the
performance of the force feedback in various laparoscopic surgical

a) Correspondence to: Shotaro Maeda.
E-mail: shotaro.maeda.ku@stu.hosei.ac.jp
*Medical and Welfare Robotics Labs., Hosei University.
3-7-2, Kajinocho, Koganei-shi, Tokyo, Japan 182-0002

robots beyond the SPS robot. Specifically, the operator of the
surgical robot clearly experiences a small force by the proposed
scaling method based on the beam theory for realizing feedback of
the force detected by the sensor.

2. Laparoscopic Surgery and Single-Port Surgery

Laparoscopic surgery is a surgical technique in which a
laparoscope and forceps are inserted into 1-2 cm incision holes
opened on the abdominal surface of the patient and performed
while observing the laparoscopic image on the monitor. SPS is a
laparoscopic surgery procedure that has seen a rapid spread in
recent years. This technique is different from the conventional
laparoscopic surgery in that one incision hole is made by the
scalpel at only the umbilicus part of the patient for mounting an
exclusive port, whereas laparoscopic surgery is performed by
inserting two dedicated forceps and one laparoscope into the hole.
In the conventional laparoscopic surgery, the incision holes are
made by the scalpel in 3—6 locations on the patient’s body to insert
the laparoscope and forceps. SPS has a high cosmetic value
because it does not leave a surgical scar because of the integrated
nature of the procedure as the scalpel is placed only on the
umbilicus of the patient. The low risk of post-surgery
complications is an additional advantage of SPS®. Fig. 1 shows a
schematic illustration of the SPS.

Monitor

Looking

——

Laparoscope

—

Fig. 1. Single-port surgery (SPS).



3. Forceps Manipulator for SPS

3.1 Forceps Manipulator and Robot Arms for SPS In
(5), the forceps manipulator for conventional laparoscopic surgery
has been developed, which can be remotely operated with an
independently developed master device for realizing force
feedback. Furthermore, a forceps manipulator for SPS has been
developed in (6) by remodeling the ready-made SPS forceps, with
the same manipulations of rotation, grasping, and omnidirectional
bending of the tip part moved by the motor drive. In this case, the
Omega 7 that is a seven-DOF haptic device is the master device,
the developed forceps manipulator is the slave device, and the
forceps manipulator is remotely operated by controlling its tip
position by the master—slave control.

Fig. 2 shows the independently developed robot arms for SPS.
The developed forceps manipulator is mounted on the arm of the
SPS robot because it cannot be used alone as a surgical robot. In a
different approach, a new surgical tool arrangement called rotation
arrangement in SPS was evaluated”). These robot arms have been
designed for the realization of the rotation arrangement. These
robot arms can move the developed forceps manipulator with
three DOF of yaw, pitch, and translation by the motor drive.

Fig. 3 shows the developed forceps manipulator. In Fig. 3, the
mechanisms of the rotational, grasping, and bending motions at
the forceps tip are shown by (a), (b), and (c), respectively.

—
Yaw

Fig. 2. Robot arms for SPS.

Grasp24

Rotation

Bend
Fig. 3. Forceps manipulator for SPS.

3.2 Master-Slave Control using Omega 7 The SPS
forceps manipulator is a slave device, and the haptic device
Omega 7 is the master device; therefore, each operation is
controlled by the master—slave system, in which the target value of
the slave side is calculated from the displacement information of
the master side. In this case, a proportional-integral controller is
used to construct a tracking control system. Omega 7 is a haptic
device that is capable of seven DOF operations: translation
motions along the three Cartesian axes, rotary motions around
three axes, and the grasping motion along a single axis.

The open-and-close motion of the grasping corresponds to the
pinching of the grasping part of Omega 7, the tip rotation
corresponds to the rotation around a single upper arm axis of
Omega 7, and the bending motion in the vertical and transverse
directions corresponds to the up-and-down and left-and-right
direction rotations of the operating unit of Omega 7. Fig. 4 shows

the operating unit of Omega 7 and the corresponding actions of
the developed forceps manipulator.

(a) Master device (Omega 7)

R 4

(b) Slave device (forceps manipulator)
Fig. 4. Manipulations of Omega 7 and forceps manipulator.

4. Force Feedback

4.1 Force Feedback in Surgical Robot Currently, the
surgical robots in practical use do not have a force feedback
function. Therefore, surgical robots cannot transmit the senses of
touching or holding objects with the tip of the forceps manipulator
to the operating surgeon. Reports on medical accidents that caused
organ damage due to lack of the force feedback function exist.
Therefore, the development of force feedback has become a key
problem in the development of surgical robots. The desirable
feedback forces in laparoscopic surgery or SPS with a surgical
robot are the grasping force when organs are grasped with the
forceps tip, the contact force when the organs are touched with the
tip, and the pressure force when organs are pressed with the shaft.
The development of force feedback for the grasping force has
already reported in (8). Therefore, this study focuses on the
development of the feedback of the force added to the tip or shaft
of forceps. A six-axis force and torque sensor is attached to the
root portion of the previously developed SPS forceps manipulator
and is used to detect the external force added to the forceps’ tip or
shaft. The detected sensor value is then transmitted to the robot
operator through Omega 7, which is the input device with the
force feedback function, thus realizing the feedback of the force
added to the forceps. Fig. 5 shows the corresponding forces for the
sensed force on the forceps manipulator and force feedback to
Omega 7. An external force along the three axes of the forceps
shaft is realized on the three orthogonal axes of Omega 7.

