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Preface

Micro/Nano mechatronics is currently used in broader spectra, ranging from basic
applications in robotics, actuators, sensors, semiconductors, automobiles, and machine
tools. As a strategic technology highlighting the 21st century, this technology is
extended to new applications in bio-medical systems and life science, construction
machines, and aerospaceequipment, welfare/human life engineering, and other brand-
new scopes. Basically, the miniaturizing technology is important to realize high
performance, low energy consumption, low cost performance, small space
instrumentation, light-weight, and so on.

In this book, the states of art of research progress are summarized through our project
“COE for Education and Research of Micro-Nano Mechatronics” and the R&D in
“Center For Micro-Nano Mechatronics” at Nagoya University. Our project strives to
foster “young researchers who dare to challenge unexploited fields” by building a
novel interdisciplinary field based on micro-nano mechatronics. This field is important
to promote “the world-highest-level of micro-nano mechatronics research with an
emphasis on originality” from a viewpoint of not only the acquisition of advanced
technology, but also social issues.

Our project implements a strategy to realize applications of micro-nano mechatronics,

which are based on mechanical engineering or materials science, control systems

engineering, and advanced medical engineering. As shown in Figure 1, the proposed
77 4"

research teams include “Nanocontrol engineering”, “Nano measurement engineering”,
“Nano design and manufacturing”, and “Nano materials science”.

By establishing joint research and international collaborations between the above
research teams, we have created the most advanced micro-nano mechatronics. We
have also trained the researchers who can comprehend industrial circles and social
issues using an open cluster system as well as conduct research to solve problems
spanning these four basic fields. In particular, we initially focus on tasks in the bio- or
medical welfare technologies using a number of unexploited fields, which may
consequently produce venture enterprises.
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Figure 1. Innovations by micro-nano mechatronics.
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Chapter 1

Research and Technology on Micro-Nano Mechatronics

Toshio Fukuda, Masahiro Nakajima and
Masaru Kojima

1. Introduction

In our daily life, various devices are applied for automobiles, computer peripheries, printers,
cameras, amusements, robotics, automation, environmental monitoring, energy resource,
biological/medical treatments, and so on “Microtechnology” was commonly used to realize
high-efficiency, high-integration, high-functionality, low-energy consumption, low-cost,
miniature, and so on By miniaturizing the elemental devices on sensors, actuators, and
computers in micro-scale, “Micromechatronics” came up as the one of the important technol-
ogy Recently, “Nanotechnology” has an important role in the industrial applications as an
advanced field of mechatronics named as “Nanomechatronics” The micro-nano mechatronics
is basically defined to integrate major three technologies “Controller”, “Sensor” and “Actua-
tor” based on the electronics and mechanical engineering as depicted in Figure 1.

Figure 2 shows the demands of micro-nano mechatronics for various social and industrial
applications For various applications for industry, some techniques are important, especially
micro/nano fabrication, assembly, control, material, and evaluation techniques Micro-nano
mechatronics is based on various technologies, especially life science, medicine, sensing/
actuating, material science, energy/power, and design/control From social aspects, human
resource, environmental issue, saving energy, safety/security, medical/health, and aging
population are currently demanded From industrial aspects, service robots, dependable
products, tailor-made products, alternative energy, techno-care service, environmental
friendly products, are particularly demanded The micro-nano mechatronics is a key technol-
ogy to solve those problems/issues and leading conventional technologies for future.

The applications of micro-nano mechatronics are mainly categorized into the “Mechanical”,
“Electrical”, and “Biological/Medical” applications The key point for the categorization is
inorganic (wet) and organic (dry) “Mechanical” applications are relatively based on the
inorganic materials or technologies, such as lithography technique On the other hand,
“Biological/Medical” applications, the organic materials or technologies are used, such as self-

I NT Ec H © 2013 Fukuda et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits

open science | open minds unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Figure 2. Micro-Nano mechatronics for social and industrial demands

assembly technique In between them, “Electrical” applications are placed for delivering or
calculating information and so on Since the micro-nano mechatronics is the composite

academic fields, the required technologies are mainly categorized in to basic/middle/high

integration levels as depicted in Figure 3.



Research and Technology on Micro-Nano Mechatronics

Basic Level High Integration Level

Micro-Nano

Material Micro-Nano Mlcro-I\{anO
Actuati Computing/

hnolos ctuation _
ec 8 Information

Technology

Micro-Nano Gelsy

Fabrication
Technology

Micro-Nano

Micro-Nano

Energy
Micro-Nano assermbly Generation/
Sensing Eechnolocy Storage
echnolog . . Technology

< Integration >

Figure 3. Required technologies for micro-nano mechatronics

Basically, nanotechnology is placed in the combinations of the top-down and bottom-up
approaches The possibility to control the structure of matter atom by atom was first discussed
by Richard Feynman in 1959 seriously [1] One of the approaches to fill the gap between top-
down and bottom-up approaches is “Nanomanipulation”, which realizes controlling the
position at the micro/nanometer scale, is considered to be one of the promising ways It might be
a key technology to lead the appearance of replication-based assemblers The top-down
fabrication process, or micro machining, provides numbers of nanometer structures at once On
the other hand, the bottom-up fabrication process, or chemical synthesis such as self-assembly
[2], also provides numerous nanometer structures In fact, both approaches reach nanometer
scale with the limitations of physical/chemical aspects at present Hence, the technology to fill its
gap is considered to be one of the important at this moment for micro-nano mechatronics
Especially, current research directions are mainly two flows, “green innovation” and “life
innovation” as depicted in Figure 4 These innovations will be achieved in various research and
developments Table 1 and 2 show the challenging issues by categorized fields.

2. Micromechatronics for industrial and research applications

In micro scale, the important technologies are Micro Machine, Micro Mechatronics, Micro
Fabrication and Assembly for micromechatronics Recently, borderless applications are
investigated such as Micro Biology, Wet Mechatronics, Micro Total Analysis System, Micro
Medical Engineering, and Regenerative Medical Engineering Some examples of micro devices
mainly in research field are micro-actuator [3], micro-ink-jet head [4] , micro-force sensor [5] ,
micro-tactile sensor [6],, micro-fuel battery[7], micro fluidics device[8], blood vessel simulator
[9], and so on.

3
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Figure 4. Green and life innovations based on micro-nano mechatronics

Green innovation Technological Challenges

Natural Resources Micro/nano devices for Discovery of oil resource, Management of water

resources, Prevention of forest destruction, etc

Environmental Pollution Monitor, control and management of Environment, Distributed sensing &

control, Pollution control, Green vehicle, etc

Energy Development Energy saving, harvesting and alternatives, Energy grid and

management, Power control and green electronics, etc

Food and Agriculture Safety, testing and tracing, Efficient harvesting, nutritious products,

genetically-modified products, etc

Table 1. Challenges for green innovation by micro-nano mechatronics

Life innovation TechnologicalChallenges

Medicine for life Inspection and diagnosis , Re-generative medicine, Gene therapy and life
science, monitoring diseases, Neuro Science, In-situ diagnostics, Cell
diagnosis and surgery, New drug and medicine, DDS, Minimally invasive

surgery, Rehabilitation, Techno-care, Wearable robots, Cyborg, Qol, etc

Biology—Analysis and Synthesis Sensing , manipulation and automation, New species, DNA diagnosis &
manipulation, Cell screening, transport, cultivation, and function and

differentiation control, Artificial cell, Life in chip, Cloning of stem cells, etc

Table 2. Challenges for life innovation by micro-nano mechatronics
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Figure 5. Blood vessel simulator and surgical operation system

In medical applications, surgical supporting or simulating technologies are important We
developed the Patient blood vessel simulator “EVE (Endo Vascular Educator)” as challenging
the frontier of the surgical simulation since 1989 This simulator is fabricated and assembled

based on the micro-fabrication technologies of rapid prototyping technique [9] .

