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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.



Research fields and two—dimensional matrix structure

Mechatronic devices for regeneration & Treatment techniques based on live
induction of biomedical tissue organ transplant of cultured cell and

tissue
Advanced research fields of

bio/medical technology
Mechatronics for Mechatronics for

medicine and well-being and
medical operation rehabilitation

Mechatronics for cell
control and biology

System Integration with Micro-Nano Mechatronics

Nano Nano Nano design Nano
control measurement and materials
engineering engineering manufacturing science

Technology of Micro-Nano Mechatronics

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.
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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
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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
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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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precursor cells derived from hESCs in patients with thoracic spinal cord injuries [7]. The
company Advanced Cell Technology has reported promising results from the clinical trials on
Stargardt's Macular Dystrophy with retinal pigment epithelium derived from hESCs [8].
However, neuronal replacement in central nervous system is still limited due to a number of
cells required to reconstruct complex structures and narrow therapeutic time window [9].
There are still several hurdles to be overcome in order to establish clinical application of
neuronal replacement therapies in central nervous systems.

One experimental approach to rescue denervated muscles from damage to lower motor
neurons or axonal disconnection is transplantation of motoneurons into a peripheral nerve as
a source of neurons for muscle reinnervation. Since Erb reported the reinnervation of dener-
vated muscle by embryonic motoneurons transplanted into peripheral nerve in 1993 [10],
several studies have investigated the factors that improve motoneuron survival in peripheral
nerve [11-13]. Considering the simplicity of neural network and wide windows of opportunity
for the treatment [14], peripheral nerve system can be an ideal target for neuronal replacement
therapy. This transplantation strategy may provide the potential to excite these muscles
artificially with electrical stimulation. The aim of this study was to evaluate whether trans-
planted rat embryonic motorneurons into adult rat peripheral nerve would survive, and
whether transplanted motorneurons would form functional motor units.

2.2. Methods

The sciatic nerves of adult Fischer 344 rats were transected; 1 week later, dissociated embryonic
spinal neurons were transplanted into the distal stump of the tibial and peroneal nerves.
Surgical controls underwent the same surgeries but had only medium injected into the
peripheral nerves. Tissue analysis and measurement of ankle angles were performed twelve
weeks after neural transplantation.

2.2.1. Cell preparation

Ventral spinal cord cell were obtained from Fischer 344 rat embryos (Japan SLC, Inc., Shizuoka,
Japan). After Fischer rats on day 14 of pregnancy were anesthetized with isoflurane, ventral
spinal cords were resected from the fetuses using a surgical microscope and were cut into small
pieces in ice-cold Hanks' balanced salt solution. Ventral spinal neurons were dissociated using
papain-containing separation solution (MB-X9901; Sumitomo Bakelite Co. Ltd, Tokyo, Japan).
For implantation, dissociated neurons were suspended in Neurobasal medium (Gibco)
containing B27 supplement (Gibco), Glutamax (Gibco), and N-2 supplement (Gibco).

2.2.2. Surgical procedures and transplantation

All procedures were performed on 8-week-old male Fischer 344 rats (Japan SLC, Inc.) under
isoflurane anesthesia. The sciatic nerves of Fischer rats were completely transected at midthigh.
The nerves were ligated on both ends and the proximal nerve stump was sutured into hip
muscles to prevent reinnervation. Approximately 1 x 10° neurons contained within 10 pl of
medium were injected into the distal stumps of the tibial and peroneal nerves after 1 week of
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nerve transection using a Hamilton syringe. The injection site was 20 mm proximal to those
entries into the lateral gastrocnemius and anterior tibialis muscles. Surgical controls under-
went the same surgeries but had only medium injected into the peripheral nerves.

2.2.3. Reproduction of ankle motions

The stainless steel wire electrodes were placed on the peroneal and tibial nerves of the neural
transplantation group and those were covered with silicone gel for insulation and immobili-
zation. The other ends of wires were passed through the dorsal neck skin and connected to the
generator (Neuropack MEB-5504; Nihon Kohden, Tokyo, Japan). Using video technique, ankle
angles of the neural transplantation group were measured with electrical stimulation of the
peroneal nerves at 60 Hz, 0.4 mA. The ankle angle is measured from the line connecting the
knee and ankle joints, and the line connecting the ankle joint and the metatarsal head [15].

2.2.4. Tissue analysis

After the measurement of ankle angles, the rats were perfused through the left ventricle with
4% paraformaldehyde. The tibial nerves, gastrocnemius and anterior tibialis muscles were
removed for immunohistochemical and histochemical analysis. The tibial nerve distal to the
transplant was then fixed in 4% glutaraldehyde in phosphate buffer. The nerves were embed-
ded in Epon and 1-um thick sections were stained with Toluidine blue (Sigma-Aldrich,
Germany) for light microscopic examination. The total number of myelinated axons was
measured. The gastrocnemius muscles were dissected free from the origin and insertion and
weighed immediately. Then the gastrocnemius muscles were embedded in paraffin, sectioned
into 10-um cross sections and stained with hematoxylin and eosin. The mean muscle fiber area
was measured at the middle of the lateral gastrocnemius muscle belly.

Neuron survival was examined in the cell transplantation group. The transplant sites of tibial
nerves were cryoprotected in sucrose, and then frozen in dry-ice-cooled isopentane. The tibial
nerve sections of 10-um thichness were stained with the antibodies against choline acetyl-
transferase (ChAT, 1:50; Millipore, Billerica, MA, USA) in order to assess the survival of
motoneurons and those axons in the tibial nerve. The anterior tibialis muscle were sectioned
at 50um to assess neuromuscular junctions using anti-neurofilament H antibody (1:500;
Millipore, Billerica, MA) and a-bungarotoxin (1:200, Molecular Probes, Eugene, OR) which
reveals terminal muscle innervation by staining motor end plates. Sections were stained using
a full automatic Immunohistochemical staining system: Ventana HX system (Ventana,
Yokohama, Japan) according to the manufacturer's instruction.

2.2.5. Statistics

For statistical analysis, Student t test or ANOVA with Tukey post hoc comparisons was used,
as appropriate. All statistical analyses were conducted using the Statistical Package for Social
Science version 19.0 software (SPSS Inc, Chicago, IL, USA). The significance level was set at
0.05. All data are expressed as mean + standard deviation.
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2.3. Result

2.3.1. Motoneuron survival and neuromuscular junction formations

Transplanted motoneuron survival was observed up to 12 weeks in all of the cell-transplanted
tibial nerves. Neuromuscular junction formations were also present in the lateral gastrocne-
mius muscle of the rats that received cell transplants (Figure 1).

2.3.2. Axon regeneration

No myelinated axons were present in the surgical control group. The mean number of
myelinated axons in the tibial nerves of animals that received cell transplantion was less than
half of uninjured animals (1198 + 1218 versus 2510 + 802, p=0.079) (Figure 2).

2.3.3. Analysis of muscle anatomy

No significant differences were found in muscle fiber cross-sectional area between transplan-
tation and surgical control groups (326pum? + 91 versus 176um? + 105, p=0.28). The naive group
showed the largest gastrocnemius muscle fiber area (2873 + 233um?, p<0.001)

2.3.4. Reproduction of ankle motions

The reinnervated muscle of transplantation group could reproduce ankle dorsiflexion artificial-
ly through electrical stimulation. Video-based analysis revealed that the ankle angles in the
neural transplantation group significantly decreased with electrical stimulation of the pero-
neal nerve as compared to surgical control (30.4 +7.7 versus 106.7 +9.7, p <0.001) (Figure 3).

Figure 1. Twelve weeks after transplantation, motoneurons survived in the tibial nerve. The ChAT (choline acetyltrans-
ferase) positive axons and motoneurons (arrow) were observed in the tibial nerve.
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(a)Naive - (b)Neuron transplantation (c)SurgicéI control

Figure 2. Myelinated axons in tibial nerve were assessed with toluidine blue stain.

A

Figure 3. Controlled reproduction of ankle motion and measurements of dorsiflexed angles. The ankle motions were
restored with electrical stimulation of the peroneal nerve in neural transplantation group (A) as compared to surgical
control group (B).

2.4. Discussion

The transplanted rat embryonic motoneurons could survive in the rat peripheral nerve, and
transplanted motoneurons formed functional motor units. Transplantation of motoneurons
into peripheral nerve provided the reproduction of ankle dorsiflexion. The transplantation of
embryonic neurons into peripheral nerve could restore ankle motions in conjunction with
electrical stimulation, even though no neural connection between central nervous system and
muscle were present.

Although all rats were able to flex their ankle, the small number of axons was present in the tibial
nerves of cell transplantation group as compared with naive group. Endoneurial environment
in peripheral nerve may not provide suitable condition for motoneurons. Transplanting



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

motoneuron with glial cells in the central nerve systems, such as astrocytes, may promote the
survival of motoneurons. Further studies are needed to clarify the necessity of central nervous
system derived cells to improve survival rate of transplanted neurons in peripheral nerve.

No significant differences were found in muscle fiber area between transplantation and
surgical control groups. And the muscle fiber area was much smaller for the cell transplanta-
tion group than for the naive group. Before neural connection between motoneurons and
muscle was established, other treatment strategy had been needed to prevent muscle atrophy.
After the neural connection, continuation of electrical stimulation and exercise beyond the
period of this study may improve muscle fiber area and the quality of gait.

In clinical setting, several investigators have stated that performing reconstruction of dener-
vated muscle with nerve transfer technique in peripheral nerve within 9 months notably
improves functional outcome [16, 17]. Motoneurons can be placed very closely to neuromus-
cular junction using the neural transplantation into peripheral nerve. Target muscles can be
reinnervated in short-term. Considering these facts, useful functional recovery of denervated
muscle can be expected with this method even if the treatment was delayed until more than 6
months after Wallerian degeneration. Considering that generating neural cells from induced
pluripotent stem cells (iPSCs) takes a few months, the wide windows of opportunity for the
treatment can be advantage in propagating safe motoneurons derived from iPSCs made from
the injured patient's own cells.

Another advantage of transplantation into peripheral nerve is that much less number of
motoneurons will be required, compared with neural transplantation into the central nervous
system. The iPSCs are likely to carry a higher risk of tumorigenicity than ES cells, due to the
inappropriate reprogramming of these somatic cells, the activation of exogenous transcription
factors, or other reasons [18, 19]. A larger number of transplanting cells are needed, the higher
risk of tumorigenicity remains an obstacle for neural transplantation therapy. Presumably
much less number of motoneurons are supposed to be required for neural transplantation into
peripheral nerve, because the number of motor unit is usually about several hundred [20].
Considering these issues, transplantation of motoneurons into peripheral nerve can be an ideal
target for regenerative therapy from a clinical viewpoint.

Transplantation of rat embryonic motoneurons into peripheral nerve provides reproduction
of simple behaviors in conjunction with electrical stimulation. Recent breakthroughs in stem
cell biology have raised possibilities of the clinical application of this treatment strategy. Our
results lead us to believe that transplantation of iPS- or ES-derived motoneurons into periph-
eral nerve changes treatment strategy for the diminished voluntary muscle function.

3. Sensory feedback by electrical stimulation

3.1. Purpose

The purpose of this section is to show the possibility of sensory feedback in nueroprosthetic
devices. If we have a way to send the signals from the assembled sensors to sensory nervous
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system, leading neuroprosthetic devices with two-way communication will be achievable. In
this Section, we show a preliminary study on the possibility of sensory feedback via axial fibers
of peripheral sensory neurons. We have tested several patterns of electrical signals and the
placements of surface electrodes for carrying sensory information to brain via axial fibers of
neurons. In a preliminary experiment with one channel electrical stimulation, the amplitude
modulation of the stimulation voltage achieves only 2 bit resolution. Then, we increase the
channels and take a method of frequency modulation of the stimulation electrical signal.

3.2. Methods

One pair of surface electrodes, one anode and one cathode, is usually used for one channel
electrical stimulation. The two pairs of surface electrodes in our experiments are shown in
Figure 4a. The placements of the electrodes were well controlled for each experiment to certify
the repeatability based on the markers on skin shown in Figure 4b. We set the two pairs of
electrodes (A, B) and (C, D), and made the electrical current flow from A to B or from C to D
in each pair. The duty ratio of stimulation voltages was 5%, and the frequency was set at 2000
Hz for the channel (A, B). The duty ratio 5% was defined because we found it looks good for
all five subjects to identify the stimulation frequency in several trials with one channel
stimulation.