Six-axis force and torque

\ Force feedback

i |

Fig. 5. Force sensing and its realization in Omega 7.

4.2  Attachment of the 6-axis Force and Torque Sensor
Mini40 Fig. 6 shows a general view of the six-axis force and
torque sensor Mini40 produced by ATI Co. and the directions of



measurable force and torque. This sensor can detect forces on
three orthogonal axes and rotational torques for each axis added to
the measurement surface.

Since Mini40 has a hole in the center, it can be attached to the
root portion of forceps through the shaft in that hole. Therefore,
the external force added to the tip or shaft of forceps can be
detected without inserting electric sensors into the patient’s body.
Fig. 7 shows the attachment view of the six-axis force and torque
sensor. A flange-type cylinder part (red) is attached to the
measurement surface of the Mini40 through the forceps shaft in
the sensor’s center hole. Mini40 is fixed at the root portion of the
manipulator shaft with an angle-shaped part (blue) and a plate-like

part (purple).

Fig. 6. Mini40 and measurable force and torque.

Plate part

lange-type cylinder part

Sensor

Fig. 7. Attachment of six-axis force and torque sensor.

4.3 Force Detection using six-axis Force and Torque
Sensor We verified that the force added to the tip or shaft of
forceps was actually detected with the six-axis force and torque
sensor. An external force was applied several times to the forceps
tip in the horizontal direction (x-direction: Fx), the vertical
direction (y-direction: Fy), and the shaft direction (z-direction: Fz)
with the finger. Figs. 8, 9, and 10 show the detected results for
each direction. Inspection of these figures indicates that detection
of the Fx and Fy components of the force added to forceps was
stable and Fz component of that was approximately stable;
however, Fz was not detected occasionally correctly.

It is investigated that the detected sensor value does not
necessarily return to zero for Fx, Fy, and Fz results, returning to
the unloaded state after a single application of an external force.
This indicates the occurrence of drift in the force detection by
some of the strain gauges built into the sensor.
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Fig. 8. Force sensing in x direction.
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Fig. 9. Force sensing in y direction.
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Fig. 10. Force sensing in z direction.
5. Force Scaling
5.1 Scaling of Force for Force Feedback The Fx and

Fy values detected stably by the six-axis force and torque sensor
were directly fed back to the robot operator through Omega 7.
However, the operator could not recognize the force well because
the value of the force detected by the sensor was small. Therefore,
the detected value of Fx and Fy are scaled up a magnitude that can
be recognized by the operator and displayed in Omega 7.

If the detected sensor value is multiplied by a large constant
value, the operator can recognize the force even if the detected
force is small. However, this may adversely affect the surgical
operation because the force feedback is too strong then. Thus, it is
necessary to scale the force up to a magnitude for which the robot
operator can recognize even a small detected value without
adversely affecting the surgical operation.

Therefore we used beam theory to calculate the deflection
amount of the forceps shaft due to the applied external force.
Furthermore, we proposed a method for scaling up the small
detected value for the force applied by the touch of the tip or shaft
of the forceps, using the dynamics of the forceps tip by the
external force. Thereby the detected sensor value increases rather
than constant multiple, while ensuring that the value is not
sufficiently large to adversely affect the surgical operation.

As phase |, the shaft of forceps manipulator is divided into a
cylindrical stainless steel section, which is the shaft of the
remodeled original SPS forceps and a cylindrical aluminum
section attaching the six-axis force and torque sensor on the
forceps manipulator. Next, the shaft of the forceps manipulator is
considered as two connected cantilevers, assuming the screwing
point that fixes the cylindrical stainless steel part and the
cylindrical aluminum part, and the portion attaching the sensor are
the fixed ends. It is assumed that a concentrated load is only added
to the cantilever tip. Fig.11 shows the model for which the shaft of
forceps manipulator is assumed to be the cantilever. The
x-direction deflection on the x-z plane and the y-direction
deflection on the y-z plane are considered in the same manner,
because the cross-sectional shape of the cantilever is a hollow
circle.
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Fig. 11. Cantilever beam model of forceps manipulator.

In Fig.11, w is the value detected by the six-axis force and
torque sensor (Fx or Fy). Since the load added to the cantilever is
constant for all positions of the cross-section, the following
relationship is established for w and w'.

where [ is the distant of the fixed end from the point fixed with
screw on the aluminum part attaching the force and torque sensor,
E,, is the longitudinal elastic modulus of aluminum part, and I,
is the geometrical moment of inertia. The deflection § and
deflection angle 6 of the cylindrical aluminum part are given by
(2) and (3).

wi?

b=- ZEAllzp ................................................ (2)
wi3
3EAllzp .................................................... (3)

L is the distance from the point fixed with the screw on the
aluminum part to the forceps tip and &' is given by (4).

E; is the longitudinal elastic modulus of the cylindrical
stainless steel part that is the shaft of the remodeled original
forceps, I,; is the geometrical moment of inertia, and the
deflection 6" is given by (5).

Then, the deflection A of the cantilever model in Fig.11 is
given by (6).

