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Multi-scale Robotics

Catheter Surgery Simulator
Nanorobotic Manipulation

Laser Micro Manipulation

Multi-locomotion Rgbot

Multi-mobile Root
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NHK (Japan)

Fukuda Lab.. Naaova University
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= Human Machine Symbiosis

Artificial arm  Artificial leg ~ "Multi” robot and "multi" human

1. Cell Level 3. Human and Unit Level 5. “Multi" human and
Individual Level

) t e
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StomachHeart | .4 X
one-to-one coordination "Mylti" robot and "multi” human

! - through the network
2. Organic Device 4. Human and Individual g

Level Level 6. Network Level
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TIILEEEQRYE Concept of CEBOT
CEBOT: Cellular robotic system
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CEBOT mark Ill (1989) CEBOT mark IV (1992)



tILEE{EORY R Research on CEBOT

Computer

- CPU : M68040

-0OS : VxWorks (RTOS)
- Bus :VME

Communication
- Wireless LAN

Fr ency 2471-2497MH
Sgeed ”  SMbps ‘

Distance yp to 60m

Sensor

- CCD camera (Robot II)
- Ultra sonic (Robot I)
- Infrared (Robot I, 11I)

CEBOT mark V (1995) Others

- DC motor x 2
- Battery (12V x 2)
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Work on Distributed Autonomous Robotic Systems

- Coupling mechanisms

- Structure reconfiguration
methods

- Distributed sensing and
cooperative navigation

-Swarm Intelligence

-Micro Autonomous Robotic
System (MARS)

CEBOT mark V and Mobile
manipulator

Flexible Transfer System(FTS)
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Information
machinery
systems

t Project 1
Fabrication Control

Micro- and Nano-Mechatronics Sehnology

nthesi
' Sensing Motion (4 }y N

Robotic Bioinformatic
systems medical
systems

Project 3

Intelligence
_~—
-

Fundamental
research

Micro- and Nano-
Mechanical Science
& Technologies

Energy & resource saving .
Project 2

Information-
Based Society

Department of Micro System Engineering: Since 1994

We aim to deepen the understanding of the nano-mechanical science (nano sciences in mechanical
engineering) and, by combining micro-nano-mechatronics technologies, we will develop systems
technology that will become the next generation infrastructure of an advanced information-based society.
We will provide seamless support to further research and education in order to establish novel
technologies that will apply nano technology to actual devices and systems, especially using mechanical
engineering approaches.
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GCOEM#A# GCOE Organization

Nano control engineering UCLA Nano measurement engineering

| W)

T Fukuda  G. Obinata F. Arai T Niimi K. Fukuzawa : I. Naruse

Nano design and manufacturing

Basic research

Applied research
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Engineering A g A=y T Engineering
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Nano Materials
Science

enerative Medici
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Manipulation (2005-2009)
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http://www.chem.scphys.kyoto-u.ac.jp/nonnonWWW/bio/index-j.htmi
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A—/\—L2aL—%A Super-simulator

Future Goal/Direction (Example)
In vitro simulator of In

Vivo environment

Micro / Nano Sensors for

Physiological Analysis
—
=
Q A Patient Specific P
= Artificial Artery {1
0 B
2
= Organ :
- >
§ Reproduction &
as Simulator
<
<

CurrentlEVE

roduction of Whole

Super-simulator

Surgical / Pathological
/ Immune Simulator EVE
(Supenor than Calculators, Animals)

Coronary R Artery / Organ Reproduction
Artery” irculatory System with Bromatenal for
odyction (Artery, Vein, Capillary) Regenerative Medicine
| i = >
2020 oY, 2030

http://www.micro-nano.jp/en/project.ht%ﬁl
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~esearch VWork

Multi-scale Robotics

m

cm

mm

nm

Multi-locomotion Robots
Multi-mobile-robot Corporation
Interface Robotics

Grasping, Tactile Sensing

Medical Robotics -Vascular Model and
Scaffold-

Bi1o-micro Manipulation for Single Cell
Manipulation

Nanodevice/Nanomanipulation

26



JS5FT1T—>3>0O/Rhw I~ Brachiator I~Ill

What is brachiation?