Middle point Center point Middle point
on elbow line A® ®: on wrist line
O
® | o[ @
—>
OEyran IZSmm
c® ®'n

(a)The placements of two pairs of surface electrodes

Middle point Middle point
on elbow line on wrist line

:
L &

(b)The photo of the electrodes placements

Figure 4. The electrodes placement
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The applied voltages were tuned for each subject in similar way for the good identifiabil-
ity. The electrical stimulation of surface electrodes with about 2000 Hz gives some feeling
of vibration around at the electrodes without any pain. The stimulation frequency of the
channel (C, D) was set at five frequencies: 2000 Hz, 2001 Hz, 2002 Hz, 2004 Hz and 2010
Hz. The change of stimulation frequency on the channel (C, D) causes different sensa-
tions to the subjects. More specifically, the subjects sense the frequency difference be-
tween the two channels in addition to the base frequency 2000 Hz. In other words, the
subjects sense the interference potential of the pair electrical potentials. For an example, 1
Hz sensation will be felt by the subject if the frequencies of 2000 Hz and 2001 Hz are
selected. We applied electrical stimulations of 2000 Hz to a subject by using the pair of the
electrodes (A, B), and set the same and different frequencies for the pair of the electro-
des (C, D) for the discrimination experiments. The phase shift was zero degree when the
both frequency were set at 2000 Hz. After enough trials for each combination of the
stimulation frequencies, each subject carried out 40 trials of the discrimination. In the trials,
all combinations of frequencies were presented in random order. Five subjects were asked
to identify the combinations of the electrical stimulations.

3.3. Results

The average rate of the correct answers over 40 tests per subject was 90%. All errors were
occurred in the cases of nearest frequencies difference of the two pairs electrodes. This results
show that the difference of the two channel stimulation frequencies is key point for the
identifiability of stimulations. The bigger difference in stimulation frequencies, the higher rate
of the correct answers will be achieved.

3.4. Discussion

The simple amplitude modulation of one channel electrical stimulation achieves only 2 bits
resolution for transferring sensory information to brain. On the other hand, frequency
modulation with interference potential of the pair electrical potentials has achieved a high
resolution which corresponds to the number of combination of given different stimulation
frequencies. For an example, we can obtain 3.5 bits (1 digit in decadal system) resolution if we
use five different frequencies. We can increase number of the channels; thus, interference
potential of the pair electrical signals with more than two pairs of electrodes holds forth the
possibility that we can achieve a high resolution for sensory feedback via axial fibers of
peripheral sensory neurons.

Further research on multi-channel electrodes, specially more than three channels, will be
required to clarify the effect of multiple interference of stimulation frequencies on the
sensory resolution of transferring the information. The frequency range which is most
appropriate for transferring sensory information should be also clarified. It is common that
electrical stimulations with a certain frequency band involve a pain of the subject.
Appropriate frequency bands should be identified not only to achieve a high resolution,
but to avoid subject's pain.
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4. Restoration of walking by artificial peripheral nerve system —
Simulation study with neuro-musuculo-skeletal model of rat

4.1. Purpose

One application of PNIs is to replace the part of neural networks for a particular movement
by artificial electrical networks or artificial digital networks. In this section, we propose a
method of PNIs for partially impaired neural networks. When we look at injured persons, it
is common that some muscles do not work because the corresponding motor neurons are
damaged but the muscles do not receive any damage themselves. In such cases, the muscles
can work if the motor commands are provided.

In this section, we make the following assumptions as conditions for our simulation of injured
rat's walking. First, motor commands to muscles for walking are generated by specified neural
networks. The networks is called central pattern generator (CPG), which has been identified
in spinal cords of mammalian. The upper central nervous system is assumed to give only the
trigger of walking. Second, some sensory systems, which may be muscle spindles or another
somatosensory organs, are damaged but we are able to obtain the necessary signals for
constructing the motor commands by using some artificial sensors instead of the damaged
sensory systems. Third, we are able to provide the constructed motor commands for the target
muscles through reinnervation type electrodes, which are described in Section 2. Based on
these assumptions, we give a walking simulation of rat to show the possibility of practical
usages of PNIs. Simulations of human bipedal walking have been successfully proposed [21,
22]; therefore, we may restore the walking motion for patients with spiral cord injury if our
proposed method works well for rat walking.

An example of the experimental setup corresponding to the simulation is given in Figure 5.
The camera system including image processing is to obtain the necessary signals such as joint
angles, joint angular velocities, and other signals for the positions and orientations of body

O :Marker for measuring positions of body

+: Reinnervation type electrodes

Stimulator
for
movement

Controller

Electric
Stimulator

Ol

Figure 5. Proposed experimental setup for reconstructing walking motion.
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segments. It is possible to extend this type of neuroprosthetic system with portable sensors
and other electrical devices to more practical one for disabled persons.

The purpose of this section is to conduct walking simulation which will play an important role
of our succedent neuroprosthetic system. The basic concept of the neuroprosthetic system is
shown in Figure 5. The role is to check whether the designed artificial CPG controller works
adequately or not, and whether the sensing system is able to provide necessary information
for the controller's adapting to the environmental changes. Thus, the walking simulation given
in this section means the preliminary study of motion planning and control for our succedent
neuroprosthetic system.

4.2. Neuro-musuculo-skeletal model

The neuro-musculo-skeletal model of rat is composed of a rigid link system, joint torque
generators, neural controllers of CPGs with the upper level triggers. The inertial properties of
the entire body are represented by a three dimensional 17-rigid-link system with 16 joints. All
the joints are one degree-of-freedom, and the axes of the joints are perpendicular to sagittal
plane. The schematic views in sagittal and horizontal planes are given in Figure 6. The dappled
circles indicate the center of mass of each segment.

A viscoelastic passive moment induced by soft tissues and a passive moment of nonlinear
elasticity induced by tendons and bones assumed to act on each joint. The characteristic is

passive, (91, 6, ) =k exp{ki]2 {ki]3 - [01. -0; ]H +k, exp{ki]5 {91 - 6’1} ~K H +c] 6, (1)

where 0;is the i-th joint angle variable, 0; is the i-th joint angular velocity variable, and another
parameters are constants representing the joint characteristics. These parameters were

given by

determined from the estimations for human joints [23]. The inertia properties of each body
segment, such as the mass and the moment of inertia, were estimated from the size of anato-
mized each body segment with the average density of rat body [24].

110mm
(a)view in sagittal plane (b)view in horizontal plane

Figure 6. Assumed skeletal system of rat.
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The functions of the neural control system are divided into two types. The first function is a
rhythm pattern generator corresponding to the spinal cord level. This subsystem composes
CPGs which work as command generators for the joints. The command generation of each
CPG starts by receiving a stimulus from the higher center. Each unit of CPG is a second-order
nonlinear dynamical system with the inputs from the higher center and the sensory systems.
During movement of the link system, somatic sensory signals are fed back to the CPGs so that
the musculo-skeletal system is able to interact with the environment. This is the second
function of the neural control system.

The neural control system of CPG is a nonlinear feedback controller :

1. n
T, xﬁ"f‘%%‘y]"bzﬁuﬁsi )
1.
T4t Zi=Y; 3)
y;,=max (0, x;) (4)

Here, i and j are the oscillator numbers that are coupled in the antagonistic relation, x; is the
membrane potential of the neuron, T, T, and b are the coefficients corresponding to aging
variation, y; is the firing rate of the neuron, a; is the weight coefficient, z, is a variable corre-
sponding to the adaptationlevel, s;is the stimulation input from the brain, and u;is the feedback
signal from the somatic sensation. The oscillator neurons represented by equations (2), (3) and
(4) are coupled to one another in a depressive manner, and the entire walking behavior
undergoes an adaptation process by causing an oscillation in each joint movement [25].
Movement of a joint is coupled with that of other joints. In this simulation, only the four joints
at shoulders and hips were assumed to generate actively the torques. One pair of the oscillator
unit is attached at one of the four joints. The extra-connections between CPGs of left and right
shoulders, and also between CPGs of left and right hips are assumed for coordinating the
motions of left and right limbs. These extra-connections cause mutually inhibitions between
left and right CPGs and then generate alternate motions between the left and right limbs. The
structure of CPGs is given in Figure 7.

Figure 7. Structure of CPGs.
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The joint torque is determined as follow:

T=PrYr-PeVYE ()

where y; and y; are the outputs of one pair of CPGs in which one CPG generates flexion torque
and the other CPG generates extension torque at each active joint. For another joints except
these active joints, the rotational motions will be induced according to the passive character-
istics defined by (1).

The interaction between the foot and the ground was modelled as a combination of springs
and dampers. The ground reaction forces produced by the springs and dampers were assumed
to act on four points of each foot: two in the heel and two in the toe.

In this simulation, we did not take the muscle model into considerations. However, the
generated muscle forces corresponding to the generated torques by this neural controller can
be estimated with an appropriate procedure by the method in [23].

We searched for suitable parameters of the CPG-based controller such as T,, T, a;, b, etc. in
each joint to achieve a realistic walking pattern, using a performance index that is a weighted
linear combination of energy consumption per unit walking distance, muscle fatigue index
and foot clearance.

4.3. Simulation results

Figure 8 shows the walking simulation results in sagittal plane which are calculated by 0.1
second. Mammalians with four limbs are usually able to move in some patterns, such as walk,
trot, and gallop. Each pattern is appeared around the corresponding optimal velocity. In
mammalians' moving, "optimal" means energy efficient way in gate patterns for getting unit
moving distance. From Figure 8, the pattern of "walk" is observed and the moving velocity is
matched approximately to the optimal velocity of rat walking. Figure 9 shows that the outputs
of CPGs successfully generated rhythmic patterns as functions of time and indicated appro-
priate phase shifts each other for coordinated motions in four limbs. The corresponding
generated torques are given in Figure 10. The similar patterns as the CPG outputs are observed.
We can define the period of walking from Figure 10, and it is 0.2 second. The phase shift is
-180 degree from the left fore-limb to the right fore-limb, and also -180 degree from the left
fore-limb to the left hind-limb. On the other hand, the phase shift between the left fore-limb
and hind-limb is -97 degree and in the right side it is the same. These phase shifts match to the
pattern of "walk" [26]. Figure 10 shows the active joints angles controlled by the CPG control-
lers. It seems that the difference between left and right angels both in fore-limbs and hind-
limbs comes from the effect of initial conditions on the joint angels and joint angular velocities.

4.4. Discussion

We observed a large rolling motion of the trunk in the walking simulation. This can be
explained by the fact that no joint of rolling motion is introduced in the skeletal model. At this
stage, we do not have any knowledge about rolling joints of rat. The placements, passive
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characteristics such as range of joint angle and viscoelastic property should be clarified before
the rolling joints are introduced in the skeletal model. The proper introduction such rolling
joints reduces the magnitude of trunk rolling motion and may improve the simulation quality

in comparison with the actual walking motion of rat.

t=0.0[sec] t=0.5[sec]
0 10 20 30 40 [mm] 0 10 20 30 40 [mm]
t=0.1[sec] t=0.6[sec]
0 10 20 30 40 [mm] 0 10 20 30 40 [mm]
t=0.2[sec] t=0.7[sec]
o'_j:'%g 20 30 40 [mm] 0 10 20 30 40 [mm]
t=0.3[sec] t=0.8[sec]
0 10 20 30 40 [mm] 0 10 20 30 40 [mm]
t=0.4[sec]
0 10 20 30 40 [mm]
Figure 8. Walking simulation results.
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Figure 9. CPGs’ outputs as commands for joint torques in steady state.
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Figure 10. Generated joint torques.
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Figure 11. Joint angles at shoulders and hips.

We extended the model to the case of more active joints controlled by the neural controllers.
Other four active joints were introduced at elbows in fore-limbs and at knees in hind-limbs.
The simulation results showed that the generated motion was a pattern of "gallop". From this
simulation, it will be required that we consider the method for distinguish patterns of moving
when we search the parameters in the neural controllers.

Although there exist several problems to be solved, the simulation results presented here
indicate the possibility of functional restoration for the cases of partially impaired neural
networks. We will be able to use this simulation technology for checking whether the designed
artificial CPG controller works adequately or not, and for providing necessary information to
the controllers adapting to the environmental changes. The usage of this kind of online
simulator is also illustrated in Figure 5.
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5. Conclusion

In this chapter, we presented three technologies for achieving PNIs. The PNIs will be designed
for patients of partially impaired neural networks. In Section 2, we show that restoration of
motoneurons is possible by using reinnervation type electrodes which are constructed by
implanting embryonic neurons into peripheral motor units. Several methods for restoring
motoneuron functions have been proposed during these three decades because the muscles can
generate the forces if some electric potentials are provided at the motor points. These electric
potentials may be provided by artificial ones with some electrodes. Functional electrical
stimulation (FES) has been applied to human patients with spinal cord injury and has shown
higher potential for restoring functional movements [27]. Usually in FES, some metal wires are
used for transmitting the electrical signals as the motor commands for the muscles. However,
themechanical propertiesofthemetal wiressuchaselasticity aredifferentfrombiological tissues:
then, the mismatching between the wires and the tissues will appear and result in malfunc-
tions of the FES systems. If we use reinnervation type electrodes constructed from embryonic
neurons, which are almost same as the original motor neurons, the demanding problem of
mechanical property mismatching with metal wire transmission lines will be solved. This is the
reason why we seek to establish the technology around reinnervation type electrodes.