Recently, we have interests to realize the “In vitro” realization of “In vivo” environment For
the purpose, it is needed to understand our biological system in detail The investigation
approach using micro/nano devices can measure and control inside “In vivo” biological system
Moreover, “In vitro” constructions and measurements of biological system can reveal it clearly
in single/multiple cell It is quite important for the significant improvement of regeneration
engineering/biology, inducing the evaluation of clinical condition of blood vessel We have
been worked blood vessel simulator and surgical operation system to improve and integrate
for the “In vivo” realization Based on the EVE system, we are trying to develop novel type of
surgical simulation system with the “In vitro” realization of “In vivo” environment The human
cells can be used to construct as blood vessel or other organs including diseases by 3D cell

assembly technique The surgical simulator can be integrated with micro-nano sensors and
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devices to evaluate the surgical operations and other applications such as drug delivery
system.

3. Nanomechatronics for industrial and research application

Innano scale, the important technologies are Nano-measurement, Nano-fabrication and Nano-
assembly for nanomechatronics The advanced applications are investigated for quantum dots
[10] , quantum processing [11], photonic crystal [12] , drug delivery system (DDS) [13], field
emission display [14], nano-field emission electron source [15] , nano-X-ray sources [16] , nano-
actuator[17] , nano-temperature sensor[18] , nano-IR sensor[19] , super-molecules for solar
energy conversion [20], and so on.

The wide scale controlled devices from atomic scale to meter scale is expected to realize in the
near future For the high integrated, miniaturized, and functionalized NEMS, one of the
effective ways is to use the bottom-up fabricated nanostructures or nanomaterials directly As
typical example, the nanodevices are investigated based on the carbon nanotubes (CNTs) It
has interesting mechanical, electronic and chemical properties which have been under
investigation in various studies [21] There is possibility to use their fine structures directly For
example, “telescoping carbon nanotube”, which is fabricated by peeling off the outer layers of
multi-walled carbon nanotubes (MWNTs), is one of the most interest nanostructures As
previous works, the pulling out of the inner core was pulled out mechanically inside a TEM
[22] The MWNTs were used them as the rotation axis of silicon chip as rotational actuators
[23] .Wereported on the direct measurements of electrostatic actuation of a telescoping MWNT
inside SEM and TEM [17] [24] [25] Those applications are newly developed using the bottom-
up structures of CNTs.

4, Research on center for micro-nano mechatronics in Graduate School of
Engineering, Nagoya University

We established a "Center for Micro-nano Mechatronics" at Graduate School of Engineering,
Nagoya University in 2008 with the aim of applying nanotechnology to practical systems in
micro-nano scale from a system approach viewpoint [26] Our Center strives to foster “young
researchers who dare to challenge unexploited fields” by building a novel interdisciplinary
field based on micro-nano mechatronics This field will promote “the world-highest-level of
micro-nano mechatronics research with an emphasis on originality” from a viewpoint of not

only the acquisition of advanced technology, but also social issues.

Our center aims not only to create novel functional materials and advanced mechatronics, but
also to discover breakthroughs in next-generation medicine we promote researches in four
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basic fields, Nano control engineering, Nano measurement engineering, Nano design and
manufacturing, and Nano materials science and conduct an applied research encompassing

all these basic research fields to attend to the needs of the advanced medical engineering.

Our center implements a strategy to realize applications of micro-nano mechatronics, which
are based on mechanical engineering or materials science, control systems engineering, and
advanced medical engineering As shown in Figure 6, by establishing joint research and
international collaborations between the above research fields, we are creating the most
advanced micro-nano mechatronics and train researchers who can comprehend industrial
circles and social issues using an open cluster system as well as conduct research to solve
problems spanning these four basic fields In particular, we will initially focus on tasks in the
bio- or medical welfare technologies using a number of unexploited fields, which may
consequently produce venture enterprises Some research results are figured as shown in
Figure 7 in the four basic research fields Detail information or more recent results will be given

by the following chapters in this book.

Cell Manipulation
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Figure 6. Milestone of Micro-Nano mechatronics research fields

7



8 Micro-Nano Mechatronics — New Trends in Material, Measurement, Control, Manufacturing and Their Applications in
Biomedical Engineering

i

; 0pm
Frof. Fukude Macharical characierisucs meas mement _“
of oalls by namo naealla Prof Fulamaws Moo Plenird Bnaging of a Nanomater Thick
M101EEE KEobaobic el Avrborrst o Liqued Film Dusatting by Bllipsarséteue Muorosanpsy
(The e Froragy Bemsarch Conanmium Papar dvward 2008

Experiment

(&) @]
pH8.9 pH5.0 10um
Frof Aral Orechip ool manipadation and measurersent .o [kPa] 1.0
TEER FCRAD0E Best Ausornatson Award Frof. Nami Pressuwne distibuton measurement of micro-raoszie by

eressune sansm s malanabar fm, Yorld e

- INanodl = =1 :4.-.--;.-'4":.'*.4:.;”‘.""..— - NdlNU UES LT ana Tharmuy sl ANY

Cutiured Dursal Fowl Carader wnbs
ihe Ti dinba govered Deft) ard net
B e A L ATy
Prof, Shamete: Ulrapredsion miro machining by corsrolling

3 1ot
Prof Takad' Accom plishreent of susfase modiieation bor A e in g bpes) vibssson iEng

highrblocosn pasibllity, World firs

A o ¥ o e i li s
Firarg resancbws o the 14 swards dter GO st Commatenl viakilis

s Tags Bliase Co, Lad

Prof Uedx Fle suocesdad in the rep
by tha damstal pulp stemn call
Thet Japaruse Socity for Ragerrasire Madacin, 2000

Frof Lsobe He suoreedad in the dufereniisiion of the embryonic siem cell
tnao tha bone, the carnla;

Figure 7. Examples of research results of micro-nano mechatronics from the center for micro-nano mechatronics of
Nagoya University



Research and Technology on Micro-Nano Mechatronics

5. Conclusion

This chapter presents the brief introduction of research and technology on micro-nano
mechatronics For industrial applications, various devices are developed and available, such
as applications to the automobiles, computer peripheries, amusements, printers, cameras,
robotics automation, environmental monitoring, biological/medical treatments, energy
resource, and so on Those devices are investigated based on the micro-and nano-mechatronics
technologies to realize high-efficiency, high-integration, high-functionality, low-energy
consumption, low-cost, miniature, and so on Micro-nano mechatronics technologies can be
applied to break though the advanced industrial field including the nanobiology and medical
applications.
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Chapter 2