:Ainteresting form of long-armed
apes’locomotion

= Dynamics of the pendulum
= Under-actuated mechanical system
= Variable constraint system

Brachiator Brachiator 11
Fukuda et al. (1986) Saito et al. (1993) Saito et al. (1996)
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Multi-Locomotion Types

BIn many cases, one creature has multiple types of locomotion in order to
improve its mobility.

EThe motivation of our study is to develop a robot mechanism and a control architecture
which can achieve multiple locomotion.

What locomotion?? : = A = ===
8 Brachiation -

Biped Walking

)

Running
| Crouching 2-;

Concept of Multi-Locomotion Robot(MLR)

28



YILFOODE—>3>0/RY bOER
Prototype of the Multi-locomotion Robot

Gorilla Robot | Gorilla Robot I Gorilla Robot llI
(2000) (2001) (2002)

29
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Realization of Multi-locomotion
* In many cases, one creature has multiple types of locomotion in order to improve its
mobility.
* The motivation of our study is to develop a robot mechanism and a control archltecture
which can achleve multlple locomotion.

Kajima et al. IROS2003)

Brachiation /O

e 5
P
Yo
\} (’

Climbing

Yoneda et al. (IROSZOOS)

Biped Walking Running

Doi et al.(ICRA2004) Aoyama et al.(IROS2008) Lu et al.(IROS2010)
Multi-locomotion Robotics Systems; Fukuda et al.; ISBN:978-3642301346



Experimental Video

-from Ladder Climbing to Brachiation

Brachiation

. .
Z\/‘ Ladder Climbing )

1

J
| wmn] ol
Z. Lu et al., Proc. in Int. Conf. Int. Robots and Systems 2010 (IROS 2010




Multi-Locomotion

Robotic Systems
New Concepts of Bio-inspired Robotics

Toshio Fukuda, Yasuhisa Hasegawa,
Kosuke Sekiyama, Tadayoshi Aoyama

Springer

ISBN 978-3-642-30134-6, May 2012

The Springer Tracts in Advanced Robotics {STAR) publishes new
developments and advances in the fields of robotics research — rapidly and
informally but with a high quality. The intent is to cover all the technical
topics, applications, and multidisciplinary aspects of robotics, embedded in
the fields of Mechanical Engineering, Computer Sdence, Electrical
Engineering, Mechatronics, Control, and Life Sciences — as well as the
methodologies behind them. Within the scope of the series are monographs,
lecture notes, selected contributions from specialized conferences and
workshops, as well as sefected PhD theses.

N 4

ar i have been paid on a robot working in the human living
envlmntn-ent such as in the field of medical, welfare. entertainment and so on_ Various
types of researches are being conducted actively in a variety of fields such as artificiat
intefligence, cognitive engineering, sensor- technology, interfaces and motion control.
In the future, it is expected to realize saper high functional human-like robot by

g g tec g in various fields including these types of researches.

The book rep < mew o s and ad s in the field of bio-inspired
robotics research introaducing the state of the art, the idea of muiti-locomotion robotic
systemn to implement the diversity of D d 3 - It covers th icat and
computational aspects of Pass:ve Dynamic Autonomous Control (PDAC), robot motion
control. multi legged g and ing as well as brachiation focusing concrete
robot sy . © and appli : - b = gorilla type robot systems
are described as b of Multi-Lo Robotic Systems. It is useful for
imdmts and researchers in the field of robotics in general, bio-inspired robots,

d. . legged , and h kd robots.
Funhenﬂore, itis also o’ interest for lecturers and engineers in practice building
systems cooperating with humans.