A=8+08"4 87080 (6)

As phase 11, it is assumed that there is a mass point of mass m
on the tip of the cantilever model in Fig. 11. The motion of this
mass-point when the force f is added to the mass-point is
considered as the movement of mass-spring-damper system in
which a damper and a combined spring linked to two different
springs in series are connected to the mass-point m. Fig. 12
shows the motion model for mass-spring-damper system of the
cantilever in Fig. 11.

Cantilever beam

Mass-spring-damper system

Fig. 12. Mass-spring-damper model of cantilever beam.

In Fig. 12, spring constants (flexural rigidity) k, and k, are
calculated using I, Ey, I,p, L, Ef, and I,; by the following
equation.

3By,
kl = B )
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Furthermore, since the two springs are connected in series, the
combined spring constant K of k; and k, is given by
following equation.

_ kyky EAlEfIZPIZf
T kytky Bl L3 +El, (13

Moreover, it is assumed that the model of mass-spring-damper
system in Fig. 12 does not vibrate by critical damping. Therefore,
the damping coefficient ¢ of the damper is expressed by
following equation because the damping ratio is 1.

The motion equation for the mass-spring-damper system in Fig.
12 is given by the following equation.

As phase Ill, the motion equation of (10) is applied to the
master device Omega 7. For operating the SPS robot, the
displacement 4 and the mass m are replaced respectively by the
operation amount A of Omega 7 and the mass M of forearm of
operating human. The motion equation of the operating unit in
Omega 7 is then given by the following equation

F =KL —CA =ML (11)

where F is the force which Omega 7 should realize. Fig.13
shows the model for the motion model of mass-spring-damper
system in Fig. 12 which is adapted to Omega 7.

Mass-spring-damper system Omega.7
[ (e
Moving scale _ f . A
Ad=1« i M _

CA

Fig. 13. Application of mass-spring-damper model to Omega 7.

In the motion equation of operating unit in Omega 7 of (11), the
unit is assumed not to vibrate by critical damping as well as the
damping expressed by (9). Thus, a coefficient C is given by the
following equation.

It is also assumed that the ratio of the displacement of the slave
side, which is the tip movement displacement of the SPS robot
and the displacement of master side, which is the operating
amount of Omega 7 (position control magnification rate of the
SPS robot) is 1: a, then the displacement of operating unit in
Omega 7 4 is expressed by the following equation.



By substituting (13) into (11), the force value F which Omega
7 should realize is derived by (14). Because Omega 7 has a
function to ensure gravity when force is applied, the effect due to
the weight of the operating unit is not considered.

F=Mal 4 Cal + K@l e, (14)

52 Force feedback to Omega 7 The detected sensor
force value was scaled up using the proposed scaling method and
compared with the constant multiple scaling. A maximum of 1.0 N
force was applied several times to the forceps tip in the x-direction
and the y-direction with the finger. Fig. 14 shows a graph of scaled
force in the x-direction, Fig. 15 shows a graph of scaled force in
the y-direction; the detected sensor force value, the scaled value
obtained by the proposed scaling method and the scaled value
obtained using a constant multiple (two times) are shown in both
figures. Since the mass of human forearm is about 3.1% of body
weight, the mass M of the forearm was 2.17 kg as the weight of
the operator was 70 kg. The ratio of the displacement of slave side
to the displacement of master side was 1:2, and the value of F
was calculated for a = 2.
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Fig. 14. Scaling of force in x direction.
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Fig. 15. Scaling of force in y direction.

The data presented in Figs. 14 and 15 do not exhibit large
differences between the scaled sensor values obtained using a
constant multiple and the scaled values obtained by the proposed
scaling method. However, since the feedback force to the operator
obtained by the proposed scaling method considers the dynamics
(deflection) generated by the load added to the forceps shaft, it is
considered that the proposed scaling method can provide force
feedback to the operator more clearly and quickly for the small
value than the constant multiple scaling when the applied force
varies rapidly. The value for which humans can recognize the
force is approximately 1N. Henceforth, the superiority of the
proposed scaling method is verified by applying a force that can

be noticed by humans and changing a speed of the force.

53 Advantageous validation of scaling method The
following simulations were performed to verify the superiority of
the proposed scaling method. When the force imitating the
detected sensor value was gradually increased from 0 to 0.5 N, the
difference indicated was simulated in the proposed scaling method
and the constant multiple (two times) scaling. The times for
reaching the maximum force of 0.5 N are simulated for the three
time intervals of 1.0 s (Slow), 0.50 s (Intermediate), and 0.25 s
(Quick). The mass M of the forearm was 2.17 kg, the ratio of
operating amount of Omega 7 to the forceps tip movement
displacement of the SPS robot, @ was 2. Figs. 16, 17, and 18
show the simulation results for time until the detected sensor value
reached 0.5 N in the case of 1.0, 0.50, and 0.25 s.
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Fig. 16. Simulation result (Slow).
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Fig. 18. Simulation result (Quick).

In Figs. 16, 17, and 18, as the time interval of the force
imitating the detected sensor value becomes small, response of the
proposed scaling method becomes quick as compared with that of
the constant multiple scaling. Moreover, the maximum value
scaled by the proposed method is larger than constant multiple
scaling. Therefore, in the scaling using the proposed method,
when the amount of change of the detected sensor value per unit
time is increased, the maximum scaled value becomes large. Since



it is possible to strongly feedback the operator to the force
variation when touched with the tip or shaft of forceps, the
operator can clearly and quickly experience the small force
detected by the sensor using the proposed method. In addition, it
should be mentioned that in practical execution of the proposed
method, an excessive force feedback caused by overshoot of the
force response can be cut to prevent adversely affecting the
operation.