Sensory feedback in control of functional movements plays an important role for the robust-
ness and the adaptation to environmental changes in the task executions. A few studies have
been carried out to introduce sensory feedback for the restoration of motor functions [28]. We
can improve greatly the quality of functional restoration by sensory feedback for the cases of
partially impaired neural networks. In Section 3, we showed the possibility of sensory feedback
via axial fibers of neurons in nueroprosthetic devices. A method for passing the feedback
signals via axial fibers of neurons with surface electrodes has been tested. It is shown that three
or four bits resolution for sensory feedback can be achieved with the proposed method.

In Section 4, we showed the possibility of practical usages of PNIs by taking walking simulation
of rat. In the concept of restoring motor functions, controlling joint torques with sensory
feedback is a key point of the technology. The reinnervation type electrodes described in
Section 2 and the sensory feedback via axial fibers of neurons described in Section 3 will be
included in such a new type of nueroprosthetic device.
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Chapter 3

High Knudsen Number Flow —
Optical Diagnostic Techniques

Tomohide Niimi

1. Introduction

Along with the development in micro- and nano-technology with small characteristic length
and high technology under high vacuum environments, it has been strongly desired to
understand thermo-fluid phenomena around a micro- and nano-system such as a magnetic
head slider of hard disk drive, micro thruster for micro satellite, semiconductor thin film
fabrication system and so on. In cases where the characteristic dimension of the flow is of the
order of the mean free path (about 60 nm at the atmospheric condition), we have to analyze
the flows at the atomic or molecular level, because the continuum approach becomes invalid.
The atomic or molecular gas flow had been used synonymously with the rarefied gas flow so
far, but has to be applied also to the flow around the micro- and nano-devices working under
atmospheric conditions as mentioned above. We call these flows with large Kn "High Knudsen
number flows". As anindicator of rarefaction of gas-flows, the Knudsen number (K#) is defined
by the ratio of the mean free path (1) divided by the characteristic dimension (L) of the flow.
The flow regimes are classified on a scale of Kn number, as follows.

* Kn <10 Continuum flow regime
Compressible Navier-Stokes equation with no-slip boundary condition
* 10° < Kn <10 Slip flow regime

Compressible Navier-Stokes equation with velocity slip and temperature jump at the
boundary

* 10" < Kn <10: Transition flow regime

Boltzmann equation, where intermolecular collisions should be taken into account

I NT Ec H © 2013 Niimi; 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 unrestricted use,
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* 10 < Kn: Free molecular flow regime

Boltzmann equation, where intermolecular collisions are negligible compared with inter-
actions between the gas molecules and the walls

For high Knudsen number flows, we have to take into account the followings that may be
neglected for the continuum flow regime. In the case of large A, there appear the strong
nonequilibrium phenomena because of few intermolecular collisions. For extremely small L,
on the other hand, the flow field is strongly influenced by interaction of molecules with a solid
boundary rather than intermolecular collisions.

Experimental analyses of thermo-fluid phenomena related to the high Knudsen number flows
need the optical diagnostic techniques based on atoms or molecules, such as their emission
and absorption of photons. However, the experimental techniques are behind on development
compared with the molecular simulation techniques such as the molecular dynamic method
(MD), the direct simulation Monte-Carlo method (DSMC) and so on.

In this chapter, the optical diagnostic techniques for the high Knudsen number flows are
mainly described, such as laser induced fluorescence (LIF), resonantly enhanced multiphoton
ionization (REMPI) and pressure-sensitive molecular film (PSMF), and some experimental
results obtained by the use of the techniques, i.e., applications of LIF to visualization of rarefied
gas flows including complicated shock wave system and to measurement of rotational
temperature, establishment of a REMPI system and its application to detection of rotational
nonequilibrium in highly rarefied gas flows, and development of the PSMF for micro gas flow
measurements.

2. Laser Induced Fluorescence (LIF)

Some atoms and molecules emit fluorescence when irradiated by a laser beam whose wave-
length corresponds to an absorption line of molecules, as shown in Figure 1. In Figure 2 [1],
LIF of iodine molecules (I,) seeded in argon gas was applied to visualization of a flow field of
a supersonic free jet issued from a sonic nozzle with exit diameter of 0.5 mm into a vacuum
chamber, clearly showing the barrel shock waves and Mach disk. Figure 3 shows an example
of the visualization of complicated flowfield structure and shock wave systems of two
interacting supersonic free jets [2] by using I,-LIF. NO-LIF has been also employed to visualize
the low density high speed flows [3].

A method for planar measurement of rotational temperature using two-line L-LIF was
proposed for the rarefied gas flows [4]. If the fluorescence intensities at a point in the flow field
are designated by F; and F, when the iodine molecules in the rotational levels J*’; and |, are
excited, respectively, the ratio F, / F, depends on rotational temperature and two rotational
quantum numbers, ]"’;and |”’,. Therefore, once two absorption lines are selected, the rotational
temperature can be deduced from the ratio of the fluorescence intensities.

Figures 4 are typical images of a supersonic free jet visualized by the use of irradiation of laser
beams with different wavelengths corresponding to the respective absorption lines. These
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Figure 1. Principle of LIF

/ Barrel shock

Mach disk

Figure 2. Supersonic free jet visualized by I,-LIF [1]

Figure 3. Interacting supersonic free jets visualized by I,-LIF [2]
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images are obtained at the same pressure condition: source pressure P, = 16kPa and back-
ground pressure P, =100Pa. It can be seen that the fluorescence intensity distributions are very
different, depending on the absorption lines. If using two images among them, we can deduce

the temperature distribution two-dimensionally as shown in Figure 5.

(a) P(6)/R(8) (b) P(16)/R(18)

(c) P(26)/R(28) (d) P(36)/R(38)

Figure 4. Supersonic free jets visualized by I,-LIF with different wavelengths. P and R means P- and R-branches, respec-
tively, and the number the rotational energy level [4].

Figure 5. Two-dimensional temperature distribution of a supersonic free jet [4].
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3. Resonantly Enhanced Multi-Photon Ionization (REMPI)

To measure the rotational population in rarefied supersonic nitrogen free jets and finally to
confirm the non-Boltzmann distribution of the rotational levels experimentally, a REMPI
(Resonantly Enhanced Multi-Photon Ionization) method has been applied to detection of
nitrogen ions directly as an ion current. REMPI is known to have high detection sensitivity,
which allows obtaining the signal under the very low number density condition. Here the
principle of REMPI is introduced and the (2+2) N,-REMPI is applied to a supersonic nitrogen
free jet to detect the non-Boltzmann distribution of the rotational levels.

Figure 6 depicts the schematic energy level diagram for (2+2) N,-REMP]I, illustrating the
relevant processes. In this process, nitrogen molecules at the ground state (X'XZ,") are excited
to the resonant state (a'I'ly) by two-photon absorption. Then the excited molecules are ionized
by additional two-photon energy. Since four photons participate in this process, the ion current
is proportional to the fourth power of laser flux in principle. However, when the laser flux is
sufficiently high so that almost all the excited molecules are ionized, the ion current is
proportional to square of laser flux, because the REMPI process reflects the two-photon
transition process from the ground to the resonant state. In other words, the REMPI spectrum
reflects directly the rotational population in the ground state of neutral molecules, so the
rotational temperature can be deduced from the REMPI spectra, provided that the flow is in
equilibrium, that is, the rotational energy distribution follows the Boltzmann distribution.

The REMPI technique is applied to detection of the rotational non-equilibrium in a nitrogen
free-molecular flow. All experiments are carried out in a vacuum chamber evacuated by a
turbomolecular pump and a dry pump as a backing pump, allowing an oil-free vacuum
environment. Nitrogen gas is issued from a sonic nozzle with D = 0.50mm diameter, and
expanded into the chamber. Stagnation temperature is kept at 293 K and source pressures P
is set at 30 Torr (3.9 x 10° Pa) to 1 Torr (1.3 x 10* Pa). A Nd:YAG-pumped dye laser operated

lonization State

1 2-photon
. alll

o
=

} 2-photon

X1

Figure 6. (2+2) N,-REMPI process.
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with Rhodamine 6G dye is used as a laser source, and the output is frequency-doubled by a
BBO crystal. The wavelength of the laser beam is ranged from 283 to 284.1 nm. The beam is
focused with a quartz lens on a centerline of a nitrogen free-molecular flow. The ionized
nitrogen molecules are detected by a secondary electron multiplier or a tungsten Langmuir
probe. A wavelength is scanned by a step of 0.001 nm, and the signal intensity is integrated
for 100 laser pulses per each step.

Figure 7 represents an experimental (2+2) N,-REMPI spectrum of the (v', v"") = (1,0) vibrational
band, measured for P,D =15 Torr-mm and at a focal point of x =2.5 mm downstream from the
nozzle exit (x/D = 5) along the centerline of the jet. In this figure, the horizontal axis indicates
the wavelength of the laser, and the vertical one the signal intensity normalized by a peak.
Numbers on rulers in the figure correspond to spectral positions for O, P, Q, R and S branches.
When the population number is designated by N(J"'), the rotational line intensity I, in (2+2)
N,-REMPI spectra is given by

"

1o =ag(s(, JING ) ()" +1) (1)

where | and |'" are the rotational quantum number of the resonant and ground state, respec-
tively, A is a proportional constant independent of the rotational quantum number, and g(/*")
is the nuclear spin statistical weight of nitrogen molecules formed by N'* atoms. S(J’,]"’) is the
two-photon Honl-London factor [5] for the a'Tl, < X'X,* transition. N(J"’) is proportional to
(2]"+1) exp (-E,/kT,y) (E.. rotational energy, T,,: rotational temperature, k: Boltzmann's
constant), provided that the rotational energy distribution follows the Boltzmann distribution.
In this case, I}, is given by [6].

I] ‘, J =Ag(] ”)S (] I’ ] ”)exp(-Erot/kTrot) (2)

and the rotational temperature can be deduced from a slope of Boltzmann plot of In(l; ;- /
gS(J',]'")) versus E /k. If there appears nonlinearity in the Boltzmann plot, therefore, the
rotational energy distribution deviates from the Boltzmann distribution and the rotational
temperature cannot be defined.

Figure 8 shows a result of Boltzmann plots at several x / D’s for P,D = 15 Torr-mm by using
the measured REMPI spectra. In this figure, the horizontal axis indicates the E,/k and the
vertical one the In(I; ;- / ¢S(J',]’")). Numbers attached to the data points are the rotational
quantum numbers of the ground state. It is found from Figure 8 that all the Boltzmann plots
demonstrate the nonlinearity even at x / D = 1.0 for P,D = 15 Torr-mm and especially the data
in higher rotational levels deviate from a line, confirming the non-Boltzmann distribution of
the rotational levels.
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The rotational temperature is deduced from the Boltzmann plots of Figure 8 by using only the
linear portion of the plots lying at smaller rotational quantum numbers. Figure 9 shows the
rotational temperature distribution along the centerline of a supersonic free jet, where the
horizontal axis indicates x / D and the vertical one the rotational temperature. Solid circles
indicate the measured rotational temperatures, and the broken lines the translational temper-
ature distribution calculated from isentropic relations using the Mach numbers [7]. The
rotational temperature distribution measured by REMPI is compared with other data meas-
ured by different ways, i.e. the rotational temperatures measured by using only some rotational
lines constituting a linear portion of the Boltzmann plots obtained by the electron beam method
[8] and calculated by using an equation of the rotational temperature distribution for the
rotational relaxation [9]. As you can see, all results agree with each other, if using only the data
at smaller rotational quantum numbers for the REMPI and electron beam techniques.

Pol2=15 Torr-mm
T=293 K

e (2+2) REMPI

Rotational Temperature [K]

&  Electron Beam M
. —— Relaxation Equation e |
—————— Translational Temperature Mg
(]s?ntropic Fif.:-w) | o “"n__h‘
18,5 1 5 10 30
x/D

Figure 9. Rotational temperature distribution along the centerline of a supersonic free jet [6].