ISSN 1610-7438
ISBN 9 3-6 1134-6

SpringerlLink.com

springer.com

'—'“——\

sporinger tracts in advaenced robotics 87

Toshio Fukuda
Yasuhisa Hasegawa
Kosuke Sekiyama
Tadayoshi Aoyama

New Concepts of Bio-inspired Robotics

@ Springer
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Multi-scale Robotics

m

cm

mm

nm

Multi-locomotion Robots
Multi-mobile-robot Corporation
Interface Robotics

Grasping, Tactile Sensing

Medical Robotics -Vascular Model and
Scaffold-

Bi1o-micro Manipulation for Single Cell
Manipulation

Nanodevice/Nanomanipulation



r4> a8y Cane Robot

» Assistant Functions and Objects
» Help the elders walking in daily life
» Assist the patients for recovering the motion function

» To guide the user for walking and avoiding the obstacles

Lower-extremity Lower-extremity Guide and
Muscle Weakness Rehabilitation Avoid Obstacle

34



ATV NTA2 /a1 T
Concept of Intelligent Cane Robot

T o

Gulda}r\e and obstacle avoidance Emergency aid

\\‘
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Rehabilitation and Assist for sitting
Can be used in Fall detection Easy operation

evaluation and standing up
' &
various environments and prevention




v

Human Intention
Estimation

v

Interface Design

v

Walking Behavior
Learning

|

!

>

Fall Detection

20

Obstacles Detection

Fall Prevention
Obstacles Avoidance

Fall Detection
and Prevention

Alarm or Vibration

Call for Help by Phone
Using Comfortable
Reduction of Fatigue
station
Intelligent Guidance
Voice and Visualization Guidance L
Assist User to Sit Down
Navigation

Assist User to Stand Up

‘S . 5

Intended Direction of WalkiﬁgQQ%

Human Behavior Estimation

N\

Friendly Interface Design
Self-Adapted Interface

Human Walking Dynamic Model
Easy operation

Disability Level Identification

Call for Help by Phone

Assist for sitting and
standing up

4=

Rehabilitation and Evaluation

36



I FE TOIZEEE] Previous research

1. Human Walking Intention Estimation (2008)!

du (m/s)

1. Jian Huang, Pei Di, Intelligent Robots and Systems, 2008. IROS 2008.
IEEE/RSJ International Conference on

3. Fall Prevention Strategy (2010)3

3. Kohei Wakita, Jian Huang, International Conference on
Advanced Mechatronics 2010

Human Interactive Communication 2012

2. Fall Detection (2009)2

u
A
= Fall dow [ ]
* Normal . * e .
e, .[ - .o .‘.
T W . . oLeft Leg
R e '/'— \\ .

4. Pei DI, Jian Huang, International Symposium on Robot and

Gait Phase Diagram

2. Pei DI, Jian Huang, Micro-Nano Mechatronics and Human Science,
2008. MHS 2008. International Symposium on

4. Optimal Posture Control (2011)*

Easy to Fall over Stability posture for cane robot
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Multi-scale Robotics

m

cm

mm

nm

Multi-locomotion Robots
Multi-mobile-robot Corporation
Interface Robotics

Grasping, Tactile Sensing

Medical Robotics -Vascular Model and
Scaffold-

Bi1o-micro Manipulation for Single Cell
Manipulation

Nanodevice/Nanomanipulation

38



Nagoya University
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hallenging the Frontier
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Aneurysms
Blood vessels

Brain

\7\7‘

\7\7\7‘\7

INENARZ ;5 Treatment of aneurysms

€ Problems

»  Late identification due to few
obvious symptoms

»  Various morphology due to
complex forming reasons

»  Massive internal hemorrhage;
Permanent damage to organs

»  High death rate after rupture
of aneurysms

Cerebral Aneurysm

Open surgical therapy

Invasive open surgery

Intraoperative and postoperative pain and much bleeding, cause large damages to organs, long
postoperative stay in hospital, high mortality

High risk for complications

Intravascular surgery

Minimal invasion; less bleeding; short operative and recovery time
Treatments for various aneurysms with complex morphology
Required for high technique for operation



BEENAT—T /L Active Catheters (1989-1994)

Intravascular Devices

*Adds maneuverability to the
catheter

*Endovascular techniques are
new in minimally invasive
surgery

*Need to be compatible wit
Xrays

*Requires micro systems as
catheters has about 1 mm of
lumen

[S.Guo, J. of Robotics Soc. of Japan. 1996]