5.4  Advantageous validation experiment of scaling
method The SPS robot was moved periodically by sinusoid
input in the x-direction, which was the “yaw” direction in Fig. 2,
the tip of forceps manipulator was hit to a building block such that
the detected sensor value of the x-direction was approximately 0.5
N. Next, this force was fed back to the subject who held the
operating unit of Omega 7. During this experiment, the subject
was not given visual information; however, only force information
was given. Then, when the tip of forceps manipulator hit the
building blocks, the time until the subject experienced the force
feedback was measured using a stopwatch. Furthermore, using the
proposed scaling and constant multiple scaling methods,
experiments were performed 10 times each in 2 subjects. Fig. 19
shows the scenario of the experiment.

The measurement times with constant multiple scaling and with
proposed scaling were compared. Table 1 shows the measurement
times of each subject. Fig. 20 shows a graph of detected sensor
value of the horizontal direction (x-direction), the value scaled up
with constant multiple (two times), and the value using the
proposed scaling method.

Fig. 19. Experiment for verification of superiority.

Table 1. Experimental result.

Subject A Subject B

Number |Constant Proposed Constant Proposed

of times |scaling [sec]|scaling [sec]|scaling [sec]|scaling [sec
7 4.51 3.68 4.85 2.58
2 7.90 3.80 4.22 2.93
3 5.68 3.81 5.09 2.43
4 7.05 2.30 5.41 3.23
5 473 2.85 4.67 2.27
6 6.61 3.23 4.46 3.19
7 7.20 3.05 4.90 3.30
8 7.93 3.11 4.79 3.26
9 6.61 2.55 4.33 4.24
10 4.90 2.78 4.75 3.52

Average 6.31 3.12 4.75 3.10
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Fig. 20. Comparison of scaling of force.
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Table 1 indicates that both subject, A and B, recognize the force
quicker using the proposed method than the constant multiple
scaling when the tip of forceps manipulator hit the building block.
In Fig. 20, it is indicated that the maximum value of the force
using the proposed scaling method is larger than constant multiple
scaling.

Therefore, the proposed scaling method can transmit the force
more quickly than constant multiple scaling method. Moreover,
the robot operator can clearly experience the small force, since the
proposed scaling method can feedback strongly the force.

6. Conclusion

In this study, a six-axis force and torque sensor was attached in
the root of the independently developed forceps manipulator for
SPS. Then, the external force added to the tip or shaft of forceps
was detected, and force feedback was conducted to the robot
operator through Omega 7. The added force of horizontal and
vertical directions can be detected stable, and the added force of
shaft direction can be detected approximately stable.

The forceps shaft was assumed as cantilever, the movement by
external force added to the cantilever tip is replaced by the
operating unit of Omega 7, and it is proposed as a new scaling
method, in which the detected force added to the tip or shaft of
forceps in horizontal and vertical directions, is scaled up and fed
back to the operator. Since the dynamics of the forceps shaft was
considered, the small detected sensor force value could be fed
back more quickly and strongly to the operator using this scaling
method compared with that of the constant multiple scaling.
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Abstract— In this study, a new scaling method for force
feedback is proposed for the surgical robot developed in our
laboratory, incorporating an analysis of the shaft of the
forceps based on beam theory. A six-axis force and torque
sensor is attached to the base parts of the forceps
manipulator of the surgical robot to detect a force applied at
the tip or shaft part of the forceps. Then, the detected force
is amplified using the proposed scaling method and the
amplified force is realized through the haptic device Omega
7. Experiments were conducted to verify the effectiveness of
the proposed scaling method. The results showed that the
operator of the surgical robot can experience a small force
that was applied to the forceps more clearly and quickly
compared with that realized when the conventional constant
scaling method is used.

Index Terms—forceps manipulator, force feedback, haptic
device, scaling method, beam theory, force and torque
sensor

I.  INTRODUCTION

Minimally invasive surgery requires accurate and
delicate operation in a small workspace and a limited
field of vision, requiring considerable surgical skill.
Starting with the first operation over a hundred years ago,
the field of Ilaparoscopic surgery has significantly
developed recently due to the development of new
techniques as well as various surgical robots which are
proposed in Ref. [1]-Ref. [3]. The da Vinci robot
developed by Intuitive Surgical Inc. is currently the most
advanced surgical robot. This is a master—slave robot
with plural robot arms, stereoscopic imaging by the 3D
endoscope, and manipulators that imitate the movement
of human wrist with seven degrees of freedom (DOF) by
the wire drive. Moreover, Ref. [4] described that
single-port surgery (SPS) has gained significant
popularity with the increasing development of
laparoscopic surgery in recent years. This procedure is

more cosmetically favorable than the conventional
laparoscopic surgery. Unfortunately, the use of surgical
robots for SPS has still not been practical. Reference [5]
described SPS that was conducted using the da Vinci
robot by replacing manipulators with those with the
SPS’s capable shape; however, this robot is not yet in
practical use. Furthermore, medical accidents have been
reported during laparoscopic surgery using the da Vinci
robot because the robot is unable to provide force
feedback to the surgeons. As discussed in Ref. [6]-Ref.
[8] force feedback is known to have many benefits such
as the improvement of the surgeon’s dexterity and the
enhancement of the operability of surgical robots in
telesurgery.