Neural Interfaces: Bilateral Communication Between
Peripheral Nerves and Electrical Control Devices

Goro Obinata, Hitoshi Hirata, Chikara Nagai,
Shigeru Kurimoto, Shuichi Kato and
Tomonori Nakano

1. Introduction

Neural Interfaces are data links between human nervous system and an external device, and
allow the transmission of information to and from the human nervous system to the external
device. Bioelectric signals can be obtained from the nervous system, and/or transmitted to the
nervous system via implanted or surface electrodes. One beneficial application of such neural
interfaces is to obtain control signals from undamaged sensory-motor areas of patient's brain
for controlling neuroprosthetic devices such as artificial limbs or wheelchairs. Paralyzed or
amputated people can reconstruct certain motor functions by using such neuroprosthetic
devices. Brain-machine interfaces, which are direct data links between human brain and
machines, are one kind of neural interfaces [1]. Such interfaces have been proposed during this
decade to control prosthetic limbs, or to control machines such as wheelchairs or robotic
manipulators [2]. However, our present knowledge on brain functions is so limited that we do
not fully understand the coding of information expressing the behavior in motions; specially,
we do not know the variation of the coding in individual differences or in related thoughts or
emotions.

In order to design practical neuroprosthetic devices, we focus on neural interfaces which link
peripheral nervous system and external devices in this paper (PNI, Peripheral Neural Inter-
face). Since peripheral nervous system is much simpler than central nervous system, we may
avoid the difficult problems which come from our limited knowledge on brain functions while
the neuroprosthetic devices interact just with the peripheral nerves. In Section 2, we describe
interfaces to peripheral motor neurons by using reinnervation type electrodes. The electrodes
are constructed by implanting embryonic neurons into peripheral motor units. The endplates
of the implanted neurons which grow into muscles make biological interfaces for motor

I NT Ec H © 2013 Obinata et al,; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
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commands to the muscles. The other ends of the implanted neurons are connected by special
types of electrodes to communicate with electric devices of motor controllers. The diameter of
mammalian motor neurons is from 0.5 um to 20 um. There is a reason why our research
requires bio-compatible micro-nano technologies for achieving such interfaces of new
reinnervation type electrodes.

Neuroprosthetic devices with interfaces detecting electromyogram (EMG) are in practical use
[3]. Such EMG interfaces require to place the electrodes at the end plate of a motor neuron;
thus, the paralyzed or amputated users can not control the paralyzed or amputated muscles
with the same passes of motor neurons as before paralyzed or amputated. Moreover, EMG
interfaces pickup the signals at end plate of a motor neuron; sensory signals from receptors
are not obtainable via EMG. This means that two-way communication by EMG interfaces is
impossible. We can assemble sensors and stimulators into a neuroprosthetic device. If we have
a way to send the signals from the assembled stimulators to sensory nervous system, ideal
neuroprosthetic devices with two-way communication will be achievable. The combination of
EMG pickup and electrical stimulation with surface electrodes was proposed for two-way
communication [4]. However, there is no clear result on the amount of transmissive informa-
tion through the afferent passes. In Section 3, we show a preliminary study on the possibility
of sensory feedback via axial fibers of peripheral sensory neurons. In other words, we try to
achieve an artificial afferent pass for feeding signals back to the brain. A method for improving
on the amount of transmissive information has been proposed by using a configuration with
multi-channel electrodes.

One application of PNIs is to achieve unconscious muscular movements such as walking,
writing, dancing, playing musical instruments, and so on. For an example, in walking motions
some neural networks generate the pattern of walking, and the steady behavior is closed within
the peripheral nervous system and the pattern generators in spinal cord. The upper central
nervous system provides the triggers of walking such as start/stop, speedup/slowdown, turn-
right/turn-left. The understanding on pattern generators for walking is now enough to
simulate human walking or some animals' walking. In Section 4, we give a walking simulation
of "rat" to show the possibility of practical usages of PNIs.

2. Transplantation of embryonic neurons into peripheral nerve forms
functional motor units

2.1. Background and purpose

There has been a rapid surge in clinical trials involving stem cell therapies over the last three
to four years [5]. Those trials are establishing the clinical pathways for regenerative medicine,
especially in nervous system. Since derivation of human embryonic stem cells (hESCs) in 1998
[6], hESCs have been thought a promising source of replacement cells for regenerative
medicine. Although Geron Corporation has been no longer enrolling patients for the trial, they
conducted the first clinical trial in the United States to evaluate the safety of oligodendrocyte
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deformation modes decrease energy gaps, E, = Ecgy - Evpy, of SWBNNTS, but torsion has less

of an effect on the energy gap than tension and flattening.
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Figure 3. Change in the band structure of an (8,0) SWBNNT. The origin of the energy scale is set at the Fermi level.
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Figure 4. Energy gaps of the SWBNNTSs as a function of (a) axial strain, (b) specific angle of twist, and (c) flattening
ratio.

Figure 4 shows the energy gaps of the (6,0), (8,0), and (10,0) SWBNNTs as a function of the
axial strain, specific angle of twist, and flattening ratio. The energy gap of the (10,0) with 6=41.7
deg/nm (N_=5) is not shown in the figure because it collapsed. Under tension and torsion except
for 6=20.8-27.8 deg/nm in the (10,0), the energy gap decreases almost linearly and the rate of
decrease hardly depends on the diameter. In contrast, under flattening, the energy gap
decreases quadratically or exponentially and the amount of decrease significantly depends on
the diameter; a SWBNNT with the smaller diameter shows a larger decrease in the energy gap.
It is also shown that flattening results in a few times larger decrease in the energy gap than
tension and torsion.

Although the discussion so far in this section has dealt with the SWBNNTSs under the three
simple deformation modes, BNNTs would be subjected to combined deformation in their
practical use. Therefore, the energy gap of the SWBNNTSs subjected to flattening following
axial tension is further analyzed (Figure 5). It is found that preceding tension shifts an E 1
curve downward without dramatic changes in its shape, and that the extent of the shift almost
corresponds to the energy gap decrease induced by simple tension (Figure 4(a)). This result
suggests that the energy gap of the SWBNNTSs under a combination of the three deformation
modes can be deduced from Figure 4. In the rest of this section, therefore, only the simple
deformation modes will be discussed.

2.2.2. Charge densities at the CBM

Here the mechanism of deformation-induced electronic changes in the SWBNNTs is discussed
in terms of charge densities at the CBM (Figure 6). The CBM is composed of boron-derived
states. In fact, CBM charge densities are high around boron atoms, while they are low around
nitrogen atoms. It is found that the 7* state (p, orbitals of boron atoms) hybridizes with the o*
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Figure 5. Change in the energy gap of (8,0) SWBNNT under flattening following axial tension.}

state along a circumference passing through boron atoms under no deformation (Figure
6(a), €.,=0.00), and that the tension, torsion, and flattening induce the change in the CBM state.

