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Fig. 1.1: Laparoscopic surgery [1]
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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]



1000
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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

ooobooobooboboboooboobuoboboo0ob0obUobUunDUn Fig. 22200
gooboboooooboobobooobobooboboooobooboobooooobobo
gbobobogboogbobooobobbobooboobobooobobooboan
goboodoboooobooboobobooboobboooooboooon

28 0O0OO

gboobooboboboboboobuoobobboboobooboboobooon
goboboooboooboobobooooboooboboboboobobobobboboon
goobooboooboobobooboobooboobooboboboboboobooon
gooobgobooboboooboobooboobobobo20b000b0O00DbObD
gbobobooobooobobooboobobooboobooboooboboboobooon
goboboobooboooobobooobooobobobobobooboooobooon
gobobooobooboobobboboobooboboobobobobooooo
gbobobuogbooboboboboobooboboobooboboboboobaan
gobobooboobooobooboboobobbobooboooboooboooon
goboboobooboobobooboobuoooobobooboobobooon
gboobobooboboooboobooogoboooobooboooboboooboDbo
gbobobuodgboogoboobooboobobboobooboboboboobgan
ooo0oo0oO00OboOoOoO0oO0oDOOoOoO0oDOOoO00obOOoOobbOOoOoOooooOoOoDecCO
gboooooobo2N0OU00D0b00bOoboobooboobDobobooobbooooDbo
goboooobooooogoooosNObbOoobOoobooobbooooboooo
goboooboooboobooobog



50

U020 0000000000000 b000b0040o0o00

fy (N)

fy ™)

f, N)

Fig. 2.22:

f, estimated

f, measured

fy estimated ———

fy measured

f, measured
T

t(s)

Experimental result of the two-DOF force estimation



51

30 tUboutdbootdbogbbotgtdbogd
Juootdbootd

3.1 U000

gbgbobgobobobobooobooboboboobobobobobooboon
gobobooboobooboooobooboboboobooobooboooobooboobooon
goboboboobobboboobo20b0o0obo0obooboobooboobooon
gobooogoboboooogboboooboobobooooooooboboooobobo
gbobobooobooobobobboboobuooboboobobooboobooon
goboboobooobobooboobobooboobooooboobobooon
goboboobooboooobooboobobooobobobooboobooooon
gboboboobooboooboboboboobuooboobbobobooboobgaann
goboboobooooobooboooboobobbobooboooboooboboon
goobobooobobooboboobooboboboboobooboboobooon
gboooboooogbobobooboobobooobooobooboooobobooooobo
gobobobobbobooboboobooboooboobobobobboboboon
goboooboooobooboooboboooboooooon

3.2 U0O00OOOooObOooboboOoo

3.2.1 0O0O0OOgOoOOOd

gboooboboboboooobobobobooooubo Fig 310000000
0000 Fig.210000000000000000000O000O004000000000O
goboboooooboooboobobboboboobooboboboobooobooon
gbooboobooooboboooobobooooobobooooobobooon
gboboboobogbuoobobboboobuoobuoobooooboboboon
goboobooooboobooooboobooon

gboooboooobobooodbg Fig.27dooboboooooobogoooo
gobbooobooooboogoooboooboboobobooobooobooooboobooogo
gobooboooobooooan



52 U030 0dboooobooboobobooboobobooooo

Position sensor:
(potentiometer) ~Actuation

wire

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

Ky | 5.0 N/mm
Kyq | 0.04  N-s/mm
K,, | 020 V/N For all cylinders
K. | 2.0 V/(Ns)
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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

position and cylinder positions
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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)

and the rolling motion (lower)
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Fig. 3.17: Experimental setup for force measurement: case 2

gboboboboboobooobigooboboboboboboboboboobo
gobooooboobogooood3rNODODODOODOOoobobooooooboboooo
O0b000Fig 221000000000000000000O0DOO0O0ODOOODODO 4N
gboooobobooobooogobobooobooboooboobobooooboobo
gooooo

OO0DO000O000O0000ObO0O s°ch000O0000b0OoUnO Fig.317000DO
gboobooogoboboooobooboooobooobooboobbobooboobn
O00o0oooU0o0oU0o0oU0o0o0o0o0o0o0oO0O0Doo0ooOoUoOOoooUoOo
gbooooboobo3oobooboboooooboboooboooooboooobobo
0/000000C00DOOCO0ODOOOOOO0ODOOODOOFig 3.1800¢0O00O0O0O0O
2000000000000 O0000DO0O0O0ODOO g 31700000 OODOOO
oooO/O00000000000OCCOO20000000000OOOOODODOOOOO
oO0o00OO0000D0O Fig. 3.1900/000003000000O0O0O0O0ODOOODOO
O00o000000o00000000000000 f,000 00000000000
gbooooboooobooboboosooobobooooboboobooooobobo
goooooooooooOovy¢OoO00DOO0ODbOOObO40000D000DOOOOOODO
gbooobooobooooboboooooboooboooobooooboboboooboOoDbo
oooo0O0O000000 f,0000005NO00000000O0O00O0O000O0¢000
gboooobooooboboooobogboooooboobooooboobobo
oboboboboboboo



72 U030 0dboooobooboobobooboobobooooo

6 T T T T N T
f, estimated ——
4+ f, measured --------- i
Z
2 r |
H_><
R
-2 L L L I 1
6 0 1 2 3 4 5 6
T T T T " T
fy estimated ———
4 b fy measured --------- |
Z
2+ |
q_>\
0 WW
2 i . D . i
0 1 2 3 4 5 6
6 T T T T T
': ........ “‘ ’," ~~~~~~~ \“ ,":'. ~~-.,____‘_“‘ |
_ / / } i \
Z I' “‘ / l\ n" ‘\
— 2 / \ H \ ! \ B
/ I} K \ 7 \
N / \ / \ . \
0 D >
f,estimated —— f, measured ---------
-2 L L 1 I
0 1 2 3 4 5

6
t [s]

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. 6.4: Design of a 3-axial force sensor embedded in a forceps
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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. 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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