To solve this issue of the current surgical robots, in this
study, a six-axis force and torque sensor produced by ATI
Co. is attached on an independently developed SPS
forceps manipulator. The sensor detects an external force
at the tip or shaft of the forceps manipulator, enabling the
realization of force feedback by using haptic function of
the Omega 7 master device developed by Force
Dimension Co. Moreover, a new scaling method of the
haptic function is proposed to enable the improvement of
the performance of the force feedback in various
laparoscopic surgical robots beyond the SPS robot.
Specifically, the operator of the surgical robot clearly
experiences a small force by the proposed scaling method
based on the beam theory for realizing feedback of the
force detected by the sensor.

II. LAPAROSCOPIC SURGERY AND SINGLE-PORT
SURGERY

Laparoscopic surgery is a surgical technique in which a
laparoscope and forceps are inserted into 1-2 cm incision
holes opened on the abdominal surface of the patient and
performed while observing the laparoscopic image on the
monitor. SPS is a laparoscopic surgery procedure that has
seen a rapid spread in recent years. This technique is
different from the conventional laparoscopic surgery in
that one incision hole is made by the scalpel at only the



umbilicus part of the patient for mounting an exclusive
port, whereas laparoscopic surgery is performed by
inserting two dedicated forceps and one laparoscope into
the hole. In the conventional laparoscopic surgery, the
incision holes are made by the scalpel in 3—6 locations on
the patient’s body to insert the laparoscope and forceps.
SPS has a high cosmetic value because it does not leave a
surgical scar because of the integrated nature of the
procedure as the scalpel is placed only on the umbilicus
of the patient. As discussed in Ref. [9], the low risk of
post-surgery complications is an additional advantage of
SPS. Fig. 1 shows a schematic illustration of the SPS.

Monitor

Laparoscope
p \P

Figure 1. Single-port surgery (SPS).

I1l. FORCEPS MANIPULATOR FOR SPS

A. Forceps Manipulator and Robot Arms for SPS

Reference [10] has demonstrated the development of
the forceps manipulator for conventional laparoscopic
surgery, which can be remotely operated with an
independently developed master device for realizing
force feedback. Furthermore, a forceps manipulator for
SPS has been developed in Ref. [11] by remodeling the
ready-made SPS forceps, with the same manipulations of
rotation, grasping, and bending of the tip part moved by
the motor drive. In this case, the Omega 7 that is a
seven-DOF haptic device developed by Force Dimension
Co. is the master device, the developed forceps
manipulator is the slave device, and the forceps
manipulator is remotely operated by controlling its tip
position by the master—slave control. The specifications
for the developed forceps manipulator are as follows.

1) Rotation: The rotational motion at the tip of the
forceps is remotely operated by the motor
drive.

2) Grasping: The open-and-close motion of the grasping
at the tip of forceps is remotely operated
by the motor drive.

3) Bending: The omnidirectional bending motion at the
tip of the forceps is remotely operated by
the motor drive.

Fig. 2 shows the independently developed robot arms
for SPS. The developed forceps manipulator is mounted
on the arm of the SPS robot because it cannot be used
alone as a surgical robot. In a different approach, a new
surgical tool arrangement called rotation arrangement in
SPS was evaluated in Ref. [12]. These robot arms have
been designed for the realization of the rotation
arrangement. These robot arms can move the developed

forceps manipulator with three DOF of yaw, pitch, and
translation by the motor drive.

The size and mass of the developed forceps
manipulator are limited by the ability of the robot arm to
support the mounting of the manipulator. Therefore, the
manipulator must be designed keeping in mind this
consideration. Fig. 3 shows the developed forceps
manipulator. In Fig. 3, the mechanisms of the rotational,
grasping, and bending motions at the forceps tip are
shown by (a), (b), and (c), respectively.

Rotation

Bend

Figure 3. Forceps manipulator for SPS.

B. Master—Slave Control using Omega 7

The SPS forceps manipulator is a slave device, and the
haptic device Omega 7 is the master device; therefore,
each operation is controlled by the master—slave system,
in which the target value of the slave side is calculated
from the displacement information of the master side. In
this case, a proportional-integral controller is used to
construct a tracking control system. Omega 7 is a haptic
device that is capable of seven DOF operations:
translation motions along the three Cartesian axes, rotary
motions around three axes, and the grasping motion along
a single axis.

The open-and-close motion of the grasping
corresponds to the pinching of the grasping part of
Omega 7, the tip rotation corresponds to the rotation
around a single upper arm axis of Omega 7, and the
bending motion in the vertical and transverse directions
corresponds to the up-and-down and left-and-right
direction rotations of the operating unit of Omega 7. Fig.
4 shows the operating unit of Omega 7 and the
corresponding actions of the developed forceps
manipulator.
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(a) Master device (Omega 7).



(b) Slave device (forceps manipulator).

Figure 4. Manipulations of Omega 7 and forceps manipulator.