With increasing flattening deformation (Figure 6(d)), charges are transferred from the flattened
to the curved regions, resulting in an overlap of the charge densities and formations of
electronic bonds between neighboring boron atoms in the curved regions. It is this mechanism
that results in the decrease in E,, in the flattened SWBNNTs. Comparing the three SWBNNTs
with n=0.45 (Figures 6(d)-(f)), the electronic bonds become stronger as the diameter becomes
smaller. Therefore, a flattened SWBNNT with a smaller diameter shows a larger decrease in

the energy gap.

Under tension (Figure 6(a)), the tube curvature increases because of Poisson contraction,
leading to the enhancement of *-0* hybridizations and the decrease in E ). Figure 6(a) shows
the narrowing white center area of zero-charge densities and the spreading gray area of 7*-
o* hybridizations. The same is true for the torsion (Figure 6(b)), but it induces less change in
charge densities than tension (the size of the white center area changes little in Figure 6(b)),
resulting in a smaller decrease in the energy gap under torsion than under tension (Figures
4(a),(b)). It should be noted that elastic buckling occurred at a 0 between 20.8 and 27.8 deg/nm
in the (10,0), leading to local flattening (Figure 6(c)). Therefore, the relation of E, versus 6
deviates from the linear decrease at 0 of 20.8-27.8 deg/nm in the (10,0) (Figure 4(b)). Itis obvious
that the overlap of charge densities is much stronger under flattening than under tension or
torsion. Therefore, the decrease in the energy gap in the former is much larger than in the latter.
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2.2.3. Deformation forces

Figure 7 shows the deformation energy as a function of axial strain, specific angle of twist, and
flattening ratio. The curves in tension, torsion, and flattening are fitted by cubic, quadratic,
and quartic polynomials, respectively. The first and second derivatives of each curve provide
the deformation force (Figure 8) and the elastic modulus, respectively. Young's moduli of the
(6,0), (8,0), and (10,0) are thus calculated to be 0.759, 0.794, and 0.811 TPa, respectively. They
are in good agreement with those measured in experiments (1.22+0.24 TPa [10] and 0.722 TPa
[16]) and other first-principles calculations (0.762, 0.785, and 0.803 TPa for (6,0), (8,0), and (10,0),
respectively [18]). It is found in Figure 8 that forces under flattening are smaller than under
tension and torsion, because strong in-plane B-N covalent bonds prevent in-plane tension and
torsion. It is also found that forces rapidly increase later under flattening. The rapid increase
starts from around 7=0.3 and 0.4 in the (6,0) and (8,0), respectively, where the imaginary wall
distances are 0.35 and 0.38 nm, respectively. Because the interlayer distance of hexagonal BNs
and MWBNNTs is around 0.34 nm, the rapid increase would be attributed to the repulsive
force between the two flattened regions.
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Figure 8. Forces required to deform (6,0), (8,0) and (10,0) SWBNNTs.

Figure 9 shows the relationship between energy gap and deformation force. The three bands
to the right illustrate the obtainable range of the energy gap by introducing tension, torsion,
and flattening. In tension and torsion, a larger force is required for a larger tube to induce the
same amount of energy gap decrease. The opposite is true in flattening, i.e., a larger force for
a smaller tube. The key findings from Figure 9 are that (i) the flattening with a force smaller
than that applied for tension or torsion leads to the larger decrease in the energy gap, and (ii)
flattening offers a larger obtainable range of the energy gap than tension and torsion: 1.4-4.0
eV under flattening, 2.5-2.8 eV and 3.1-4.0 eV under tension, 2.7-2.8 eV, 3.4-3.6 eV, and 3.8-4.0
eV under torsion. These findings indicate that flattening has the potential to enable BNNTSs to

be used as nanoelectronic devices. However, a valid question is whether flattening BNNTs is
experimentally feasible.
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Figure 9. Relationship between energy gap and force of (6,0), (8,0) and (10,0) SWBNNTs.

In order to answer this question, the estimated flattening forces are compared with those of
SWCNTs that Barboza et al. have already experimentally succeeded in flattening by means of
an atomic force microscopy (AFM) tip [41]. Although they did not actually measure flattening
forces of (1,0) SWCNTs with n < 10, they proposed and validated a universal relationship
among the applied force, SWCNT diameter, AFM tip radius, and flattening ratio:

L e B 6)

where R is the AFM tip radius and « is a constant (=1.2x10* ]). Equation (5) indicates that the
quantity FDY*(2R) "2 should be universal to any SWCNT. They showed that all experimental
data fall on a single curve obtained by Equation (5) up to 1= 0.4. From Equation (5) and the
geometric contact conditions between a tube and an AFM tip, the flattening force per unit
length of a (6,0) SWCNT (D;=0.470 nm) is calculated to be 15.4 N/m when 1n=0.4 and R=30 nm.
In contrast, from Figure 8, that of the (6,0) SWBNNT (=F/L,)) is estimated to be 16.8 N/m at
n=0.4. The results demonstrate that the flattening force is almost equal in SWCNTs and
SWBNNTs, indicating that the same experiments as Barboza et al. would be feasible for
SWBNNTs. The fact that CNTs and BNNTSs almost have the same tube shape and size when
their chiral indexes are the same (a2 = 0.142 nm in CNTs and a = 0.145 nm in BNNTSs) also
encourages the feasibility of flattening BNNTs. It is therefore concluded that the flattening
forces estimated are not unrealistic and strongly expected that the same or similar experimental
technique also applies to BNNTs.
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3. MWBNNTSs under flattening

3.1. Simulation procedure

This section focuses on (5,0), (13,0), and (21,0) SW, (5,0)@(13,0) and (13,0)@(21,0) DW, and
(5,0)@(13,0)@(21,0) TWBNNTs. Figure 10 shows the simulation model of the (13,0)@(21,0)
DWBNNT. The initial nearest interatomic distance between boron and nitrogen atoms is set
as 0.145 nm. Boron (nitrogen) atoms in the outer tube are stacked above nitrogen (boron)
atoms in the inner tube [42]. The axial direction of the BNNT is parallel to the z-direction.
The BNNT is located at the center of the unit cell with a size of 3.637 nm x 3.637 nm x 0.435
nm. Even though a three-dimensional periodic boundary condition is employed, the cell sizes
in the x- and y-directions are large enough to avoid interaction with neighboring image cells,
because they have little effect (less than 1%) on the energy, charge distribution, and energy
band structure of a flattened BNNT, when they are greater than the diameter of the BNNT
plus 1.0 nm.
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Figure 10. Simulation model of (13,0)@(21,0) DWBNNT.
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Figure 11. Schematic illustration explaining flattening compression of BNNTSs.

Atomic positions and the cell size in the z-direction are first relaxed using the conjugate
gradient method until atomic forces and the stress component, o,,, become less than 0.01
eV/A and 0.01 GPa, respectively. After obtaining the equilibrium structure, a flattening
compression in the x-direction is applied by reducing the distance between imaginary walls
until the BNNT collapses (Figure 11). Once an atom contacts a wall, the atom is allowed to
move only on the wall. During compression, the cell sizes are fixed and atomic configurations
are relaxed until their forces become less than 0.01 eV/A. To investigate the degree of defor-
mation, the flattening ratio, 1), is defined as

n="p, (6)

where D, is the diameter of the outermost tube at equilibrium, and D is the distance between
the imaginary walls.