To clearly reveal the non-Boltzmann distribution, the rotational population obtained by
REMPI for P,D =15 Torr-mm is presented in Figure 10, in which the horizontal axis indicates
the rotational quantum number and the vertical one the population ratio of each rotational
level to the total. Symbols such as solid circles correspond to the population ratio for each
measurement point and each curve to a Boltzmann distribution at temperature deduced from
a Boltzmann plot using only the data for smaller rotational quantum numbers as mentioned
above. In the condition of P,D = 15 Torr-mm, the rotational population at x / D = 1.0 follows
almost the Boltzmann distribution, whereas at x / D = 7.0 the experimental data deviate from
the Boltzmann distribution evidently. Comparing between the distributions of x / D =7.0 and
20.0, for J"* > 7 the both show the same tendency, suggesting partial freezing of the rotational
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Figure 10. Rotational population obtained by REMPI [6].

population. Generally the higher rotational quantum number the molecules have, the lower
the transition probability becomes, resulting in the deviation from the Boltzmann distribution
particularly for the higher rotational levels. This is the reason why the freezing of the rotational
population starts partially at the higher rotational levels.

4, Pressure Sensitive Paints (PSP) and Pressure Sensitive Molecular Film
(PSMF)

There have been no appropriate techniques for the measurement of gas pressure on a solid
surface inside micro-systems. To measure pressure distributions in a low density gas-flows
with high Knudsen number, a pressure sensitive paint (PSP) technique [10, 11] have been
adopted.

The pressure measurement technique using PSP is based on the oxygen quenching of lumi-
nescent molecules. PSP is composed of luminescent molecules and a binder material to fix the
luminescent molecules to a solid surface. Figure 11 depicts the schematic energy level diagram
for PSP and oxygen molecules. When PSP layer applied to the surface is illuminated by UV
light, the luminescent molecules are excited by absorption of photon energy, and then the
molecules emit luminescence. On the other hand, oxygen molecule with triplet ground state
acts as a quencher of the luminescence. As a result, the phosphorescence intensity decreases
as an increase in partial pressure of oxygen. Pressure on the solid surface can be deduced from
the relationship between pressure and the luminescence intensity (Stern-Volmer plot [11]).
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N G)

where [ is the luminescence intensity and P is the oxygen pressure. I is the luminescence
intensity at a known reference pressure P,... The coefficients A, are the constants called as the
Stern-Volmer coefficients determined by calibration tests. The luminescence intensity I of the
ideal PSP (N = 1) depends inversely on P following to Eq. 3, but actual PSPs have nonlinear
dependence of I on P. In practice, a second-order polynomial (N = 2) is commonly used.

Because PSP works as a so-called "molecular sensor", it seems also suitable for analyses of high
Knudsen number flows, which require diagnostic tools in the molecular level. However, an
application of PSP to micro-devices is very difficult, because conventional PSPs are very thick
compared to the dimension of micro-devices owing to the use of polymer binders. Moreover,
they do not have sufficient spatial resolution for the pressure measurement of micro-flows due
to the aggregation of luminescent molecules in polymer binders [12].

Pressure-sensitive molecular films (PSMFs) have been developed by using the Langmuir-
Blodgett (LB) technique [13] to fabricate thin films, and tested to confirm the feasibility of the
pressure measurement around micro-devices [14]. PSMF with nanometer order thickness and
high spatial resolution is suitable for analyses of micro-flows.

LB films are fabricated according to the following procedure. First, a drop of a dilute solution
of amphiphilic molecules in a volatile solvent is spread on the interface between air and sub-
phase. After the solvent is evaporated, a monolayer of the molecules remains on the interface.
The monolayer is transferred to a substrate with compressing the monolayer so as to control
the order of the molecules.

In some cases, arachidic acid (AA) has been adopted as a spacer molecule to control the
intermolecular spacing of luminescent molecules, and to form a stable LB film with highly
ordered structure. However, it is desirable for high pressure sensitivity to adjust the molar
ratio of luminophore and AA [14].

S2
\ T, I
Excitation -
O,
Luminescence
81

Ground state

Figure 11. Schematic energy level diagram. S: Singlet state, T: Triplet state.
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The PSMF sample was applied to a glass slide, and the sample was set inside a vacuum chamber
evacuated by vacuum pumps to examine the pressure sensitivity. Pure oxygen gas was
supplied into the chamber, and the pressure in the chamber was monitored by a capacitance
manometer. The temperature of the sample was controlled by a Peltier element. A xenon-arc
lamp with a band-pass filter (400 + 20 nm) was used as an excitation light source illuminating
the sample via an optical fiber. The luminescence was filtered by a long-pass filter (600 nm) to
eliminate the light from the xenon-arc lamp, and was detected by an image intensified CCD
camera (512 x 512 pixels, 14 bit).

The PSMF based on Pd(II) Mesoporphyrin IX (PAMP), which is used as luminescent molecules,
has been fabricated and it is clarified that the pressure sensitivity of PSMF of PAMP is suffi-
ciently high [14]. However, the PSMF composed of PAMP cannot be applicable to the pressure
range higher than 130 Pa due to saturation of oxygen quenching of PAMP; this is caused by
the long life time of PAMP, which is so long (1.0 msec [15]) that most of luminescent molecules
are quenched. It is desired for PSMF to work around an atmospheric pressure, because the
most micro-devices are used in an atmospheric pressure. In order to fabricate a useful PSMF
for an atmospheric pressure range, four samples of PSMFs are prepared, composed of Pt(II)
Mesoporphyrin IX (PtMP), Pt(II) Mesoporphyrin IX dimethylester (PtMPDME), Pt(II) Proto-
porphyrin IX (PtPP) and Cu(Il) Mesoporphyrin IX dimethylester (CuMPDME). Those lumi-
nescent molecules have shorter life time compared with PAMP (e.g. the life time of PPIMPDME
and CuMPDME are 0.14 msec and 0.1 msec, respectively [15]). Figure 12 shows the pressure
sensitivities of four PSMFs below 21 kPa (equal to the partial pressure of oxygen in atmospheric
pressure) [16]. The horizontal axis of the Stern-Volmer plot is the normalized pressure P/P,
and the vertical axis is the inverse luminescent intensity ratio [,.;/I, where I, is the reference
luminescent intensity at the reference pressure P, ;=1.0 x 10 Pa. It is clarified that the pressure
sensitivity of PtMP is highest among the four tested PSMFs and is comparable to that of
conventional PSPs. The temperature dependency of PSMF also has to be studied, because that
of PSP is the main factor of the measurement error. PSMF was applied to the measurement of
micro gas-flows [17].
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Figure 12. Stern-Volmer plots of PSMFs [16]
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The flow in a converging-diverging nozzle was examined for the demonstration, because the
pressure considerably changes in a nozzle and it was easy to compare the result with a
numerical one.

Figure 13 shows the geometry of a converging-diverging micro-nozzle, which was two
dimensional geometry, and the thickness of the micronozzles was 1.0 mm, and the width of
the throat was 103 um, the diverging length was 492 um and the diverging angle was 23.5
degrees. The micro-nozzle was put on a holder with an inlet and outlet port, and then it was
covered with the PSMF deposited glass (see Figure 13b). Air was supplied from the inlet port,
and the outlet port was evacuated by a scroll pump. PtMP was employed as a luminophore of
PSMEF. Luminescent intensity of PSMF was detected through a fluorescent microscope. The
images were taken with the exposure time of 8.0 s, and 32 pictures were averaged to reduce
the noise.

Thickness: 1.0mm

Slide Glass
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.

Micro- Nozzle
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(a) Geometry of a micro-nozzle (b) Schematic image of micro-nozzle
assemblies

Figure 13. Micro-nozzle.
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Figure 14. Pressure distribution inside the micro-nozzle [17].
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The micro-nozzle flow was analyzed by the direct simulation Monte Carlo (DSMC) method
[18], which is a popular method for high Knudsen number flow analysis. The numerical
conditions were adjusted to the PSMF experimental conditions.

Figure 14 shows the pressure distribution of the micro-nozzle with the inlet pressure P, =10.0
kPa and the outlet pressure P,,, = 1.0 kPa, where the wind-off images were taken at P,,=P,,, =
1.0 kPa. The numerical result by DSMC is also shown in the lower side of Figure 14. Moreover,
the pressure profiles along the centerline are shown in Figure 14b. Though the pressure profile
contains some noise as shown in Figure 14b, itis clearly observed that the pressure distribution
obtained by PSMF is quantitatively in good agreement with that by DSMC. Especially, the
sharp pressure drop near the throat was captured by PSMF, and this result indicates that the
spatial resolution of PSMF is high enough for micro-scale measurement. The pressure value
at -300 um from the throat is about 8 kPa as shown in Figure 14b and is smaller than P;, = 10.0
kPa, which was measured at -10 mm. This pressure drop may be caused by wall friction and
the acceleration at the converging area of the nozzle.
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Chapter 4

Precision Micro Machining Methods and
Mechanical Devices

Eiji Shamoto, Norikazu Suzuki, Takashi Kato and
Burak Sencer

1. Ultra-precision/micro machining of die steel by elliptical vibration
cutting [1]

A novel method to attain ultra-precision sculpturing in micro/nano scale for difficult-to-cut
materials is introduced. Elliptical vibration cutting technology is well-known for its excellent
performance in achieving ultra-precision machining of steel materials with single crystal
diamond tools. Elliptical vibration locus is generally controlled and held to a constant in
practice. On the contrary, the proposed method utilizes the variations of the elliptical vibration
locus in a positive manner. Depth of cut can be actively controlled in elliptical vibration cutting
by controlling vibration amplitude in the thrust direction. By utilizing this as a fast tool servo
function in elliptical vibration cutting, high performance micro/nano sculpturing can be
attained without using conventional fast tool servo technology. Following sections describe
the development of the high performance micro/nano sculpturing system and ultra-precision/
micro machining applications.

1.1. Introduction

The authors have developed “elliptical vibration cutting” technology [2], and have demon-
strated that ultra-precision machining of difficult-to-cut materials, such as hardened steel and
hard/brittle materials, can be attained practically by applying ultrasonic elliptical vibration to
single crystal diamond tools [3]. Several ultrasonic elliptical vibration tools and their control
systems were also developed in the past studies [4]. Since variation of vibration amplitudes
causes deterioration of machining accuracy and surface quality, most research efforts were
dedicated to keeping the elliptical vibration locus ultra-precisely constant. Otherwise, ultra-
precision cutting cannot be achieved in practice.

I NT Ec H © 2013 Shamoto 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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On the other hand, the authors focus on utilizing the variation in vibration amplitude in a
positive manner, in contrast with conventional studies. It is considered as a unique function,
i.e., the depth of cut can be actively controlled by controlling the vibration amplitude in the
depth of cut direction while machining. By utilizing this function to serve as a sort of fast tool
servo (FTS), the ultra-precision sculpturing of difficult-to-cut materials in micro/nano scale is
achieved efficiently. Note that it is redundant and disadvantageous to combine the elliptical
vibration tool with the conventional FTS, since both devices have actuators and the vibration
tool is too heavy to be actuated at high frequency by the FTS.

Following sections introduce the proposed machining method and a vibration control system
of a two-degree-of-freedom (2-DOF) elliptical vibration tool, which enables precise amplitude
control of ultrasonic elliptical vibration at high speed. Subsequently, experimental verifica-
tions in textured grooving and in nano sculpturing are described.

1.2. Ultra-precision micro machining method for difficult-to-cut materials

Figure 1 shows the proposed machining with depth of cut control in elliptical vibration cutting.
The tool is fed at a nominal cutting speed and vibrated elliptically at the same time. Because
of this intermittent process at an ultrasonic frequency, tool wear and adhesion are restricted,
and the ultra-precision cutting of hardened steel can be attained with single crystal diamond
tools. The vibration amplitude in the depth of cut direction is controlled simultaneously in the
proposed machining process as shown in the figure. The trajectory of the cutting edge, then,
changes dynamically, and its envelope is transferred to the finished surface.

High-speed high-precision
amplitude control

Nominal cutting direction

Nominal
depth of cut

Workpiece

Finished surface (ultra-precision micro texture)
Figure 1. Machining by controlling amplitude in elliptical vibration cutting

By controlling the amplitude ultra-precisely at high speed, the ultra-precision sculpturing of
the difficult-to-cut materials can be achieved efficiently without using conventional FTS
technology [5]. In other words, the elliptical vibration cutting technology is equipped with a
FTS function by itself. Although amplitude control command is not identical with the envelope
of the cutting edge trajectory, as shown in Figure 1, their difference is not crucial to the present
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study. The difference is insignificant in practice when the slope is not steep. The depth of cut
can be controlled within half of the maximum amplitude in the depth of cut direction, and
available frequency range of the amplitude control is limited to that which is relatively lower
than the elliptical vibration frequency. Therefore, performance in the role as FTS strongly
depends on the specifications of the vibrator.