IV. FORCE FEEDBACK

A. Force Feedback in Surgical Robot

Currently, the surgical robots in practical use do not
have a force feedback function. Therefore, surgical robots
cannot transmit the senses of touching or holding objects
with the tip of the forceps manipulator to the operating
surgeon. Reports on medical accidents that caused organ
damage due to lack of the force feedback function exist.
Therefore, the development of force feedback has
become a key problem in the development of surgical
robots. The desirable feedback forces in laparoscopic
surgery or SPS with a surgical robot are the grasping
force when organs are grasped with the forceps tip, the
contact force when the organs are touched with the tip,
and the pressure force when organs are pressed with the
shaft. Reference [13] has already reported the
development of force feedback for the grasping force.
Therefore, this study focuses on the development of the
feedback of the force added to the tip or shaft of forceps.
A six-axis force  and torque sensor Mini40 produced
by ATI Co. is attached to the root portion of the
previously developed SPS forceps manipulator and is
used to detect the external force added to the forceps’ tip
or shaft. The detected sensor value is then transmitted to
the robot operator through Omega 7, which is the input
device with the force feedback function, thus realizing the
feedback of the force added to the forceps. Fig. 5 shows
the corresponding forces for the sensed force on the
forceps manipulator and force feedback to Omega 7. An
external force along the three axes of the forceps shaft is
realized on the three orthogonal axes of Omega 7.

Six-axis force and torque

\ Force feedback

X
Y i/
Figure 5. Force sensing and its realization in Omega 7.

B. Attachment of the 6-axis Force and Torque
Sensor Mini40

Fig. 6 shows a general view of the six-axis force and
torque sensor Mini40 produced by ATI Co. and the
directions of measurable force and torque. This sensor
can detect forces on three orthogonal axes and rotational
torques for each axis added to the measurement surface.

In Ref. [14], a six-axis force and torque sensor is
attached to the tip of forceps for detecting the external
force. However, this is not best choice since insertion of

electric sensor into the abdominal cavity is not desirable
due to the safety reason.

In our system, since Mini40 has a hole in the center, it
can be attached to the root portion of forceps through the
shaft in that hole. Therefore, the external force added to
the tip or shaft of forceps can be detected without
inserting electric sensors into the patient’s body. Fig. 7
shows the attachment view of the six-axis force and
torque sensor. A cylindrical part (green) is pressed into a
disk-like part (red), and these parts are attached to the
measurement surface of the Mini40 through the forceps
shaft in the sensor’s center hole. Mini40 is fixed at the
root portion of the manipulator shaft with an
angle-shaped part (blue) and a plate-like part (purple).

Disk parts -
Cylinder parts

Figure 7. Attachment of six-axis force and torque sensor.

C. Force Detection using six-axis Force and
Torque Sensor

We verified that the force added to the tip or shaft of
forceps was actually detected with the six-axis force and
torque sensor. An external force was applied several times
to the forceps tip in the horizontal direction (x-direction is
Fx), the vertical direction (y-direction is Fy), and the shaft
direction (z-direction is Fz) with the finger. Figs. 8, 9, and
10 show the detected results for each direction. Inspection
of these figures indicates that detection of the Fx and Fy
components of the force added to forceps was stable;
however, Fz was not detected stably. Detection of the
force for the shaft direction was difficult because the
attachment parts of six-axis force sensor were fixed at the
forceps shaft only at the screwing point in the mounting
structure, leading to deviation in the detected force value
for the applied shaft direction force. It is investigated that
the detected sensor value does not necessarily return to
zero for Fx, Fy, and Fz results, returning to the unloaded
state after a single application of an external force. This
indicates the occurrence of drift in the force detection by
some of the strain gauges built into the sensor.
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Figure 10. Force sensing in z direction.

V. FORCE SCALING

A. Scaling of Force for Force Feedback

The Fx and Fy values detected stably by the six-axis
force and torque sensor were directly fed back to the
robot operator through Omega 7. However, the operator
could not recognize the force well because the value of
the force detected by the sensor was small. Therefore, the
detected value of Fx and Fy are scaled up a magnitude
that can be recognized by the operator and displayed in
Omega 7.

If the detected sensor value is multiplied by a large
constant value, the operator can recognize the force even
if the detected force is small. However, this may
adversely affect the surgical operation because the force
feedback is too strong then. Thus, it is necessary to scale
the force up to a magnitude for which the robot operator
can recognize even a small detected value without
adversely affecting the surgical operation.

Therefore we used beam theory to calculate the
deflection amount of the forceps shaft due to the applied
external force. Furthermore, we proposed a method for
scaling up the small detected value for the force applied
by the touch of the tip or shaft of the forceps, using the
dynamics of the forceps tip by the external force. Thereby
the detected sensor value increases rather than constant
multiple, while ensuring that the value is not sufficiently
large to adversely affect the surgical operation. The
following configurations are used for the proposed

scaling method.

Configuration 1): The shaft of forceps manipulator is
considered a cantilever, and the
deflection and deflection angle are
calculated.

Configuration I1): The motion equation of the mass
point at the tip of the cantilever
when the external force is added to
the tip is considered.

Configuration I11): The motion equation of Omega 7
corresponding to the motion
equation in the configuration Il is
introduced, and the force value
realized by Omega 7 is calculated.