First-principles DFT calculations are conducted using the Vienna Ab Initio Simulation Package
(VASP) [32, 33]. The wave functions are expanded in a plane-wave basis set with a cut-off
energy of 350 eV. The ultrasoft pseudopotential proposed by Vanderbilt [34] is used, and the
exchange-correlation energy is evaluated by the generalized gradient approximation of
Perdew and Wang [35]. The Brillouin zone integration is performed by the Monkhorst-Pack
scheme [36] using a 1 x 1x 4 k-point mesh.

3.2. Results and discussion

3.2.1. Energy-band structures

Figure 12 shows the change in the energy band structures of the (13,0) SWBNNT and
(13,0)@(21,0) and (5,0)@(13,0) DWBNNTs during flattening deformation. The other SWBNNTs
and the (5,0)@(13,0)@(21,0) TWBNNT show a similar changing trend of the band structure to
the (13,0) SWBNNT and the (5,0)@(13,0) DWBNNT, respectively. Both the valence band
maximum (VBM) and the conduction band minimum (CBM) of the (13,0) SWBNNT and
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(13,0)@(21,0) DWBNNT are located at the I' point (k=0) during the deformation, but those of
the (5,0)@(13,0) DWBNNT move to k#0 midway during the deformation and then return to the
I' point. In each BNNT, the energy of the VBM, E,3,;, hardly changes, while that of the CBM,
Ecpv, changes, indicating that the change in the energy gap, E,, is mainly caused by a change
in Ecgy. In the (13,0) SW and (13,0)@(21,00 DWBNNTs (Figure 12(a), (b)), Ecgy decreases
monotonically. In contrast, in the (5,0)@(13,0) DWBNNT (Figure 12(c)), Ecpy, first increases and
then decreases.
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Figure 12. Change in the band structure of (13,0) SWBNNT and (13,0)@(21,0) and (5,0)@(13,0) DWBNNTs in flatten-
ing deformation. The origin of the energy scale is set at the Fermi level.
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Figure 13. Relationship between energy gap, £, and flattening ratio, n, of (5,0), (13,0), and (21,0) SWBNNTs,
(5,00@(13,0) and (13,0)0@(21,0) DWBNNTSs, and (5,0)@(13,0)@(21,0) TWBNNT.

Figure 13 shows the energy gaps of the (5,0), (13,0), and (21,0) SWBNNTs, (5,0)@(13,0) and
(13,0)@(21,0) DWBNNTSs, and (5,0)@(13,0)@(21,0) TWBNNT as a function of the flattening ratio.
The energy gap of the three SWBNNTSs decreases almost monotonically, and the amount of
decrease becomes smaller with increasing tube diameter. The energy gap of the (13,0)@(21,0)
DWBNNT also decreases monotonically, but it exhibits a more rapid decrease than the (13,0)
and (21,0) SWBNNTs. It should be noted that the energy gaps of the (5,0)@(13,0) DWBNNT
and (5,0)@(13,0)@(21,0) TWBNNT increase during the early stage and then decrease. This shift
occurs earlier in the latter (1=0.34) than in the former (1=0.48). The fact that the (5,0)@(13,0)
DWBNNT and (5,0)@(13,0)@(21,0) TWBNNT show different changing trends of E, from the
SWBNNTs proves that interwall interactions significantly affect the electronic structures of the
flattened (5,0)@(13,0) DWBNNT and (5,0)@(13,0)@(21,0) TWBNNT.

3.2.2. Charge densities at the CBM

Figure 14 shows charge densities at the CBM of the flattened (5,0), (13,0), and (21,0) SWBNNTSs
at a cross section passing through boron atoms. The characteristics of the nearly free electron
(NFE) state are observed in the BNNTs with a small curvature (Figure 14(b): =0.00, (c): n=0.00,
0.20), while rt*-c* hybridizations appear in the others. The reason the CBM of the (13,0) and
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(21,0) SWBNNTs changes from a NFE-like state to a 7t*-0* hybridized state is that the tube
curvature increases locally as the flattening deformation increases (in (1,0) SWBNNTSs under
no deformation, the CBM is a NFE-like state when n > 13 and a *-0* hybridized state when n
<13, and the hybridization becomes stronger with increasing tube curvature) [8]. The energy
gap of the (5,0) SWBNNT is much smaller than those of the (13,0) and (21,0) SWBNNTSs because
of its strong 7t*-0* hybridization. With increasing flattening deformation, charge is transferred
from flattened regions to curved ones, leading to an overlap of the charge densities. The Ecpy
of the SWBNNTSs decreases under flattening because of the formation of electronic bonds
between neighboring boron atoms in the curved regions. The charge density distribution in
curved regions of the (13,0) SWBNNT at 7=0.21 is similar to that of the (21,0) SWBNNT at
11=0.52, which results in them having almost the same energy gap of 4.2 eV. This is because
they have almost the same value of D, namely the same curvature of the curved region. Figure
15 shows the relationship between the energy gap and imaginary wall distance of the (13,0)
and (21,0) SWBNNTs. Their energy gaps are almost equal under a same wall distance.

- o8 S "= '\-
LS . LA - LS LE

o 2. 7t o
n=0.00 n=0.18 n=0.41 n=0.51

(a) (5,0) SWBNNT

s = N
-0-9..0..0--0-9 ’ - - ."‘ . : s
Boron atom 1=0.00 n=021 1 =040 n=0.55
(b) (13,0) SWBNNT
y
- .. ; ..
1=0.00 n=020 n=041 n=052

(¢) (21,0) SWBNNT

[ B ]
0.0 0.1 (10% nm™)

Figure 14. Change in the CBM charge density of (5,0), (13,0), and (21,0) SWBNNTs in flattening deformation.
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Figure 15. Energy gap of (13,0) and (21,0) SWBNNTs as a function of imaginary wall distance.
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Figure 16. Change in the CBM charge density of (13,0)@(21,0) DWBNNT during flattening deformation.

The CBM charge density distribution of the (13,0)@(21,0) DWBNNT is similar to that of the
SWBNNTs (Figure 16). In the inner tube, charge transfer from flattened to curved regions is
observed and an overlap of the charge densities is induced in the curved regions. The decrease
in Ecgy of the (13,0)@(21,0) DWBNNT is caused by the same mechanism as in the SWBNNTSs
mentioned above. Because the charge densities are distributed almost entirely in the inner tube
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during deformation, one might expect that the E,-n curve of the (13,0)@(21,0) DWBNNT
coincides with that of the (13,0) SWBNNT. However, E, of the former is in fact smaller than
that of the latter under the same . As shown in Figure 16, the flattening ratio of the innermost
tube, 1, must be larger than 7 to maintain the interwall spacing constant. This means that the
B-B bonds in the flattened (13,0)@(21,0) DWBNNT are stronger than those in the flattened (13,0)
SWBNNT under the same 7, resulting in a larger decrease in Ecgy, in the former than in the
latter.
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Figure 17. Change in the CBM charge density of (5,0)@(13,0) DWBNNT and (5,0)@(13,0)@(21,0) TWBNNT during
flattening deformation.
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Figure 7. Patch-type flexible flow sensor for large scale air-conditioning network systems.

which enables us to calculate the flow rate values from the obtained sensor outputs in bent
ducts, was derived [38].