1.3. Elliptical vibration tool and high-speed amplitude control system

Figure 2 shows the developed system of the high-speed amplitude control of elliptical vibration
at a frequency of about 36 kHz. A two-degree-of-freedom (2-DOF) elliptical vibration tool [6],
which was designed to generate arbitrary elliptical vibration, is utilized in the present study.
The vibrator is actuated by using some PZT actuators, which are sandwiched with metal
cylindrical parts, namely a bolt clamped Langevin type transducer (BLT). As the vibrator is
designed to have same resonant frequencies in second resonant mode of longitudinal vibration
and fifth resonant mode of bending vibration, it can generate large longitudinal and bending
vibrations simultaneously at the same ultrasonic frequency by applying exciting voltages to
the actuators. Thus, an arbitrary 2-DOF elliptical vibration can be obtained at the diamond tool
tip attached to the vibrator by combining both resonant vibration modes with some phase shift.
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Figure 2. Elliptical vibration control system and frequency response of amplitude control

Gain of the amplifier can be controlled by external input in the developed system, and thus
the exciting voltage supplied to the actuator is changed. The amplitude is, consequently,
controlled by the external input. As the maximum amplitude in the depth of cut direction is 4
um,,,, the vibration amplitude can be controlled to change the depth of cut within 2 um by
this system. Measured frequency response of amplitude control is shown in Figure 2. The
developed system is able to control the vibration amplitude with a frequency bandwidth of
more than 300 Hz. This frequency bandwidth is relatively narrow as compared with that of
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conventional FTS. It might not, however, be a big problem because the elliptical vibration
cutting technology is available only at relatively low cutting speed.

1.4. Ultra-precision micro/nano sculpturing of textured grooves

The developed control system was applied to grooving experiments. The ultrasonic elliptical
vibration tool was mounted on an ultra-precision planing machine, NIC-300 (Nagase Integrex
Co., Ltd.), and was fed straight for grooving. The vibration amplitude was controlled with
sinusoidal and zigzag wave commands at the same time, and then, micro textured grooves
were formed on the surface of a hardened steel workpiece. The vibration amplitude was
controlled to change from 2 um,_, to 4 um,,_,. This corresponds to the depth of cut variation of
1 pum. On the other hand, the amplitude in the cutting direction is set to be constant, 4 um,,_,..

Figure 3 shows photographs of grooves machined at the cutting speed of 0.2 m/min by the
single crystal diamond tool with a nose radius of 1 mm and their surface profiles measured by
a laser microscope, VK-9500 (Keyence Corp.). It was confirmed that the grooves with various
ultra-precision micro textures can be machined successfully on the hardened steel, and mirror
surface quality can be obtained on all grooves. Measured surface profiles of sinusoidal grooves
agreed precisely with the command waves. On the other hand, measured corners of zigzag
grooves are rounded, and their step heights were relatively smaller than the variation width
of command waves of 1 um. This is considered to be caused by cutting off high-frequency
components in the amplitude control commands by the LPF, which the zigzag waves include
at their sharp corners.

(a)textured groove with sinusoidal command (b)textured groove \A}ith zigzag command

Figure 3. Microphotographs and surface profiles (cutting speed: 0.2 m/min, freq.: 100 Hz)

1.5. Ultra-precision micro/nano sculpturing on plane surfaces

In order to attain arbitrary sculpturing, an ultra-precision micro/nano sculpturing system was
developed by using the developed vibration control system and the ultra-precision planing
machine. Figure 4 shows the developed sculpturing system, where the planing machine is
simply controlled to machine a plane surface at constant cutting speed. The ultrasonic elliptical
vibration tool is attached on a Z-axis table of the machine tool. The vibration amplitude in the
depth of cut direction along the Z-axis is controlled in synchronization with cutting feed
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motion in the X-axis, and then, arbitrary micro/nano sculpturing can be attained on a flat top
surface of a steel workpiece by merely combining simple planing operations at constant cutting
speed with high-speed depth of cut control. An industrial computer is utilized to detect the
coordinate positions and generate the voltage signal for controlling vibration amplitude. The
coordinate values are constantly monitored in the developed system by directly communicat-
ing with NC control system or by using an external optical sensor. The dynamic command
signal for vibration amplitude control is generated to change the depth of cut in accordance
with the CAD data.

The developed machining system was applied to nano sculpturing experiments of picture
images. CAD data for sculpturing were produced from gray scale images, where the gray
values of 8 bits (256 gradations) in pixels were converted into the amplitude commands. As
the vibration amplitude in the experiments was changed within a range from 2 um,, to 4
um,,,, the depth of cut was changed within 1 um. The resolution of the depth of cut control is,
therefore, about 4 nm. Hardened steel workpieces (64x48 mm, JIS: SUS420]2, HRC53) were
machined with single crystal diamond tools with a nose radius of 1 mm. The size of original
images is set to 3200x2400 pixels, and thus, 1 pixel corresponds to 20x20 pm.

Ultrasonic elliptical vibrator
- |

Z-axis = X-axis (cutting direction)
(depth of cut direction) |

Workpiece_| — 4 [ Elliptical vibration

Y-axis (feed direction

Amplitude

Coordinate values command

Industrial
computer  .¢—CAM data for sculpturing

Figure 4. Developed micro/nano sculpturing system using elliptical vibration cutting

Figure 5 shows an example of the nano sculpturing of picture images. The depth of cut was
controlled in nano scale in accordance with the image data. As shown in Figure 5, the gray
scale picture image, the microphotograph of the machined surface and its profile, which was
measured by optical surface profiler (ZYGO NewView 6200), correspond well to each other.
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The result shows that picture images can be printed successfully on hardened steel as nano-
scale sculptures.

Al W TR | ¥
(a)gray scale image (b)microphotograph (c)measured profile

-4

Figure 5. Gray scale image for amplitude command, machined surface and measured surface profile

Nano sculpturing experiments involving dimple patterns were also carried out with the
developed sculpturing system. Sinusoidal commands to control the vibration amplitude were
input to the elliptical vibration control system during machining, and the phase of the
sinusoidal commands was changed by 180 degrees in every cutting feed, so that precisely
aligned patterns were sculptured.

Figure 6 shows microphotographs. The hexagonal dimple patterns, whose borders are sharp,
can be observed on the left. On the other hand, isolated circular dimple patterns were also
sculptured successfully on the right, as the maximum depth of cut was considerably smaller
than the amplitude variation. The results show that a variety of dimple patterns can be obtained
ultra-precisely on the steel materials by using the developed sculpturing system.

1.6. Conclusion

Novel ultra-precision sculpturing technology for difficult-to-cut materials at micro/nano scale
was proposed by utilizing elliptical vibration cutting technology. In the proposed method, the
depth of cut is controlled without the conventional FTS technology by actively manipulating
the vibration amplitude in the depth of cut direction. In order to verify the proposed method,
the vibration amplitude control system and a high performance micro/nano sculpturing
system were developed and applied to sculpturing experiments on hardened steel. Conse-
quently, micro textured grooves, an image of a picture and various dimple patterns were
manufactured on the hardened steel workpiece successfully as nano-scale sculptures. These
were done by merely combining a simple feed motion at a constant speed with high-speed
depth of cut control.
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Cutting direction

[

Cutting direction

Figure 6. Microphotographs of sculptured dimples

2. Analytical prediction of chatter stability in ball end milling with tool
inclination [7]

A new analytical model to predict chatter vibration in ball end milling with consideration of
tool inclination is introduced in this section.

2.1. Introduction

The ball end milling is an important precision machining process, which is used in production
of dies, molds, impellers, screw propellers and parts with free-form surfaces. As the slender
ball end mills or the thin workpiece structures are flexible, the self-excited chatter vibration
often occurs and causes severe problems such as short tool life and deterioration of surface
quality. Many researchers investigated prediction of the self-excited chatter vibration in the
milling process. Altintas and Budak [8] developed an analytical model to solve the chatter
stability for the cylindrical end mills. Altintas, Shamoto, Lee and Budak extended the analytical
model for the cylindrical end mills to predict the stability limits in ball end milling [9], but the
tool inclination has not been considered due to geometric complexity of the ball end milling
process.

On the other hand, 5-axis machining technology has been widely spread recently, and it
enables arbitrary tool inclination for better machining efficiency, accuracy and stability.

Therefore, an analytical model of the ball end milling process with the self-excited chatter
vibration is developed and verified with consideration of the tool inclination.

2.2. Outline of analytical model to predict chatter stability in ball end milling with tool
inclination

The ball end milling process with the tool inclination is illustrated in Figure 7. The Cartesian
coordinates xyz are fixed to the ball end mill and aligned with the workpiece coordinates uvw
before the inclination. The origins of both the coordinate systems are placed at the present ball
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center. 1, v and w are the cutting feed direction, the pick feed direction and the normal direction
to the finished surface respectively. The tool is inclined around x by i, and then around y by
i,, as shown in the figure. The sky-blue region shows engagement of the ball end mill with the
workpiece. If vibration occurs in the process, it changes the uncut chip thickness and generates
the dynamic cutting force in this engagement region. This dynamic cutting force excites the
mechanical structure and generates vibration again.

/ Uncut chip
T thickness

x-) Cross section

Top view
Cutting feed
\ Y, "
- e, ' Pick feed
&Q\ Ny : )
Depth

Workpiece Finished surface

Front view Side view

Figure 7. Ball end milling process with tool inclination.

This closed loop system can be expressed by the block diagram shown in Figure 8. If the
vibration grows up through this closed loop, the system is unstable and generates the self-
excited chatter vibration. The diagram contains two self-excitation mechanisms, i.e. regener-
ation and mode coupling. Note that the original or static milling forces and the forced
vibrations, which change in synchronization with the tooth passage, are neglected in the
present study, because they do not basically affect the self-excited chatter vibration.

In the ball end milling process, most of the surface removed by the present tooth has been cut
by the previous tooth, as shown in the x-y cross section in Figure 7, and thus the present uncut
chip thickness fluctuates by not only the present vibration but also the previous vibration. This
regenerative effect is represented generally by the delay term pe™, where T is the tooth passing
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period. The overlap factor u can be approximated by 1, since the feed rate is usually small
enough compared with the ball radius r.

The multi-directional vibrations can be coupled when their modes in different directions have
close resonant frequencies. The present study, therefore, deals with the xyz vibrations and their
mode coupling effect as shown in the diagram.

The transfer functions are supposed to be measured, while the directional milling force
coefficients, which are called process gains in the present paper, need to be calculated for the
prediction of the chatter stability. The process gains are time-dependent in the milling process,
but it is known that they can be approximated by their averages, i.e. DC components [8].
Therefore, the average process gains are derived numerically by assuming small displacement
in each direction [7].

displacement process gain

Regenerative {ﬁ"} Ball end milling
> lPxx ny szl

Pyx Pyy Pyz
PZ)C sz PZZ

Present dynamic
displacement

Transfer function

+
Gx(s) ny(s) Gz ()
ny(s) ny(s) Gyz(s)
- Gz (s) Gzy (8) Gz (s)
Delay
e 1S Dynamic Jx
Previous dynamic cutting force fz

displacement

Figure 8. Block diagram of ball end milling process with regenerative and mode-coupling chatter vibrations.

2.3. Experimental setup and measurement

The machining experiments were conducted on the inclined workpiece surface with a slender
ball end mill and a vertical machining center (Millac 3VA-DS, Okuma Corp.), as shown in
Figure 9. The vibration was measured at the tool holder with the displacement sensor. The
transfer function matrix was measured by the impulse response method, and the specific
cutting forces, which are required to compute the process gains, are identified using a
dynamometer and an oblique cutting model [10].