In the configuration I, the shaft of forceps manipulator
is divided into a cylindrical stainless steel section, which
is the shaft of the remodeled original SPS forceps and a
cylindrical aluminum section attaching the six-axis force
and torque sensor on the forceps manipulator. Next, the
shaft of the forceps manipulator is considered as two
connected cantilevers, assuming the screwing point that
fixes the cylindrical stainless steel part and the cylindrical
aluminum part, and the portion attaching the sensor are
the fixed ends. It is assumed that a concentrated load is
only added to the cantilever tip. Fig.11 shows the model
for which the shaft of forceps manipulator is assumed to
be the cantilever. The x-direction deflection on the x-z
plane and the y-direction deflection on the y-z plane are
considered in the same manner, because the
cross-sectional shape of the cantilever is a hollow circle.

<~
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N cross-sectional
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Figure 11. Cantilever beam model of shaft of forceps manipulator.

In Fig.11, w is the value detected by the six-axis force
and torque sensor (Fx or Fy). Since the load added to the
cantilever is constant for all positions of the cross-section,
the following relationship is established for w and w'.

w=w'", (1)
where [ is the distance of the fixed end from the point
fixed with screw on the aluminum part attaching the force
and torque sensor, E, is the longitudinal elastic
modulus of aluminum part, and I, is the geometrical
moment of inertia. The deflection § and deflection angle
6 of the cylindrical aluminum part are given by (2) and
©F

wi?

0=- 2E g1z, @)
wi3
B 3EAIIZp (3)

L is the distance from the point fixed with the screw



on the aluminum part to the forceps tip and &' is given
by (4).
§' =Lsinf 4

E; is the longitudinal elastic modulus of the
cylindrical stainless steel part that is the shaft of the
remodeled original forceps, I, is the geometrical
moment of inertia, and the deflection & is given by (5).

®)

!
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Then, the deflection A of the cantilever model in
Fig.11 is given by (6).

A=8+8+8"cosb (6)

In the configuration II, it is assumed that there is a
mass point of mass m on the tip of the cantilever model
in Fig. 11. The motion of this mass-point when the force
f is added to the mass-point is considered as the
movement of mass-spring-damper system in which a
damper and a combined spring linked to two different
springs in series are connected to the mass-point m. Fig.
12 shows the motion model for mass-spring-damper
system of the cantilever in Fig. 11.

Cantilever beam Mass-spring-damper system

Figure 12. Mass-spring-damper model of cantilever beam.

In Fig. 12, spring constants (flexural rigidity) k,
and k, are calculated using I, Eyy, I, L, Ef, and I
by the following equation.

__ 3Bz,

k1 _ ’ kz _ 3Eflzf (7)

13 L3

Furthermore, since the two springs are connected in
series, the combined spring constant K of k; and k, is
given by the following equation.

_ kiky EAlEfIZplzf
kq+ky EAlIZpL3+EfIZfl3

®)

Moreover, it is assumed that the model of
mass-spring-damper system in Fig. 12 does not vibrate by
critical damping. Therefore, the damping coefficient ¢
of the damper is expressed by following equation because
the damping ratio is 1.

c = 2+/mK 9)

The motion equation for the mass-spring-damper
system in Fig. 12 is given by the following equation.

f—KA—ch=mA (10)

In the configuration 111, the motion equation of (10) is

applied to the master device Omega 7. For operating the
SPS robot, the displacement A and the mass m are
replaced respectively by the operation amount A of
Omega 7 and the mass M of forearm of operating
human. The motion equation of the operating unit in
Omega 7 is then given by the following equation

F—KA—Ci=Mi , (12)

where F is the force which Omega 7 should realize.
Fig.13 shows the model for the motion model of
mass-spring-damper system in Fig. 12 which is adapted
to Omega 7.

Mass-spring-damper system Omega.7

! .o
0) .'Ill._

ki<
Figure 13. Application of mass-spring-damper model to Omega 7.
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In the motion equation of operating unit in Omega 7 of
(11), the unit is assumed not to vibrate by critical
damping as well as the damping expressed by (9). Thus, a
coefficient C is given by the following equation.

C = 2J/MK (12)

It is also assumed that the ratio of the displacement of
the slave side, which is the tip movement displacement of
the SPS robot and the displacement of master side, which
is the operating amount of Omega 7 (position control
magnification rate of the SPS robot) is l:a, then the
displacement of operating unit in Omega 7 A is
expressed by the following equation.

Al=ad (13)

By substituting (13) into (11), the force value F which
Omega 7 should realize is derived by (14). Because
Omega 7 has a function to ensure gravity when force is
applied, the effect due to the weight of the operating unit
is not considered.

F = Mad + Cad + Ka/ (14)

B. Force feedback to Omega 7

The detected sensor force value was scaled up using
the proposed scaling method and compared with the
standard constant multiple scaling. A maximum of 1.0 N
force was applied several times to the forceps tip in the
horizontal direction (x-direction) and the vertical
direction (y-direction) with the finger. Fig. 14 shows a
graph of scaled force in the horizontal direction
(x-direction), Fig. 15 shows a graph of scaled force in the
vertical direction (y-direction); the detected sensor force
value, the scaled value obtained by the proposed scaling
method and the scaled value obtained using a constant
multiple (two times) are shown in both figures. Since the
mass of human forearm is about 3.1% of body weight, the



mass M of the forearm was 2.17 kg as the weight of the
operator was 70 kg. The ratio of the displacement of slave
side to the displacement of master side was 1:2, and the
value of F was calculated for a = 2.
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Figure 14. Scaling of force in x direction.
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Figure 15. Scaling of force in y direction.

