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Fig. 1.1: Laparoscopic surgery [1]

)
120,000
100.000
BT B R
80,000 R
o REREE
R A BB
60,000 B0 L 91 R
mLE TR BRI
OO0 5 41 B A
40,000 EPNEEESEETE
AR SRR
AT 3R LR
20,000
0

'90 '91'92 '93 '94 '95 '96 '97 '98 '99 '00 ‘01 '02 '03 ‘04 '05 '06 '07 '08 ‘09 ()

Fig. 1.2: Trends in the number of endoscopic surgery [5]
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Fig. 1.5: EndoWrist [16]
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Fig. 1.6: Raven - University of Washington surgical robot [25]
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Master

Fig. 1.7: Surgical robot system in Mitsuishi Lab., Tokyo Univ. [27]

Fig. 1.8: Hyper Finger [29]
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Pivot point
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Fig. 1.10: Surgical robot for single port endoscopic surgery [33]
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Fig. 1.11: Dexterous mechanism of MICA forceps manipulator (Seibold et. al.) [35]
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Fig. 1.13: Forceps manipulator with 4 distal DOFs (Song et. al.) [43]
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Fig. 1.14: Micro manipulator with 6 distal DOFs (Ikuta et. al.) [44]

Fig. 1.15: Miniature forceps manipulator for neurosurgery (Mitsuishi et. al.) [46]
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Fig. 1.16: Miniature bending mechanism using ball joints (Fujie et. al.) [47]

Fig. 1.17: Link-driven forceps manipulator (Arata et. al.) [28]
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Fig. 1.18: Forceps manipulator with the Multi-Slider Linkage Mechanism (Yamashita
et. al.) [52]
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Fig. 1.19: Double-Screw-Drive(DSD) mechanism (Ishii et. al.) [57]

Fig. 1.20: Forceps manipulator with parallel mechanism (Hong et. al.) [59]
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(a) Ring-spring (b) Cable-ring mechanism

Fig. 1.21: Bending mechanisms of the Endo-Periscope (Breedveld et. al.) [67]

Fig. 1.22: Active bending endoscope using spring backbones (Yi et. al.) [70]
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Fig. 1.23: Spring-link mechanism (Arata et. al.) [71]
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Fig. 1.24: The concentric tube robot (Dupont et. al.) [78]

Fig. 1.25: The multi-backbone continuum robot (Simaan et. al.) [80]

Fig. 1.26: Flexible distal mechanism made of a super-elastic tube (Peirs et. al.) [91]
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Fig. 1.27: Forceps with embedded strain gauges [101]

Fig. 1.28: Robotic forceps with 6-axis force sensor (Seibold et. al.) [107]
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Fig. 1.29: Micro optical force sensor (Peirs et. al.) [111]
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Fig. 1.30: Miniature 3-axis distal force sensor for palpation (Althoefer et. al.) [115]
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Table 2.1: Properties of the machined spring for tendon drive

Material SUS303
Outer diameter 10 mm
Natural length 20 mm
Bending range +90°
Bending stiffness | 2.9x10? N-mm?
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Fig. 2.5: The flexible joint bent by 90°
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Fig. 2.8: Nomenclature and coordinates of a 2-dof continuum model
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Fig. 2.9: Alignment of the actuation wires
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Fig. 2.10: Experimental condition of bending angle measurement
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Table 2.2: Parameters of the dynamic model for the tendon drive

J=115=2
C; mNm-s/rad] | 0.9 1.0
D; [mNm)] 4.7 5.0
K; [mNm/rad] 10.2 | 10.2
7 0.5
a 0.09
n 2
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Table 2.3: Gain parameters used in the experiments