3.3. Flow sensors for medical applications

The numbers of cardiac disease and cerebral stroke patients are gradually decreasing, thanks
to developments in medical devices and improved health guidance. However, chronic
obstructive pulmonary disease (COPD) is still on the increase. Spirometry is normally used to
evaluate the progress of COPD. It measures the flow rate in the human mouth. The respiratory
system consists of numerous levels of bronchi just like a tree, and the lung alveoli are located
at the end of diverging bronchi. In the case of COPD, the alveoli structures gradually collapse
as the patient ages and because of absorbed cigarette smoke or other air-polluting substances.
Lesions develop at the ends of the diverging bronchi. The current method of measurement,
which evaluates lesions in the mouth, cannot be used to evaluate such small lesions in the
bronchi.

To overcome the above problem, Shikida et al. [34, 39] devised a catheter-type flow sensor that
can measure aspirated- and inspired-air flow characteristics trans-bronchially. The flow sensor
(Figure 8) can be inserted into a small bronchus for measuring aspirated and inspired air
characteristics. An on-wall in-tube thermal flow sensor is mounted on the inside of the tube,
and it is used in the bronchoscope. The external diameter of the tube is only a few mm, and
therefore, it can reach into the small bronchus. Two heaters were formed on the film in order
to detect the flow direction.
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Bronchoscope

Less than

Flow sensor

Figure 8. Concept of catheter flow sensor for trans-bronchial measurement. Republished with permission of IOP Pub-
lished Ltd from Ref. [34].

Polymer-MEMS technologies and heat shrinkable tubes are used to produce the sensor. The
fabrication process consists of two steps.

1. Flexible film sensor fabrication

Polyimide film is used as a substrate. The thickness of the film affects the thermal response
performance (it has to be relatively thick; 7.5 um). The metal film heater structures are formed
on the film by using photolithography and sputtering, and they are patterned with a lift-off
process. The typical size of the sensor is 2.8 mm x 5.5 mm. Two heaters are formed on the film
in order to detect the flow direction. Each film sensor is mechanically cut before being mounted
inside the tube.

2.  Mounting film sensor inside a tube
The sensor is mounted on the inside surface of the tube as follows.
a. The sensor is inserted into a heat shrinkable tube made of Teflon.

b. The heat shrinkable tube is baked at 110°C. The Teflon tube shrinking to almost half its
original size as a result of heating, and the film sensor is automatically mounted on the
inner wall surface during the shrinking process and becomes fixed on the tube surface.

c. A cavity structure is formed under the heating element to improve thermal isolation. To
produce the active structure, a slit is formed on the tube, and it is covered with a one-
mode Teflon heat-shrinkable tube to seal it. The outer diameter of the inner tube is only
a little bit larger than the inner diameter of the outer one, after the heat shrinking process.
Thus, these two Teflon tubes are tightly fixed to one other.

Figures 9(a) and 9(b) show a schematic diagram and a photograph of the fabricated catheter-
type flow sensor. The inner and outer diameters of the tube are 1.0mm and 1.8 mm. The
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temperature coefficient of resistance of the sensor is 0.0025K™. The package method of the on-
wall in-tube film mounting is suitable for miniaturization because the sensor structure itself

does not disturb the flow stream.

. Heaters
Cavity "l/}ﬂﬂon tubes
\ B Al S itos Ht’ﬁt-shrmkable tube
'|‘} <~ Breathing
) =—=>> gas flow
Enameled wire Film sensor
(a) Schematic. (b) Photograph.

Figure 9. Fabricated catheter type flow sensor. Republished with permission of IOP Published Ltd from Ref. [39].

Experiments were done under the regulations set out in the Nagoya University Animal
Experiments Guidelines, and they were approved by the animal ethics committee. The
experiments were done under anesthesia. Thus, the following data are aspirated- and inspired-
air characteristics under anesthesia. Infiltration of bodily fluids into the tube was prevented
by using Teflon as the tube material. The catheter flow sensor is intended to be incorporated
into a bronchoscope and to be inserted in the small airways from the mouth. Thus, the sensor
was first tested on rats. An optical fiberscope with an outer diameter of 0.8 mm, instead of a
bronchoscope, was used in the tests. Inserting the flow sensor into the airway from the mouth
of the rat with the fiberscope involved three steps.

1. Only the fiberscope was inserted, from the mouth to the targeted location, by observing
the inside of the airway. Then, the sensor was inserted to the targeted location with a
Teflon tube guide.

2. The fiberscope was withdrawn when the flow sensor reached the target location.

3. The Teflon tube guide was carefully extracted and only the flow sensor remained at the
location.

The breathing waveform of the rat is shown in Figure 10. A period of 820 ms for inspiration
and aspiration was obtained. This means that the respiration frequency was 1.1 Hz. The
ventilated air volume was calculated from this breathing waveform, and a value ranging from
1.01-1.09 cc was obtained. The known respiration frequency and ventilated air values of rats
range from 1.1-1.9 for the former and from 0.60-1.25 for the latter. The measured values
coincided with the physiological values in the literature.

The air was inspired for a short time period, suddenly becoming aspirated for a time period.
In aspirated mode, a large amount of air was aspirated at the beginning, and the aspirated air
gradually decreased afterwards. Inspiration and aspiration were done by moving the dia-
phragm. The air was inspired by expanding the thoracis. This was done by contracting the
diaphragm. The air was simply aspirated by the restorative force of the thoracis. Thus, the air
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was inspired in a short time, and a large amount of air was aspirated at the beginning of the
aspiration mode, and the amount gradually decreased after that. The sensor signal quantita-
tively corresponded to this natural respiratory mechanism. From these results, the catheter

flow sensor will be useful for evaluating the flow characteristics in the small bronchus region

in the future.
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Figure 10. Breathing waveform of rat measured with intubated catheter flow sensor. Republished with permission of
|OP Published Ltd from Ref. [39].
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Figure 11. Stent flow sensor for evaluation of nasal respiration. Republished with permission of IOP Published Ltd

from Ref. [40].
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A human being breathes through the mouth and the nose. Bacteria and viruses are trapped in
the nose cavity, and only clean inspired air is supplied to the hung. The inspired air is also
humidified in the cavity in order for lungs to adsorb oxygen effectively. The inspired air is
warmed inside the body is then expired outside; this is a method of heat exchange. The flow
characteristics of the nose are deeply related to various health concerns. Thus, a stent-type of
thermal flow sensor was also developed for measuring nasal respiration. The MEMS stent flow
sensor is shown in Figure 11. It is a thermal flow sensor fabricated on polymer film and
monolithically integrated on the stent structure [40].