The data presented in Figs. 14 and 15 do not exhibit
large differences between the scaled sensor values
obtained using a constant multiple and the scaled values
obtained by the proposed scaling method. However, since
the feedback force to the operator obtained by the
proposed scaling method considers the dynamics
(deflection) generated by the load added to the forceps
shaft, it is considered that the proposed scaling method
can provide force feedback to the operator more clearly
and quickly for the small value than the normal constant
multiple scaling when the applied force varies rapidly.
The value for which humans can recognize the force is
approximately 1 N. Henceforth, the superiority of the
proposed scaling method is verified by applying a force
that can be noticed by humans and changing a speed of
the force.

C. Advantageous validation of scaling method

The following simulations were performed to verify
the superiority of the proposed scaling method. When the
force imitating the detected sensor value was gradually
increased from 0 to 0.5 N, the difference indicated was
simulated in the proposed scaling method and the normal
constant multiple (two times) scaling. The times for
reaching the maximum force of 0.5 N are simulated for
the three time intervals of 1.0 s (Slow), 0.50 s
(Intermediate), and 0.25 s (Quick). The mass M of the
forearm was 2.17 kg, the ratio of operating amount of
Omega 7 to the forceps tip movement displacement of the
SPS robot, @ was 2.

Figs. 16, 17, and 18 show the simulation results for
time until the detected sensor value reached 0.5 N in the

case of 1.0, 0.50, and 0.25 s.
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Figure 18. Simulation result (Quick).

In Figs. 16, 17, and 18, as the time interval of the force
imitating the detected sensor value becomes small,
response of the proposed scaling method becomes quick
as compared with that of the constant multiple scaling.
Moreover, the maximum value scaled by the proposed
method is larger than constant multiple scaling. Therefore,
in the scaling using the proposed method, when the
amount of change of the detected sensor value per unit
time is increased, the maximum scaled value becomes
large. Since it is possible to strongly feedback the
operator to the force variation when touched with the tip
or shaft of forceps, the operator can clearly and quickly
experience the small force detected by the sensor using
the proposed method.

D. Advantage validation experiment of scaling
method

The SPS robot was moved periodically by sinusoid
input in horizontal direction, which was the “yaw”
direction in Fig. 2, the tip of forceps manipulator was hit



to a building block such that the detected sensor value of
the horizontal direction (x-direction) was approximately
0.5 N. Next, this force was fed back to the subject who
held the operating unit of Omega 7. During this
experiment, the subject was not given visual information;
however, only force information was given. Then, when
the tip of forceps manipulator hit the building blocks, the
time until the subject experienced the force feedback was
measured using a stopwatch. Furthermore, using the
proposed scaling and constant multiple scaling methods,
experiments were performed 10 times each in 2 subjects.
Fig. 19 shows the scenario of the experiment.

The measurement times with constant multiple scaling
and with proposed scaling were compared. TABLE I.
shows the measurement times of each subject. Fig. 20
shows a graph of detected sensor value of the horizontal
direction (x-direction), the value scaled up with constant
multiple (two times), and the value using the proposed
scaling method.
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Figure 19. Experiment for verification of superiority.

TABLE I. EXPERIMENTAL RESULTS
Subject A Subject B

Number |Constant Proposed Constant Proposed
of times |scaling [sec]|scaling [sec]|scaling [sec] |scaling [sec]
7 4.51 3.68 4.85 2.58
2 7.90 3.80 422 293
3 5.68 3.81 5.09 243
4 7.05 2.30 5.41 3.23
5 4.73 2.85 4.67 2217
6 6.61 3.23 4.46 3.19
7 7.20 3.05 4.90 3.30
8 7.93 3.11 4.79 3.26
9 6.61 2.55 4.33 4.24
10 4.90 2.78 4.75 3.52
Average 6.31 3.12 4.75 3.10
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Figure 20. Comparison of scaling of force.

TABLE |I. indicates that both subject, A and B,
recognize the force quicker using the proposed method
than the constant multiple scaling when the tip of forceps
manipulator hit the building block. In Fig. 20, it is

indicated that the maximum value of the force using the
proposed scaling method is larger than constant multiple
scaling.

Therefore, the proposed scaling method can transmit
the force more quickly than constant multiple scaling
method. Moreover, the robot operator can clearly
experience the small force, since the proposed scaling
method can feedback strongly the force.

VI. CONCLUSION

In this study, a six-axis force and torque sensor was
attached in the root of the independently developed
forceps manipulator for SPS. Then, the external force
added to the tip or shaft of forceps was detected, and
force feedback was conducted to the robot operator
through Omega 7. The added force of horizontal and
vertical directions can be detected stable. However, the
force of shaft direction cannot be detected stably.

The forceps shaft was assumed as cantilever, the
movement by external force added to the cantilever tip is
replaced by the operating unit of Omega 7, and it is
proposed as a new scaling method, in which the detected
force added to the tip or shaft of forceps in horizontal and
vertical directions, is scaled up and fed back to the
operator. Since the dynamics of the forceps shaft was
considered, the small detected sensor force value could be
fed back more quickly and strongly to the operator using
this scaling method compared with that of the constant
multiple scaling.

As future challenges, it is raised that the external force
in the shaft direction should be detected stably, scaled up
using the proposed scaling method, and fed back to the
operator through Omega 7. Other than that, a system
which removes an interference force caused by the SILS
port should be constructed when performing the forceps
operation using the SILS port.
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