2.4. Analytical and experimental results

Figure 10 shows the predicted gain margins g,,, the predicted stability limits, i.e. contour lines
of ¢,=1, and experimental results of chatter vibrations. The experimental vibrations were
classified by using the chatter frequency component of the measured displacement s, as shown
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center

Figure 9. Ball end milling experiment with tool inclination.

under the figure. For example, severe chatter was detected at >2 mm and i,=10 deg, where the
measured displacement has a large chatter frequency component of s;>1.3 um. On the other
hand, only the spindle speed harmonics were observed at d=2.5 mm and i,=45 deg. The
analytical and experimental results are all in a good agreement as shown in the figure. There
were no chatter vibrations at g,>1.2, while severe chatter vibrations were detected at g, <0.6.
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Figure 10. Predicted gain margins and chatter stability limits, and experimental results at varied tool inclination angle
i,.. Workpiece: aluminum alloy (JIS:A5052); Cutter: HSS ball end mill (EBD80820, OSG Corp.), Cutter: number of flutes n,
= 2, radius r = 10 mm; Cutting conditions: i, = 0 deg, pick feed p = 1 mm, n = 6240 min-1, feed rate of 0.01 mm/tooth;
Cutting fluid: soluble. Chatter vibrations were classified as follows; O: no chatter (s, < 0.12 um), A: slight chatter (0.12
pm < s, < 0.24 um), x: chatter (0.24 um <s, < 1.2 pm), *: severe chatter (1.2 um <s,).

2.5. Conclusion

The analytical model of the ball end milling process with the self-excited chatter vibration was
developed with consideration of the tool inclination, and it was applied to predict the chatter
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stability at varied spindlespeed and toolinclinationinthe presentresearch. The predicted chatter
stability agreed well with the experimental results, and it is expected that the present analysis
will contribute to improve machining efficiency, surface quality and tool life in the free-form
machining with the flexible structures like slender ball end mills and thin workpieces.

3. A new fluid bearing utilizing traveling waves [11]

A new non-contact fluid bearing utilizing traveling waves is proposed in this research.
Conventional hydrostatic bearings utilize externally compressed fluid, which requires
plumbing and compressors. In contrast, on proposed bearing system the moving part is
supported with a thin fluid film compressed by the waves traveling radially on the bearing
surface. The proposed bearing realizes non-contact smooth motion without such a large
apparatus, and furthermore it has a capability to electrically control the bearing force or
clearance.

3.1. Introduction

Bearings are one of the most fundamental and necessary elements for machines to generate
motion between to surfaces smoothly with low friction. There have been constant demands
for low friction or non-contact bearings for many years [12-14].

As for non-contact bearings, L. -D. Girard invented a hydrostatic bearing in 1865 [15]. An active
magnetic bearing was invented around the same time, and its actual system was developed
as early as 1950 [16]. The feasibility of a squeeze bearing was first demonstrated and reported
in 1964 [17]. These non-contact bearings have been improved and utilized in practice according
to their different characteristics. However, it seems that no fundamental principles of non-
contact bearings have been proposed after those inventions.

A new principle of non-contact fluid bearings, which utilizes traveling waves, is proposed in
this research, and a prototype device is developed on the basis of the proposed principle.

3.2. Working principle of the new fluid bearing system

According to this new principle the non-contact fluid bearing is realized by generating the
traveling waves radially on the bearing surface as shown in Figure 11.

The working principle of the first prototype is illustrated in Figure 11a. Three sets of piezo
actuators are placed radially around the bearing surface, and sinusoidal voltage is applied to
the actuators with a phase shift to generate traveling waves on the flexible surface (Figure
11b). As the waves are generated radially, the fluid is transported from outside to the center,
which in return generates pressure and a floating force to support an object. When the
amplitude and frequency of the voltage are increased, more fluid is pumped under the bearing
surface allowing higher loads to be supported.

The following key properties show that this new bearing design is promising for high precision
applications:
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i) It is very compact, does not require any pump or bulky tubes to supply air, ii) the bearing

gap can be controlled by adjusting driving voltages, iii) it has a natural resistance to moment
of force with a single pad, and iv) can be used during high speed motion.

Supported Object
[ Support Surface

ﬁﬂsf! Piezo Actuators

Supported Object
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Generator
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L .Wa

Flexible
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Fluid Bearing

Fixed Ground

Figure 11. Principle of proposed fluid bearing — a) Working Principle b) Traveling Wave

3.3. Evaluation of the developed bearing system

In order to study the properties of the proposed bearing system a prototype bearing is
developed with respect to the bearing structure illustrated in Figure 11. Figure 12 shows the
prototype bearing structure floating on the guide surface. Atmospheric air is utilized as the

bearing fluid in this prototype.

Developed device

Figure 12. Prototype fluid bearing system

The developed fluid bearing is controlled with a piezo driving apparatus, and it is confirmed
that the device can be floated successfully and can move smoothly with almost no friction like
a hydrostatic air bearing. The performance of the developed bearing is evaluated experimen-

tally in the following.
3.3.1. Traveling wave on the bearing surface

Displacement distribution on the bearing surface, and its transient change are measured with
an optical fiber sensor in the circular direction. The measured displacements are synchronized



by considering phase shifts from the applied voltages, and one cycle of their transient change
is shown in Figure 13. It shows that the traveling wave is generated with amplitude of about
6 um and it is absorbed near the center. As shown, a nearly perfect wave to transport the fluid

could be generated on the bearing surface.
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3.3.2. Maximum load capacity

Utilizing the above traveling wave method, maximum load capacity of the bearing is measured
on the prototype bearing. Weights are stacked on the center of the device. Critical weight load
between the contact and the non-contact is recorded as the maximum load capacity. Figure
14 shows the maximum load capacity measured at various amplitudes and frequencies of the
driving voltage. The maximum load capacity is increased as the amplitude and the frequency
are increased. This tendency is the same as that of the floating displacement, but the effect of
the frequency is relatively small in this case. The maximum load capacity of about 100 N can
be obtained at 80 Vp-p.

M ax imum load
capacity M

50 e g
Amplitude of ap ‘zau
driving woltage Vp-p 20 1""'~-;, - “1op 184

Driving frequency Hz

Figure 14. Maximum load capacity under various driving conditions.

3.3.3. Evaluation of various properties

Other properties of the bearing system are also studied experimentally. An experiment to
produce the attractive force is also carried out by reversing the traveling waves. It is confirmed
that the device can be attracted to the guide surface. For example, the negative gauge pressure
measured with the pressure sensor is about -3.6 kPa at the center under conditions of 80 Vp-
p and 50 Hz.

Moment of force is applied to the device, and it is confirmed that the present device has
resistance to the moment of force without using plural bearing pads. For example, the
developed device is floated even when a weight load of 30 N is applied on it at an eccentric
position, which is 40 mm away from the center. This is considered to caused by viscosity of
the air, i.e. the air pressure distribution can be asymmetric to produce the resistance force to
the moment.
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Vibration of the supported object is evaluated by using the optical sensor. For example, the
supported object is vibrated vertically with an amplitude of 0.66 um at the center, when the
device is driven at 80 Vp-p and 100 Hz. It is considered that this vibration is mainly caused by
the incompleteness of the traveling wave, whose value is roughly the same as this vibration
amplitude.

3.4. Conclusion

A new fluid bearing is developed which utilizes traveling waves. Evaluating the prototype
device the following remarks can be concluded:

It is possible to realize a non-contact air bearing by the proposed method.

Floating displacement or load capacity is increased with an increase in the driving voltage and
frequency, i.e. the device is electrically controllable. Maximum load capacity is recorded as
100N.

The proposed device can also produce attractive force instead of the floating force by reversing
the traveling wave.

The bearing also has resistance to moment of force even with a single pad.

4. Mass-producible rapid mixer based on Baker’s transformation

We developed a novel methodology to fabricate three-dimensional passive-type mixer based
on the baker’s transformation (BT). BT is the best transformation for mixing fluids of laminar
flow. We newly designed the BT structure with isovolumetric change without any separation/
joining process of two channels. Itis a suitable solution for mass-producing BT mold structures
by utilizing precision cutting techniques. Two scales of BT mixers with similar structures are
introduced herein. The one is for microfluidic analytical systems to accomplish well-mixed
solutions in a short channel length, and the other one in miniature scale aims at high perform-
ance mixing of high viscosity fluids in food processing or resin blending. An ultraprecision
five-axis planing machine and diamond cutting tools were used for a microfluidic BT mixer
mold on a oxygen-free copper block, in which the flow passage area was 3.2E-9 m?. For a
miniature BT mixer mold on an aluminium block, a precision machining center and an end
mill with a 1 mm radius were used. The flow passage area was 3.2E-5 m?. We studied their
mixing performances by numerical analyses and obtained the BT mixing results showing good
similarities with that of numerical analyses. Moreover, the mixing performance of the micro-
BT mixer was quantitatively examined to accomplish complete mixing over a wide range of
flow rates.

4.1. Background of micromixers for bio-informatics

In the past decades microfluidic systems have been widely used in chemistry, biology, and
nanobiotechnology, including DNA [18] or protein analysis [19], cell sorting [20], and chemical
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reactions [21]. Mixing inside microchannels plays an important role in those microfluidic
analysis systems, and many researchers have made efforts to develop innovative mixing
techniques inside microchannels [22]. In particular, mixing of solutes with a low diffusion
coefficient inside microchannels is important and useful for a variety of applications including
immunoassay [23], and it is desirable to get the most efficient and rapid mixing possible inside
them.

Most passive-type mixers [24-27] depend on simple mixing techniques without any external
power sources, unlike active-type mixers, which use such sources as ultrasonic [28], magnetic
stirring [29], and bubble induced acoustic actuation [30]. In the passive-type mixers, only the
structural design induces the mixing of fluids affected by the convection flow and large
interface of fluids.

Comparison of active type micromixers with the passive type shows that the former can realize
excellent mixing performance, but with some disadvantages: 1) difficulty in integrating other
microfluidic components; 2) high cost from the standpoint of being a disposable device; 3)
complex control units or an external power source. On the other hand, passive (static) type
micromixers have three advantages: 1) easy integration with other microfluidic components;
2) low cost; 3) no external power source is needed. These passive structures, however, did not
have all the desired features of providing rapid mixing, high mixing efficiency, a wide range
of flow rates, and having no dead volume.

4.2. Microfluidic mixer utilizing Baker’s transformation

In this paper, we propose a new design for the 3D micromixer, which is based on the baker’s
transformation (BT in short), which provides the highest mixing performance as demonstrated
in chaotic theories [31].

4.2.1. Baker’s transformation

The schematic illustration of the BT process (stretch, cut and fuse) is shown in Figure 15. The
BT process transform fluid layers from one into two, and therefore the transformation of n
times produces 2" fluid layers. Consequently, the baker’s transformation can exponentially
shorten the diffusion length.

Figure 16a illustrates the BT mixing process. Two types of fluids are indicated in blue and
yellow colors. The successive 3D configuration changes fold the blue fluid onto the yellow
fluid gradually. After completing the folding, the combined fluids are stretched and then half
of the fluids are bent 90°, which these steps make a great difference between baker’s transfor-
mation and parallel lamination. The bent part of the fluids are moved to the opposite side.
Then the moved part is gradually folded onto the original fluids again.

4.2.2. Numerical CFD analysis

The microfluidic distribution of vertical cross-sectional views was investigated numerically,
by using CFD (computational fluid dynamics) software (ANSYS CFX). The boundary condi-
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tions of the numerical simulation were: 20 mm/s flow rate for the inlets; 0 Pa static pressure
for the outlets; and 0 mmy/s flow rate for the channel wall (the wall was regarded as having no
roughness and skidding did not occur). The numerical simulation results in Figure 16b.

4.2.3. Fabrication method

We have fabricated baker’s transformation structures with isovolumetric change (without
dead volume) on an oxygen-free copper block. We selected a planing process by using an
ultraprecision planing machine, NIC-300 (Nagase Integrex Co., Ltd.), which consists of three
tfeed tables with double hydrostatic oil guide ways on the XYZ axes, two rotary index tables
on the BC axes and a five-axis control system.

Y

; L
: _r

(1) Stretch (2) Cut (3) Fuse

Y

Figure 15. Schema of Baker's transformation (BT)

A custom-ordered ultraprecision diamond cutting tool (A.L.M.T. Diamond Corp.), which had
a1l mm nose radius, was used to finish the top surface of the mold. The proposed microchannels
were then machined with another ultraprecision diamond tool (A.L.M.T. Diamond Corp.). A
schematic of the mold is shown in Figure 17a. On an oxygen-free copper block (30x60 mm),
the BT device is designed to have two inlets, injection microchannels with 10 mm length and
20 um height, 10.4 mm length BT structures, and outlet channel with 33 mm length and 20 um
height.

PDMS type microfluidic BT mixer was then developed. PDMS (Dow Corning Inc.) and curing
agent (Dow Corning Inc.) were mixed at a ratio of 10 to 1, and then the mixture was poured
onto the mold, cured at 65 °C for 2 h, peeled from the mold, and baked at 120 °C for 30 min.
Because the baked PDMS was sequentially used for the second mold, it was soaked in a
commercial detergent solution (5%) for 5 min. Then, it was rinsed with double distilled water
and dried in a vacuum chamber. After drying, the PDMS mixture was poured onto the PDMS
mold, cured, and peeled from the mold as above. Before bonding of the second replication
PDMS and a commercial slide glass, access holes were punched into the PDMS and then the
PDMS and slide glass were both treated under oxygen plasma.