Kpp | 180  mNm/rad
Kpqa | 010 mNm-s/rad
Ka | 020 V)N

K, | 2.0 V/(Ns) For cylinder forces (Fy, Fy, F3, Fy)
Ko | 0.001 Vs/N

For joint angles (¢1, ¢2)
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Fig. 2.15: Transient responses of control parameters during the bending motion: joint
position (upper), cylinder positions (middle) and cylinder forces (lower)
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Fig. 2.18: Schematic of the 2-dof link-approximation model
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Fig. 2.19: External forces estimated during free motions: the bending motion (upper)
and the rolling motion (lower)
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Fig. 2.20: Experimental setup for force measurement
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Fig. 2.21: Experimental result of the one-DOF force estimation
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Fig. 3.1: Overview of the pushpull-driven forceps manipulator
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Fig. 3.4: Structure of the flexible joint for pushpull drive
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Fig. 3.5: Shape of the machined spring for pushpull drive

Wire path:
$0.7 mm

Table 3.1: Properties of the machined spring for pushpull drive

Material SUS303
Outer diameter 10 mm
Inner diameter 5 mm
Natural length 20 mm
Spring constant 2.1 N/mm
Bending range +90°

Bending stiffness

2.7%x 102 N-mm?
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Fig. 3.6: The pushpull-driven flexible joint with a load of 5 N applied to the forceps tip
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Fig. 3.7: Nomenclature and coordinates of a 3-dof continuum model
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Table 3.2: Parameters of the dynamic model for the pushpull drive

i=1|i=2]i=3]i=4
C; [N-s/mm] | 0.07 | 0.09 [ 0.1 | 0.1

D; [N] 0.7 | 0.6 0.6 0.6
K; [Njrad] | 92 | 93 | 93 | 9.0
i 0.9 0.9 0.9 0.9
K; [N/mm)] 0.5
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Fig. 3.8: Block diagram of the position control system

Table 3.3: Gain parameters used in the experiments
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Fig. 3.9: Transient responses of control parameters during the bending motion: joint
position, cylinder positions and cylinder forces
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Fig. 3.10: Transient responses of control parameters during the rolling motion: joint
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Fig. 3.11: Transient responses of joint bending angle with a stepwise input
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Fig. 3.14: External forces estimated during free motions: the bending motion (upper)
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Fig. 3.17: Experimental setup for force measurement: case 2
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Fig. 3.18: Experimental result of force estimation in case 2 using the 2-dof joint model
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Fig. 3.19: Experimental result of force estimation in case 2 using the 3-dof joint model
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Fig. 4.5: Correspondence of the master arm to the forceps tip
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Fig. 5.3: Digest of a suturing task using an artificial tissue
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Fig. 5.5: Pre-operational check by surgeons
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Fig. 5.6: Scenes of the invivo experiment
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Fig. 5.7: Digest of a suturing task in real abdomen
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Table 6.1: Simulation conditions
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Fig. 6.3: Simulation result: static characteristics of flow rate with respect to slit width
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Fig. 6.5: Numerical analysis on static mechanics of the sensing element
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Fig. 6.6: Experimental setup for flow rate and force measurement
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Fig. 6.9: Transient responses of flow rate with sinusoidal force inputs



109

70 OO0

7.1 Oooogd

gboooboogbobobobooobonooobobooooboboooboboon
gbooogoboboo200b0b0ooooboboobobooooooboobobn
gbobobooboooboboobuooboboobooboooobobobobooboon
gbooooobobobobobobobooobooobobooboboboboooooono
gbobooooboooobooooobobobobobob osNODOoDoooooo
gobooogoogoboboooboobobooooboboooobooboboobooobo
gboboogboboboboooobobobuoobonoobobobobooboobo
gobobobooboobooobooboooboboobooooboooboooobooon
goboobboooboobbooboobobooboonoba

gl1oboobooooboooogoboboboooooogoooobooboooooboon
goboboooboooboobooboobooooboboobobboboooboobooooboooon
gboboooooboobobobboboboooobobobobobooobonooDooon
gbooboobooooboboooobooooooobooboboooobobo
gboboboooboooboboobuoobobooboobooboooboboboobooon
goboobooboooboooboboooooobooobobbobooobooooobooon
gooboobooobooboboobooboboboobooboboboboobooon
gbooogobooobooboobobooooobobooobooboooboboobobo
goboodgbooooboobooobobooboobbooboobbon