4, Conclusion

This chapter described the fabrication and applications of micro-sensors produced by MEMS
technologies. The attractive features and problems of MEMS sensors were discussed. In
particular, MEMS sensors have low costs, high space and time resolutions, and reduced dead
space. The applications of MEMS sensors include tactile Si-solid and fabric sensors for human
interfaces and flow sensors for air-conditioning systems and medicine.
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Chapter 19

Single Cell Nanosurgery System

Toshio Fukuda, Masahiro Nakajima,
Yajing Shen and Masaru Kojima

1. Introduction

A model organism is one of the species that is extensively studied to understand particular
biological phenomena, with the expectation that discoveries made in the organism model will
provide insight into the workings of other organisms [1]. In particular, model organisms are
widely used to explore potential causes and treatments for human disease when human
experimentation would be unfeasible or unethical [2]. It shows some of the model organisms
that have been used in a biomedical research.

The first and foremost consideration in the selection of any model organisms before conducting
any bio-related research is how relevance the selected model organisms to human. If the first
consideration is justified, then the second consideration which needs to be addressed is how
practical and easy the selected model organisms for experimental endeavors.

Yeast is one of the simplest eukaryotic organisms (organism whose cells contain a clear
defining membrane-bound structure of nucleus) but many essential cellular processes are
conserved between yeast and humans. There are genes in yeast and mammals that encode
very similar proteins [3]. Comparison of the yeast and human genomes, reported in 1997,
revealed that 30% of known genes involved in human disease have yeast orthologs (i.e.
functional homologs) [4]. Furthermore, hundreds of yeast genes exhibit a link to human disease
genes as reported by [5].

Yeast is a good experimental tool for molecular and cellular biology studies. Yeast growth and
division can be controlled efficiently and effectively by adjusting environmental conditions.
Furthermore, yeast cells divide in a similar manner to human cells.

Because of these advantageous features, yeast has become the model organism of choice for
medicine-related research. For example, studies with yeast have contributed greatly to our
knowledge of the regulation of eukaryotic cell division, including the cancer-related distur-
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bances [6]. Up to now, yeast has maintained its role as a useful model system in fundamental
studies of disease processes.

2. Single cell nanosurgery system based on nanorobotic manipulation
system

2.1. Single cell nanosurgery system

We have been proposed a “Nanolaboratory” based on nanorobotic manipulation system from
around 2000 [7]. It is one of the systems to realize various nanoscale fabrication and assembly
to develop novel nanodevices to integrate borderless technologies based on nanorobotic
manipulation system. It is readily applied to the scientific exploration of macroscopic phe-
nomena and the construction of prototype nanodevices. It would be one of the most significant
enabling technologies to realize the manipulation and fabrication technology with individual
atoms and molecules for the assembly of devices. Recently, the investigation of Nanoelectro-
mechanical Systems (NEMS) has attracted much attention [8-11]. It is expected to realize high
integrated, miniaturized, and multi-functional devices for various applications. One of the
effective ways is the direct usage of the bottom-up fabricated nanostructures.

Nanolaboratory can be applied for the single cell analysis and manipulations. As show in
Figure 1, the integration is important for the single cell nanosurgery system between micro
and nanorobotic manipulators under various microscopes. The applications under dry, semi
wet, and wet conditions can be done under TEM/SEM, E-SEM and optical microscope (OM).
The nanomanipulation system inside TEM/SEM is a fundamental technology for property
characterization of nano materials, structures and mechanisms, with the fabrication of nano
building blocks, and for the assembly of nano devices. The nanomanipulation system inside
E-SEM provides single cell manipulation and analysis under nano-scale high resolution
images for the application of nanodevices or nanotools assembled under dry condition. OM
micromanipulation system is used under water, hence the biological cells can be cultured with
medium.

2.2. Nanorobotic manipulations

Nanorobotic manipulation; nanomanipulation, has been received much more attention,
because it is an effective strategy for the property characterizations of individual nano-scale
materials and the construction of nano-scale devices [12]. They might finally be the core-most
part of nanotechnology. One of the attractive future applications of nanomanipulation is to
realize the ultimate goal of nanotechnology, or nanomanipulation, is considered.

To manipulate nano-scale objects, it is needed to observe them with a resolution higher than
nano-scale. Hence, the manipulators and observation systems, microscopes in general, are
necessary for nanomanipulations. Figure 1 shows the strategies of nanomanipulations with
various kinds of microscopes. The nanomanipulation under various microscopes for 2D/3D
nanomanipulations. Optical microscope (OM) is one of the most historical and basic micro-
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Figure 1. Single cell nanosurgery system based on micro/nanomanipulators under various microscopes (wet/semi-
wet/dry conditions).

scope. However, its resolution is limited to ~100 nm because of the diffraction limit of optical
wavelength (~400 - ~800 nm) explained by the well-known Abbe’s law [13].

The scanning tunnelling microscopes (STMs) or atomic force microscopes (AFMs), have
functions of both observation and manipulation in nano-scale. Their high resolution makes
them capable of atomic manipulation. In 1990, Eigler and Schweize demonstrated that the first
atom practice nanomanipulation with scanning tunnelling microscope (STM) [14]. Avouris et
al. applied an AFM to bend and translate carbon nanotubes (CNTs) on a substrate [15]. They
combined the techniques with an inverse process, namely straightening, by pushing along a
bent tube, and realized the translation of a tube to another place. Ning Xi et. al at Michigan
State University, developed AFM based nanomanipulation system with interactive operation
system [16, 17]. The system realized a real-time visual feedback during AFM based nanoma-
nipulation.

Normally, SPM systems have limit for the observation in 2D plane with quite smooth surface.
Moreover, the observation area is limited and long time is needed to get one image (more than
mins). This limitation rises up as 3D nanomanipulation of nanostructures. On the other hand,
the electron microscopes (EMs) provide atomic scale resolution with the electron beam which
wave length is less than ~0.1 A. EMs are divided mainly two types as scanning electron
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microscopes (SEMs) and transmission electron microscopes (TEMs). For example, M. F. Yu et.
al presented the tensile strength of individual CNTs inside a SEM [18]. However the resolution
of SEM, generally ~1 nm resolution, is approximately one order in magnitude lower than that
of a TEM. High resolution and transmission image of TEMs are useful for measurement and
evaluation of nano-scale objects. Kizuka et.al proposed the manipulation holder inside high-
resolution transmission electron microscope (HR-TEM). The manipulator was specially
designed with atomic level positioning resolution [19].

However, the specimen chamber and observation area of TEM are too narrow to contain
manipulators with complex functions. Hence, special sample preparation techniques are also
needed. We proposed a hybrid nanorobotic manipulation system which is integrated TEM and
SEM nanorobotic manipulators as core system for the Nanolaboratory [20, 21]. The strategy is
named as hybrid nanomanipulation so as to differentiate it from those with only an exchange-
able specimen holder. The most important feature of the manipulator is that it contains several
passive DOFs, which makes it possible to perform relatively complex manipulations whereas
to keep compact volume to be installed inside the narrow vacuum chamber of a TEM [22].

Recently single cells analysis has been much more attentions because of the progress of the
micro/nano scale techniques on the local environmental measurements and controls [23].
Under conventional SEMs and TEMs, the sample chambers of these electron microscopes are
set under the high vacuum (HV) to reduce the disturbance of electron beam for observation.
To observe water-containing samples, for example bio-cells, the appropriate drying and dying
treatments are needed before observations. Hence, direct observations of water-containing
samples are normally quite difficult through these electron microscopes.