The 3D configuration of the structures is shown in Figure 17b. These structures were designed
to have transverse (x-y) and longitudinal (x-z) movement of solutions at the same time to
realize the BT like that of Figure 16. Vertical cross-sections of the BT device along the y axis
are illustrated in Figure 17c. The dotted lines indicate the replication point in Figure 17b. One
cycle of the BT device is 1040 um and there are 10 cycles in all. SEM image of the BT device is
given as a cross-sectional view (Figure 17d). The scale bar is 100 um.
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(@)

Figure 16. Schematics of (a)mixing process of BT device and (b)microfluidic distributions derived from numerical
simulations.
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Figure 17. (a) Schematic of the BT device. (b) Schematic 3D diagram of the mold for the BT device. (c) Schematic illus-
trations of vertical cross-sections of the BT device. (d) SEM image of the BT device. (e)&(f) Series of confocal micro-
graphs for one cycle in a microchannel.

4.2.4. Analytical evaluation of BT mixing performance[Yasui et al., 2011]

We quantitatively studied its mixing performance to attain complete mixing over a wide range
of flow rates. The mixing performance of the BT device is evaluated using FITC (fluorescein
isothiocyanate; diffusion coefficient: 2.6x10° m?s?) [32] and goat anti-mouse IgG (immuno-
globulin G; diffusion coefficient: 4.6x10" m?s™) [33] dissolved in phosphate buffered saline
(PBS).

4.2.4.1. Confocal microscopy

A confocal microscope (FV1000, Olympus) was used to observe the mixing behaviour through
a focus lens 40x/0.90 (UPLSAPO, Olympus). Excitation laser was 488 nm. Confocal images
were captured at a data acquisition rate of 0.90 frames per second. Stacks of each confocal x-y
scan of 512x512 pixels were collected with a step of 0.5 um in the z direction. Scan speed was
200 ps/pixel. Z-series images were merged into vertical cross-sectional images and analyzed.
The flames in Figure 17e and Figure 17f show confocal micrographs of the vertical cross-
sections of a channel similar to those in Figure 17c for one cycle; the mixing of FITC solution
and PBS (Figure 17e) and the mixing of IgG solution and PBS (Figure 17f). Flow rate was 100
mmy/s. The scale bar is 100 pm and the white dotted lines indicate channel outlines. The mixing
behaviour showed a good agreement with the fluid distributions of numerical simulations.

To evaluate the mixing performance, the mixing ratio was calculated using the following
formula [34];
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where N, [, I?, and 7" are the total number of pixels, the fluorescence intensity at pixel i,
the fluorescence intensity at pixel i without mixing or diffusion, and the fluorescence intensity
of the completely mixed solution at pixel i, respectively. Generally, the 90% mixing ratio was
regarded as complete mixing.

4.2.4.2. Analysis of mixing ratio

The mixing ratios of FITC solution vs. PBS and IgG solution vs. PBS are shown in Figures 18a
and 18b, respectively. The mixing ratio was calculated using formula (1). Circles, squares, and
triangles show Ay=1.04, 5.02, and 10.4 mm (i.e. after 1, 5, and 10 cycles of mixing), respectively.
The dotted line indicates 90% mixing ratio. The BT device provided complete mixing of FITC
solution and PBS at flow velocities up to 400 mm/s for 10 cycles, and complete mixing of IgG
solution and PBS was attained at velocities up to 50 mm/s for 10 cycles; these were character-
ized by the values of low Reynolds number (Re = Ul/v < 100, where U is the average flow
velocity, [ is the typical cross-sectional dimension, and v is the kinematic viscosity of the fluid).
The difference in maximum flow rate to attain complete mixing between FITC (400 mm/s) and
IgG solution (50 mm/s) was attributed to the different diffusion coefficients. From these figures,
we saw the mixing performance increased as the number of cycles increased, e.g. when mixing
IgG solution and PBS at 4 mm/s flow velocity, the mixing ratios were 44, 72, and 97% after 1,
5 and 10 cycles, respectively.
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Figure 18. (a) Mixing ratio of FITC solution and PBS vs. flow rate. (b) Mixing ratio of IgG solution and PBS vs. flow rate.
(c) Schematic diagrams of the BT device. (d) Confocal micrographs of vertical cross-sections of a microchannel.
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Figure 18d shows confocal micrographs of the vertical cross-sections of the most stretched
channel (160 um x 20 um, width and height, respectively) for different cycles as indicated in
Figure 18c. The scale bar is 100 pum.

In these micrographs, FITC solution and PBS in the upper part of Figure 18d or IgG solution
and PBS in the lower part of Figure 18d were introduced to observe the mixing behaviour
inside the BT device; a syringe pump operated at constant flow velocity of 100 mm/s was used.
As the simulation results indicated, the right edge of the channel was not fully mixed for both
of FITC and IgG after 5 cycles. At this flow velocity, FITC solution and PBS were completely
mixed after 10 cycles, but IgG solution and PBS were not. This insufficient mixing comes from
the 10-fold smaller diffusion coefficient of IgG compared to FITC.

To determine residence time to attain complete mixing, we calculated the time to achieve
complete mixing from Figure 18a and Figure 18b by dividing the length by flow velocity. Figure
19 shows the mixing ratio vs. residence time after 10 cycles with the BT device. Filled and open
symbols show FITC and IgG mixing, respectively. The dotted line indicates 90% mixing ratio.
The logarithmic fitting curves are expressed as Y=98.35+6.49logX (red filled circles),
Y=94.50+8.74logX (red open circles), Y=52.59+62.71logX (black filled triangles), and
Y=6.12+34.12logX (black open triangles); where Y is percentage of mixing and X is residence
time.

The residence time for FITC in the BT device was 51 ms and for IgG 306 ms. Considering the
residence times in the microchannel without BT structures of 4.0 s for FITC and 297 s for IgG
(that could not be attained in this mixing length but was calculated from the fitting curve), our
BT device showed significant potential for mixing FITC solution and IgG solution more
efficiently and rapidly in a 10.4 mm mixing length microchannel than in a microchannel
without BT structures, and mixing rate was more than 70-fold faster for FITC solution and 900-
fold faster for IgG solution.

Figure 19. The mixing ratio vs. residence time in the BT device (circles) and microchannel without BT structures
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4.3. Miniature BT device for high viscosity fluid mixing

We have also developed the miniature BT mixer, which was a scale-up model of the mass-
producible micro BT mixer, to make it possible that the mixing methodology we proposed was
available for multi-scale structures [35]. With the mass-producible mold design, its shortlength
and high mixing ratio characteristics, the miniature BT mixer would feasible for commercial
use of treating high viscosity solutions in mixing/heating/chemistry. Herein, we developed the
miniature fluid channel structure along with the basic guideline just like as the development
of micro BT mixer.

High viscosity solution forms the laminar flow when flowing inside the miniature fluid
channel with tens of mm? passage area. In the food industry, oils or flavouring materials need
to be mixed smoothly and homogeneously. The same need is for material industries like mixing
resins or other chemicals. The viscosity of foods has the distribution of 0.1 — 100 Pa-s, which is
100 — 100,000 times bigger than that of water. Just like the water solutions in a simple micro
channel, a simple macro channel cannot mix food solutions, therefore baker’s transformation
(BT) is feasible.

4.3.1. Prototype

A miniature BT device for mixing high viscosity liquids was prototyped as a mixer itself, not
as a mold herein. The aluminium alloy plate was fabricated by using the machining process
with a 2 mm diameter end mill, along with the design illustrated in Figure 20. The fabricated
structure is shown in Figure 21.

Introduction part Reprise BT section

Flow direction

i&gg
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Figure 20. lllustration of three-dimensional BT mixer:
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Figure 21. Prototype BT mixer made of hard aluminium alloy

In Figure 20, the side, top, and cross-section view are shown in upper, middle, and lower level,
respectively. The dotted lines indicate the replication points in the flow channel. The far left
of the channel illustration is connected to two separate inlets. Two colors represent the different
fluids mixed by BT ideally: (1) 1st BT forming 2 folds; (2) 2nd BT forming 4 folds; (3) reprise
of the 2nd BT. The n times of BT forms 2" folds, meaning the diffusion distance among every
layer results in 1/2" to be the exponential acceleration of fluid mixing.

4.3.2. Preliminary experiment

In order to confirm the flow distribution directly, we introduced cure liquid silicone rubbers
to cut them when they totally cured in 8 hours, and observed cross sections. The fabricated BT
structure was sealed with the flat aluminum plate, and two inlets were connected to syringes,
providing the silicone rubbers. Rotating a handle moves syringes translational to push the
silicone rubbers out. We used the white silicone rubber TSE3504 (Momentive Performance
Materials Inc.; viscosity: 10 Pa s at 23°C, specific gravity: 1.22 at 23°C, demold time: 8 hours at
25°C) for one inlet, and for the other, the blue colored master ME50-M (Momentive Perform-
ance Materials Inc.; viscosity: 800 Pa s at 23°C) was blended into TSE3504 with 1 wt% for
distinction.

The distribution of vertical cross-sectional views was also investigated numerically by using
ANSYS CFEX. A control volume was the tetrahedral shape and the length of each side was 0.2
mm at the maximum. The boundary conditions were: 6 mm/s flow rate for the inlets; 0 Pa static
pressure for the outlets; and 0 mm/s flow rate for the channel wall. The solution viscosity and
specific gravity were set to 10 Pa s and 1.0, respectively.

4.3.3. Results

Both the experimental results and numerical simulation results are displayed in Figure 22. The
top line is the cured silicone rubber. The middle and the bottom line are the experimental and
the simulation results as cross-sectional views in the flow direction, respectively.
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Figure 22. Results of four cycles of BT procedures

In Figure 23, the experimental folding results in the first three cycles (center column) were
compared with the ideal BT illustration (left column) and the numerical analysis (right
column).

The experimental results show relatively good similarities with the numerical analytical results
of two, four, and eight layers folded inside flow passages. Meanwhile, compared with the ideal
BT illustration, there are not small differences, especially in its marginal regions. The every
folded edge wasn’t processed perfectly because of the shear resistance decreasing the flow
rate. The mixing performance, however, relies mainly on interlayer distances near the center
of flow path. Therefore, the proposed miniature BT mixer is able to achieve high mixing
performance even though it doesn’t show the ideal BT mixing.

1st BT

2nd BT

3rd BT

(a) Ideal BT (b) Experiment  (c) Numerical analysis

Figure 23. Comparison among cross-sections after each BT cycle
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4.4. Conclusion

In order to meet the demand of mixing fluids for multi-scale mixers, We have developed a
novel methodology to fabricate three-dimensional passive-type mixers based on the baker’s
transformation. We aimed at fabricating BT structure with isovolumetric change without any
separation/joining process of two channels for the sake of mass-procucing BT mold structures
by utilizing precision cutting techniques. Two scales of BT mixers, one for microfluidic
analytical system and the other for mixing high viscosity fluids in food processing or resin
blending, were developed. We performed laboratory experiments for evaluating the mixing
performances of two prototypes. The confocal microscopy for 10 cycles (10.4 mm in length) of
microfluidic BT showed that the significant potential for mixing FITC solution and IgG solution
more efficiently and rapidly than in a microchannel without BT structures, and mixing rate
was more than 70-fold faster for FITC solution and 900-fold faster for IgG solution. The
comparison of numerical analysis and the experimental result of mixing two colored silicone
rubbers by using prototyped miniature BT mixer (3 cycles) showed good similarities in their
cross-sectional phases.
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Chapter 5

Micro-Nano Robotics and
Mechatronics for Biomedical Applications

Tomohiro Kawahara and Fumihito Arai

1. Introduction

In medical field, one recent trend in clinical operation is minimally invasive surgery which is
used an endoscope and small instruments to avoid a damage for patients [1, 2]. This surgical
technique has been well introduced to many diagnosis and treatment department such as
internal medicine, ophthalmology, urology, especially surgical department. As well known,
surgical robots have been introduced and operated in this field to support surgical operations
[3, 4]. Generally, effect of minimally invasive surgery for patient is defined as follows:

Effective

PatientValue=—"—"——
Invasiveness

Therefore, in order to reduce invasiveness such as scars, it is important to miniaturize the
endoscope and surgical tools, while maintaining the performance of devices. In addition,
doctors would like to add some functions for improvement of safety and usability of surgical
tools during treatments. Therefore, small and thin instrument with high-function are highly
required and micro mechatronics makes a substantial contribution to fabricate and integrate
such novel tools and systems.