41



AT—TILFRImAD N DH#AH  Force Sensor on catheter tip (1996)

ST silicone rubber Propsure sensor *Prevents the damage of vessel
Silicone gel Srainless pipe atheter ll
wa

-------------------------------------------- *A pressure sensor detects the
L 5 .l o force applied to the catheter tip
o~ 15
g Sensor output (g)
In-Vivo Experiment 5
5|
*Pressure done by the catheter
to an aneurism of canine was ol
measured
. -5
*Blood pressure fluctuation 0 25 5 75 10
was measured Time (5)
[M. Tanimoto, Trans. of the JSME 1997] Force Sensor In Vivo Experiment Results

42



TLY—T1Y) Telesurgery (1996)

Slave device

Master joystick

Telesurgery System

*Reduces the X-rays irradiation to
physicians

Manipulated from outside of the
surgical room

[E. Arai, IEEJ Trans. on Elec. 1997]

*First catheter manipulation
mechanism using gum rollers

*Master device as human interface
for catheter manipulation

Experimentation inside surgical room

43



DAL= a R AR AT LR
Simulation Based Medicine

Patient Specific Vascular Modeling

Hospital / Doctors (User) FUKUda--lFEIB-'éIon?sg&amlchverSity

Patient with Fluoroscopic A Set of Fluoroscopic Reconstructed Patient's 3D Rapid Prototyping Vascular
Cerebrovascular Disease (CT/MR) Scanning (CT/MR) Images Cerebral Arterial Structure Model (Resolution: 13 um)
F ) i f Beei
. Diagnosis Patient-Specific Vascular Model
- Surgical Plannin 7 .
: O ton WiLhin

* Preliminary Simulation
- Informed Consent a pDoadyv
- Skill Licensing

- Hemodynamic Study
- Pathological Study

for Diagnosis and Effective for
Preliminary Simiation  VeneusEipes: ) Rigid Model Membrane Model Pulsate Model )
Specification: = Information: CT or MRI.

= Modeling Resolution: 13 mm
= Fabrication Time: < 24 hours

44
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Vasculature Model Types by 3D printing technology

1st Stage 2nd Stage 3rd Stage

Solid Model Membranous Model Composite Model

-

Dissection Model

in 2001

RP Model

Incompetent 2004
comp Pulsation Stress

As a Simulator Reproduction = Visualization

Comprehensive
Simulator (EVE
45
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EndoVascular Educator

| New Release |
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http://www.fain-biomedical.com/




Linear Stepping AutonoouS Cathe

Master Device fo Catheter Insertion
MechanisIIEEEE Insertion System (2(

Tele-Surgery (1995) Mechanism (2002)

: :// PLCL Scaffold
Slave Device for Patient Specific Arterial (2006)

Telesurgery (1996) Models (2004)

——

N L |

Micro Force
Sensor (1997)

Endovascular Evaluator and Photoelastic
Effect of Arterial Models (2005)

i

Active Catheters

Robotic Camera I[IVR
(1989-1994) Simulation (2006)

1989 2000 2005
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*Variable speed of insertion and extraction of
catheter (Feeding force 2N)

* Variable rotation speed

*High resolution of discrete linear motion of

Rotation

catheter (up to 0.1 mm/cicle) 70

(2]
o

* Easy to clean

($)]
o

6mm/cycle

N
o

w
o

N
o

Feeding Distance (mm)

—_
o

o

0

Forward
at Variable Speed

Forward feeding characteristics on several
reciprocating distance of grasping unit

F. Arai et al., ICRA 2002

1

2

3
Time (sec)

4

pu—

/_/_:_/—/_/ 1.5mjwle_,—-
W 0.1mm/cycle

48



BEBEANIGCEAIOEETIVICESSZaL—3Y
Simulation using Patient-Specific Vasculature Models