g2000000000b00b0booooonoooooboboooooobooooan
gobooooboobuoobuoobobobobboobbooboooobbooboooo
gbooboboobuobobobbooboobuogboooobobooboobooboon
gobobooobooobobobooooooboboboobooboobobooobooon
gboobobobobobo2b0b0oboooooooooboboobobobobobon
gboboooooboboboobobobooooobobobooooooobooonoo
gboboboooboooboboboobooboboobooboboboboobooon
goboboobooboooboobooboobooboobooobooobobooooboooon
goboboobooboooobooboobobobobooboooobooooon
gobobobooogoboboobooboooooogbobooobooboooobobo
gbobobooooboooboboboboboobooboobobooboobooon



110 o770 00

goooboobooobobooboobobooboobooobooboboooboon
gboooboobooooboboooooboooobobobobooobooooboon
ooobooOooobobooooobooobeccbOOOODOOoO2NODODOODOO
ooboooobooooooboogobobboboobooboooooooooboooOoDbog 8N
goboobooboobooboobobooboobbooboobboobooobbon

g3bbooboobooboboooobogboboooooboobooboboobon
gbobooboboobobooboobooboobbobboobooboboboonoo
gbobooboboobobooboobuoobooboboobooboobooobooon
goooboooboobooboobobooboobobbobooboobobooo
gbboobuogboooboboobooboobobbobobooooboobooo
sNOODOOOooooobooboboooooobobobooboooooooboooooboo
gooobooboboobooboobobooboob 3sboobuoobooboonooon
gbooooobobooooboboobooboooobobob40b000Db0O0O0O
gbooobooboooobob 400000000000 DOO0bOO0OOOO0OOobObO
ubboboobooboobobobooboobobbobooboobooobooobooon
goooboobobobobooboobobobooboobobobooboobooon
ooboooboooooogoborrgobooboooboooboobooboboobobooDo
goboobuogbo3sgobooobboobuooboobbooboobooobooonoo
ooooO00obOoO0OoOo0o0oDbDoOO0bOOo0oU0bDboOo0oOOoobDboOoOooDooOobooOoo eoe
gboooboobooboobogoo o2 NODOOODUObODUODbDDOOUODOODODO
gbboobuoobooobogbobbooboobuoobobboboobooboooboo
gboooboooboobobooboboobooboboboboboobooobooon
goooobooooo

4000000000000 O00OOODOODOOOODOODOOOODOODOODOD
gbboobobuooboooboboobooboobobbobooboobooooo
0020000000000000000000D04000000000 [40]0000DO 6
gboobobobobbooooobooobobobeboboboobobobobon
O000O0000000000000000000000000D0C00000 PHANTOM
DesktopO0 OO0 DOOOOO0ODOOOOODOOOOODOOOOOOOOOODOOOODOOO
gbooobooobobobobooboooboboobooboooobooboooboon
gboooooooboobogbobuobobooooboboooooo o33N o
gbobooboobooobooboobbobboobobooboobobobbobon
gobobooobobooobbooobbooboboobboooboboooobooboo
gooobooboooboboobooboboobooboboboboobooboon
gboooboboooobooooobobooobooboboobobooooboobo
gobodgbooobobodabod

gsdboboobobooonooboobooboboonooboooobobooooonooan
gobobooobboooobbooobboobbooobobooobbooobboo



o770 00 111

goboboooboobooboboboobbobooobooboobooboobooon
gboobooboooooogoboobobooooboboboobobooooboobo
goboboboboboboobuooboobobbobobboobooboobooon
gooboooboobooooboboobobouoobooboboobobobobDooOon In-vivo
goboobbooobooboboooboobbooboon

gegooobooboobooboogoboobbboooboboobooobooboobooo
gboboboooboooboboobooboboobooboboobonoboboobgoon
gob1l1oobooobbooboobooboobobobobbo3obbobbobon
gobobobooboil1googbooboobobobooboobooooboobooon
gboooobobobooooobobo 20Hz00000000000D00DO0O00O0O
gbobobooobooboobooboobooooboboobooobooboboobooon
goobooobooooboon