On the other hand, the environmental-SEM (E-SEM) can be realized the direct observation of
water-containing samples with nanometer high resolution by specially built secondly electron
detector [24]. The evaporation of water is controlled by the sample temperature (~0 - ~40 °C)
and sample chamber pressure (10 - 2600 Pa). The unique characteristic of the E-SEM is the
direct observation of the hydroscopic samples with non-drying treatment. Hence, the nano-
manipulation inside the E-SEM is considered to be an effective tool for a water-containing
sample with nanometer resolution [25-28].

3. Single cell analysis based on an E-SEM nanorobotic manipulation
system

Single cells analysis needs to be investigated through the micro/nano scale techniques based
on the local environmental measurements and controls. We developed the Environmental-
SEM (E-SEM) nanorobotic manipulation system to manipulate and control the local environ-
ments for biological samples in nano scale (Figure 2). It realized that direct observation and
manipulation of water-containing biological samples under nanometer high resolution
imaging.
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In this chapter, the novel local stiffness evaluation, local cutting, and local extraction of
biological organism are presented by micro-nanoprobes based on the E-SEM nanorobotic
manipulation system for future cell diagnosis and surgery system.

3.1. Adhesion force measurement of single cell using nano-putter

Cell activities, such as embryogenesis, mitosis, morphogenesis, cell orientation, cell motility,
and survival depend on attachment to neighboring cells and the extracellular matrix. Cellular
attachment to extracellular matrices influences cell morphology, cell function, and signaling
mechanisms that direct cellular proliferation and differentiation [29]. Cell-surface interaction
is important in the development of any material or device for biomedical applications, since
the performance of a medical device in the body must be compatible with the surrounding
tissue [30, 31]. Understanding of the cell adhesion process would benefit the development of
suitable biomaterials or device for both tissue engineering and medical fields.

Cell adhesion processes are influenced by numerous parameters, such as the nature of the
biomaterial and its surface characteristics (roughness, topography, chemical composition,
surface wettability, surface charge and surface treatments) have been investigated. However,
the effect of ambient humidity on cell adhesion has had less attention, especially at the single
cell level. Understanding the adhesion force at various humidity conditions could help us to
better understand the processes of cell-directed integration during water evaporation. The
understanding is also useful in controlling yeast infections at wet environment. Moreover, cell
adhesion is influenced by the surface energy of substrate strongly, but the mechanism is still
not clear [32]. The study of cell adhesion on substrates with different surface energy could help
us to understand the adhesion mechanism better.
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We presented a yeast cell adhesion force measurement performed using the nanorobotic
manipulation system inside the ESEM [33, 34, 35]. Figure 3 (A) shows a typical force-displace-
ment curve during the single cell adhesion force measurement. Figure 3 (B) shows the initial
position of the micro putter and the single cell. The micro putter was driven by the nanorobotic
manipulation system. First, it was moved towards the cell until it contacted the cell (Figure 3
(©)). Then, a continuous movement was applied to the micro putter by the nanomanipulator.
The micro putter beam deflected owing to the increasing pushing force. Figure 3 (D) shows
the deflection of the micro putter during the adhesion force measurement. Finally, the cell was
detached from its initial position under a certain force (Figure 3 (E)). The maximum force
during this manipulation procedure was defined as the adhesion force.

Single yeast cell adhesion force measurement was performed at three humidity conditions, i.e.
100%, 70% and 40%. The mean adhesion force and the deviation are with 95% confidence at
each humidity conditions. It demonstrates that the yeast cell adhesion forces range from 10 to
25 uN at various humidity conditions. The adhesion forces were 11.0 £ 5.1 uN, 17.4 £ 4.7 uN
and 23.5 £ 6.1 uN at 100%, 70% and 40% relative humidity conditions respectively. It showed
clearly that the cell adhesion was affected by the ambient humidity. The cell adhesion force is
larger at low humidity than at high humidity. For example, the cell adhesion force was 23.5
uN at a humidity of 40%, which was 1.14 times larger than the force 11.0 uN at humidity 100%.

3.2. Single cell cutting using nano-knife

Cell cutting is an important step in cell analysis processes. For instance, it was widely used to
prepare cell specimen slices for the observation of an inner structure [36]. Different to group
cells analysis, research on individual cells could give accurate data rather than average results.
Single cell analysis can help us to understand the biological processes more accurately. In-situ
single cell cutting technique could potentially benefit cell analysis, such as single cell operation
and disease treatment.

Recently, a nano knife fabricated from a carbon nanotube (CNT) has been developed for the
purpose of cell cutting [37]. The nano knife was designed by welding a CNT across two
tungsten needles inside a scanning electron microscopy (SEM). This device can reduce the
angle by which the sample is bent during cutting, due to the small diameter of the CNT. It can
be seen clearly that the nano knife can leave a mark on the epon resin surface, which means it
can cut very thin slices of cells. However, the bonding force between the CNT and tungsten
probes by using electron beam induced deposition (EBID) method is quite small. There are
still certain types of hard specimens such as bone, plants, and thick-walled spores. The CNT
based nano knife may not be able to deal with such samples, since a larger cutting force is
required, especially when the sample size is large.

We presented a nano knife with a buffering beam was designed for an in-situ single cell cutting
purpose [38]. A schematic drawing of the single cell cutting using a nano knife is shown in
Figure 4. The nano knife was immobilized to the nanomanipulator by using the electrical
conductive tape inside the ESEM chamber. Under the driving of the nanorobotic manipulation
system, the nano knife can move towards and cut the single cell finally. The cutting force can
be calculated based on the deformation of the nanokinfe’s beam.
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The in situ single cell cutting experiment was performed using these three nano knives. Figure
5(A) shows the initial position of the nano knife and a single cell. Figure 5(B) shows the touching
between the nano knife tip and the single cell. The deformation of the nano knife beam and
the single cell during the cutting is shown in Figure 5(C). The deformation of the beam can be
measured from the ESEM image directly using image analysis software. Therefore, the cutting
force can be calculated based on Hooke’s law. The separated single cell after cutting is shown
in Figure 5(D). The sample slice angle can be measured from the ESEM image directly as well.
Figure 5(E) shows the single cell cutting image using the 25° knife. Figure 5(F) shows the sample
slice angle after cutting. The images of single cell cutting and sample slice angle after cutting
using 45° knife are shown in Figure 5 (G) and Figure 5 (H).
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Figure 5. Single cell cutting using nano knife inside ESEM.
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4. Conclusion

This chapter presents the single cell nanosurgery system based on nanomanipulation techni-
ques. The micro-nano tools have been proposed to investigate single cell analysis to manipulate
and control the local environment in micro-nano scale. The E-SEM nanomanipulation system
was constructed to realize the local stiffness evaluation, local cutting, and local extraction of
biological organism in nano-meter scale. The adhesion force measurement was presented by
micro-putter for single cells. The single cell cutting was also described using nano-knife. As
future direction, the multiple micro-nanotools are used continuously depending on the
purposes by exchanging machinery system (NTExS: Nanotool Exchanger System) [39]. We are
investigating on the nanoinjection applications for the Caenorhabditis elegans (C. elegans) as
one of the model organisms [40, 41]
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