Sl

Whole Body Tomogram

Vasculature
Morphology
Extraction _

Endovascular Evaluator

Patient-Specific Silicone JEER

[Ikeda, JRM 2005]
T. Fukuda, C. Tercero, Microsurgery, Pan Stanford Pub.



e N RIZ K ST —T ILIELESEM Photo-elastic Evaluation by Artificial Model

Exgerimental Result

Stress Magnitude

t L8 TR s
el » e,

(a) Magnitude of Principal Shearing Stress

(a) Analyzed Magnitude

Stress Direction

(b) Direction of Principal Shearing Stress

Observed Image (b) Analyzed Direction
[S. Ikeda, in Proc. of MICCAI 2005]



AI.[ﬂlﬁér':/El b—9(24:6$1$i°/51 l/—/)'l Blood Vessel Simulator and Surgical Operation System

g

Linear Stepping Mechanism (LSM) for

catheter control (2003 Human Blood Pressure

Simulation (2008)

Blood vessel
simulatorand
surgical operation
system

Catheter with Micro Force Endovascular Evaluator and Photoelastic
Sensor (1997) Effect of Arterial Models (2005-)

T. Fukuda et al., IEEE Industrial Electronics Maqgazine, Vol. 4.pp. 13-22, 2010.
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Toshio Fukuda received his bachelor's degree from Waseda University,
Tokyo, Japan, in 1971, and master's and Dr.Eng. degrees from the
University of Tokyo, Japan, in 1973 and 1977, respectively. In 1977,
he joined the National Mechanical Engincering Laboratory, Japan. He
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Fabrication

Fabrication results of microheater

Cr and Au e
sputtering

Micropipette
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wire ol

Conductive wire
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<>

After pulling glass tubes After gold sputtering

M. Takeuchi, Journal of Micro-Bio Robotics, 2013, DOI:10.1007/s12213-013-0060-x 58



Fixation force measurement - evaluation -

Fixation force was measured by changing the size of handled micronbead.
» Microbead size: 20 yjn and 50 pn

> The embedded surface area of the microbead: 25 % to 35 %

20 pm microbead 50 pm microbead

6.3 times

50 pn 50 pn

Surface area of 20 pn microbead Surface area of 50 gn microbead

Experimental results of fixation force measurement
Handling objects Fixation force [uN]

50 um microbead 12.5+3.7 <>
20 um microbead 2.0+0.8 6.3 times

C

Fixation force is proportional to the embedded surface area to the gel.
M. Takeuchi, Journal of Micro-Bio Robotics, 2013, DOI:10.1007/s12213-013-0060-x 59




3D assembly of microbeads

3D microstructure was assembled made of §0 pgn microbeads.

r--l

GeT Probe

100

Microbead

( replay speed: 10 times faster)

Assembly of 3 dimensional structure was achieved.

M. Takeuchi, Journal of Micro-Bio Robotics, 2013, DOI:10.1007/s12213-013-0060-x 60
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Nano-fork fabricated by FIB
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M. A. Ridzuan et al., Proc. of IEEE Conf. on Nanotechnology 2010 (IEEE-Nano 2010).
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Results of Single Cell Adhesion Force Measurement by Nanofork

Cell

y Substrate

~ ™)
Adhesion force =k *¢o = l{gp%L}

\. J

0 | Nanomanipulator

k = Spring constant of the cantilever
L = Length of the cantilever

0 = Deflection length

¢ = Deflection angle

Parameters for Nanofork

: Release Force
Spring constant Length

(nN)
(N/m) (um)
Nanofork for
2.47 19230 707 £106 (n=2)
I um gap
Nanofork for
2.57 19190 475+ 87 (n=4)
2 um gap

M. A. Ridzuan et al., Proc. of IEEE Conf. on Nanotechnology 2010 (IEEE-Nano 2010).
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Nano picker fabrication using the cantilever with a spring constant 0.02 N/m

FIB Etching FIB Etching

/ _

FIB (Focused ion beam)

0.4 um

4 um
.

Y. Shen et. Al, Biochemical and Biophysical Research Communication, vol. 409, no. 2, pp. 160-165, 2011. 65
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