7.2 QOOoogg

gboboobooooboobobobobooboooouoboooobobobooboanoogn
gobooobobooobooobooo

gbobbobboobooboobooboob

1) DooooOoooooo
U0,hmmU0O0o0oo0ooobooooobooobbooboobboobooonbn
gbooobooboobobobobuoobobbobbooboobuooboobo

2) J0000O0O0ooOoUoooOoooo
ubobodgboboobbooboooobuoobboobooobooooboobon
uboboooboooobobooboboobboobobooboboobobooobo
goboobooooboooo

3) 0000000000000 UO0OULOOOUDOOoUOOoOO
ubobodoboboobboobooobooboboobboobbooboobon
ubobooooooboobod

goboboogobbbouogoboobod

1) DooooOoooooo
ubobooobobooobobooboooboobbooboooobooooobooooboo
gboogboobobobooboobooboobobbobbobooboobooo
gbooboboobobobob



112

o770 00

2)

ooooooog
gbobobobobooooooobobooboboboboboooboobon
oooooood

gobgooboobooboboobooooo
ubbodbbooobtuooobuoobboobboobooobooboboobo
uboooobooboobooboobooobuooooboooboobooboboboboo

gboobobobobobobobobo
ubobodboooobooobbuoobboobbooboooboobooboabon
ubobooboboobooboooboooboobbooboooboonoobooon
gooboobobooboboobboobobooboboooboooboooooboo
ugbboobuoobbooboobo



113

OJO0A 0O000000000000o00n
ooy

g34b000ooooboooooboobboooboobooooooooobooo 40D
gboooobobooogooobobbobooboboooobooooboobo
gbooboboboboobuoobuooooboboobobboboobooboaon
goboboooboooboobobobobooboobooboboobooboobooon
gooobooboboobooboboobooboobogboobooboo4b00bUobo
gbooooobobooogboobooboobooboboboooboboooboobo
gobodoboooobooooan

Al 0OO0OO

O0000Fig. 3.8000000000000000000000O00O000O0000 Ky
oo0 Kyydooooooooooooodno zgOOOOOoooooooooooo
gobobooobooobooobobbobooobooboboobooobooooboooon
O00000O0OTable A1DD0O040000000000000000000O0DOQOOC Case
10Case 3000000 100000O0DOOCOCO0OO0O0OO0OOODODOOODOOOOOO
O00O0DO000O0ODbO0O0O0O0bOO0ODOCese400000DOO0ODOODOOOODO
go2000000000000000000

A2 0OJ0O0O0ODOO

Table A100000000OCOO0ODOO Fig. A10Fig. A4d00001000000
0000 Fig. A10Fig. A30000O0OD0OO0OOODOOCOCOOOOOO0O0O0OOO0OOOO
goboboooboobobooboobobooboobooboboboboobooon
gobooogooboobooogboboobooogoboboboboboboooboobo 100
O00000000oUooooooO0o0000oooooooooooDoDOOD Fig. A4
gog2000000000b0000bobo0obobooboboon1ibooooboobooon
gobobooboobuoooobuoboobobboboobooboooobooon
gboboboobooboobobuooboobobboboobooboboobooon
goboboooboooboboobooboooboobooboooboobobooobogon
goboobooboboooobooboooboooboo



114

OO0 A J0OOO00ODOOoOooOoOoobDoooooooboog

X{, X3 [mm]

Fi. F3 [N]

Fig. A.1:

Table A.1: Reference input of joint position

Case 1 Orer =0 [deg]
Oret = 30sin0.67t  [deg]
Case 2 Orer =0 [deg]
Oret = 60sin0.67t  [deg]
Oref =0 [deg]
Case 3
B Gt = 60sin 1.2t [deg]
Caso 4 Oref = 90sin0.67¢  [deg]
9ref =60 [deg]

t [s]

Performance with openloop control based on the dynamic model (casel)
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Fig. A.2: Performance with openloop control based on the dynamic model (case2)
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Fig. A.3: Performance with openloop control based on the dynamic model (case3)
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Performance with openloop control based on the dynamic model (case4)
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