On the other hand, target of scientists in bioscience filed has been changed from tissue to single
cell level for specific investigation and understand of biological function. Especially, since
investigation of mechanical characteristics of cells is really important to know functions and
growth factors of cell, micro-nano actuators are highly required to stimulate and measure for
an investigation of single cell [5, 6]. Since conventional commercial manipulators are quite
large and slow, it is desired to develop high-performance tools which include micro-nanoro-
bots capable of manipulation and sensing of cells with a high-speed and a high-throughput.
By applying micro fabrication technique such as MEMS technology, we can make and integrate
tiny mechanical parts as a robot about similar size as cells with diameter of 10-100 pum.
Therefore, for bio application, micro-nano fabrication and robotics are also important in order
to realize the novel robots and systems.

I NT Ec H © 2013 Kawahara and Arai; 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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In this chapter, we introduce how to design/fabricate the micro- device and robot using for
actual medical and bioscience applications. Current problem and future direction of micro-
nano mechatronics for biomedical applications are also discussed to encourage vigorous
research activity in this field.

2. Medical application

2.1. Background

Minimally invasive surgery is a well-established method in modern medicine [7]. In particular,
Endoscopic Sub-mucosal Dissection (ESD) is well known for availability of 10 mm-order
cancer excision [8]. In ESD, a doctor inserts an oral endoscope into a stomach, and performs
surgical procedures by using narrow tools for removing tumor tissues. Therefore, since large
incisions are not required, this operation is a minimally invasive procedure to apply a quick
recovery for patients.

However, the disadvantages of ESD are the narrow operative field provided by an endoscope
and the low operability by a simple mechanism forceps. It uses a hook knife and an insulation-
tipped electro-surgical knife (IT knife) to cut the lesion. IT knife is designed to prevent the
penetration of the gastric wall by covering the tip of the electrical knife with a ceramic ball.
However, perforation is still encountered, leading to prolonged resection time. Therefore, the
ESD for gastric cancer requires a doctor with technical skills higher than those required for the
other endoscopic procedures. A basic technical principle of the surgical resection is the
resection of appropriate tissues, which is forced to stand-out by injecting saline under the
tumor. However, this endoscopic surgery is “one-arm surgery” that it can only insert one
endoscope to cut and exfoliate the lesion. Ideally, one arm is pulling the lesion and another
arm to cut would improve the efficiency and reduce the risk of complications, such as bleeding
and perforation from cutting the unconfirmed blood vessels. The exfoliating procedure with
a hook or IT knife is especially difficult during in the surgery. It takes the most of the surgery
time. A couple of studies have attempted to address this issue. In clinical field, several
techniques for assisting endoscopic surgery are proposed and conducted [9, 10]. However,
these approaches are not enough to solve the time-consuming and the skill-dependent
problems on ESD, therefore, a new approach has been desired for years.

There have been many works discussing surgical assist microarms [11]. Catheter is a good tool
for diagnosing inner surface of stomach, large intestine, and so forth [12]. Most catheters have
a gripper, so that they can treat the surface of internal organs. However, when a catheter
contacts to the stomach wall, it easily has deformation. It is difficult to keep the lifting posture
of the catheter for surgical assist. Harada et al. developed the 2-DOF micromanipulator with
the diameter of 2.4 mm for intrauterine fetal surgery, even though it has no gripper [13]. On
the other hand, the robotic tools included endoscope systems are developed by a couple of
companies [14, 15]. Since these robots are embedded in the specially-developed endoscope,
we cannot apply these robots for a normal oral endoscope.
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Considering this background, we have proposed a surgical concept for ESD by utilizing a
couple of microarms, as shown in Figure 1[16, 17]. In this approach, a doctor can easily operate
the surgical procedures without time-consuming manner by the wire driven microarms, which
have multi-DOF for the wide-range movement. These conventional microarm, however, have
the coupling problem between the wire for the arm joint and the wire for the gripper, as shown
in Figure 2. When we open the gripper, the joint is also moved by the wire coupling. Therefore,
we could not precisely control the movement of the microarm, and we may apply damage to
tissue of organs by this problem. Most popular method for decoupling mechanism in robotics
is composed of several gears. In this method, it is difficult to design a compact microarm for
endoscope insertion. Ikuta et al. have developed the 5-DOF wire driven microarm with the
diameter of 3.0 mm for micro surgery in deep area of organs [18]. In this device, a number of
wires are required to control the microarm, even though the decoupled wire drive was
achieved by the fine micro-joint design.

We have also proposed the decoupling wire driven exoskeletal microarm with gripper
enabling the surgical operation of a cancer in tissues during ESD. Based on both a photoli-
thography and a wire-electric discharge technique, we fabricate the decoupling structure for
the metal frame of the microarm [19]. By using this approach, the developed extra-thin 2-DOF
microarm can be inserted to the endoscope channel with the diameter of less than 3 mm. The
developed microarm is capable of lifting up a tissue layer of organs during ESD.

CCD camera

Movable joint
1

) S

IT knife *Rabotic knife

Incision site

Stomach

(a)ConventionaI ESD (b)Proposed robotic surgery

Figure 1. Conceptual image of robotic endoscope surgery
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Figure 2. Wires coupling problem to drive a microarm
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2.2. Basic concept

In actual ESD, the required specifications for a microarm mounted to an oral endoscope are as

follows:

i Diameter of microarm: less than 3.0 mm

ii. Movable angle of microarm: +/- 60-80 degree
iii. Thickness of tissue layer to handle: 2.0-5.0 mm
iv. Weight of tissue layer to handle: approx. 30 g.

Figure 3(a) shows a conceptual image of the proposed microarm which is composed of a base
link, a fore link, an arm joint, and a gripper. Since the size limitation of endoscope channel is
approximately 3.0 mm, we have to design the microarm with the diameter of less than 3.0 mm.
We apply an exoskeletal structure for the arm design to reduce the size of the microarm. The
exoskeletal is well known for a miniaturized structure such as an insect arm. Moreover, since
an exoskeletal structure has a rotational joint, we can estimate the exact posture of the microarm
by measuring the joint angle from the outside of the body.

At the first, we design the arm joint for bending the microarm and the gripper for grasping/
lifting of stomach tissues based on an analytical approach. From these results, we also design
the decoupling structure to assembling the mechanical elements of the microarm.

2.3. Design

2.3.1. Joint Design

Figure 3(b) shows the basic structure of the arm joint, which has the shape of trapezoid frame.
To increase the movable area of the arm joint, we actively apply the elastic deformation of the
frame to the joint design. Figure 4 shows the trapezoid frame model for the arm joint where
W, I, I, b, ®, M, Ry, and R are a tension by wire, a second moment of area, length of beams,
a half-length of bottom of trapezoid, angle from bottom of trapezoid, a moment at a point C,
anormal force at point B, and a normal force at point D, respectively (i=1, 2). From this model,
we calculate the appropriate parameters of /; and ¢ for arm design. Here,

b=I,cos @ +1, (1)

Since the microarm has the size limitation, we use b=0.49 mm on this analysis. We can obtain
the equation about the deformation of the beam BD as follows:

dzy_
dx?

EI Rpx -MCH(x - 12) - w(x - ZZ)H(x - 12) ()

w(l,-d
Ry~ ®)
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Gripper

(a)

Gripper
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Figure 3. Design of a robotic microarm with a microgripper

where E, H(x), and d are Young's modulus, Heaviside function, and a distance between the
point C and the point of application of tensile force by wire, respectively. By using the equations
(1)-(3), we simulate the deformation angle Oc at C as follows:

W (b - I,cos @)(b - I,cos ¢ +d) 1
Oc= 6ET t 20 - Tycos 9) {0pc0s (¢ - 05)+0pcos (¢ - Op)} (4)

where 65, O3, 6, and 0}, are the displacement of the beam AB at point B, the angle of the beam
AB at point B, the displacement of the beam DF at point D, and the angle of the beam DF at
point D, respectively.

For the numerical simulation, we use W=1.0 N and d=0.63 mm. From the result of the simulation
as shown in Figure 5, we determine the parameters such as [;=0.48 mm, [,=0.00 mm, and ¢ =0
deg. To confirm the availability of the designed parameters, we carried out the FEM analysis
by using the COMSOL Multiphysics software. Figure 6 shows an example of the simulation
result. From this figure, we can see that the rotation center exists in the center of the joint arm
and the arm joint has large deformation by the wire tension. This means that we can realize
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the extra-thin microarm which has both the wire decoupling and the large movable angle of
joint. The required accuracy of the designed parameters (50 um order) is enough to fabricate
the actual microarm by a wire-electric discharge machining.

Figure 4. Mechanical model of a trapezoid frame for the arm joint

Glleg]

Figure 5. Evaluation of the joint flexibility
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Figure 6. FEM analysis of the designed joint

2.3.2. Gripper design

In order to implement a gripper to the microarm, it is important that gripper has a simple
mechanism and a large grip force. From these points, we apply Muramatsu et al. proposed
principle which is based on a behavior of long pillar buckling to the gripper design, as shown
in Figure 7 [20]. By utilizing this principle, we can develop the simple gripper without large
mechanical elements. To determine the shape of the gripper, we carried out FEM analysis by
the COMSOL simulator. As the result of trial and error, we decided the shape of the gripper
which is normally-open type, as shown in Figure 8. The appropriateness of shape design is
confirmed through basic experiments, in section 2.5.

/

r* _
B e = |,
/ | \\\\'1‘ I||" ( r \,I i

I

x=Lsiné | i _® . [
Av=I(1-cos) | Ay V&

Figure 7. Concept of a buckling mechanism for the gripper design

2.3.3. Decoupling design

From the discussed designs above, we describe the wire decoupling design for microarm and
gripper. Figure 3(b) shows the wire implemented microarm, where the red line shows the 1
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wire for the gripper and the blue line shows the 2 wires for the arm joint. To achieve the wire
decoupling, the wire for gripper is precisely passed through the center position of the arm
joint. Therefore, even if the arm joint is bent by wires, the gripper is completely unaffected
with the decoupling design. As a result of the design, we decide the parameters of the microarm
such as the width of the opened gripper W,=4.5 mm, the height of the gripper H,=1.0 mm, the
length of the fore link L,=10.0 mm, and the height of the joint H,=1.8 mm, respectively.

Pt S =G P R D [ E32 ]
SR R R :

et [

1887

S Ml dion,
Figure 8. Stress distribution of the gripper

2.4. Fabrication

Figure 9 shows the mechanical parts of microarm which should be fabricated by microfabri-
cation. In order to fabricate and assemble the microparts, we used the combination of a wire-
electric discharge machining technique and a photolithography based electroplating
technique.

Gripper Fore link Arm Joint Base link

Wire-electric discharge~ e Pholﬂlilhography/
machining and Electroplating

o j—

Figure 9. Mechanical parts to construct the microarm

At first, to increase the stiffness of the microarm, the arm joint and gripper were fabricated by
using a wire-electric discharge, as shown in Figure 10, where the material of each part is
phosphor bronze, and the thickness is 0.2 mm.
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Figure 10. Fabricated arm joint and gripper machined by electrical discharge machining

On the other hand, to assemble of the joint and gripper, we require the link parts with the
accuracy of 10 um order. By applying a photolithography to this fabrication as shown in Figure
11, we developed the extra thin mechanical parts for the microarm. For a first step of the
fabrication, the sacrificial layer (LOR 5B, Tokyo Ohka Kogyo Co. Ltd.) was coated on Si wafer.
Then Au-Cr was sputtered on the wafer (thickness=300 nm). Next, the photoresist (KMPR 3035,
Kayaku Micro Chem Co. Ltd.) was coated on the substrate. After removing photoresist and
sacrificial layer (Remover PG, Kayaku Micro Chem Co. Ltd.), ultrasonic cleaning was con-
ducted to peel off the remaining Au layer. Furthermore, by introducing the proposed Stacking
Microassembly Process called STAMP as shown in Figure 12 [16], we fabricated the layered
link parts to increase the parts thickness. Figurel3 shows the fabricated and assembled part
(base link) for the microarm.

Mi
Si

1. Spin coat LOR 5B 4. Electroplating

_— Cr/Au | S .
l |

2. Sputter Cr/Au 5. Lift off

uv
P - _WMASK
| || ./ | KMPR 1035 -

3. Photolithography 6. Ultrasonic cleaning

Figure 11. Electroplating based on photolithographic micropattern
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Figure 12. Fabrication method of base links using STAMP (Stacked Micro-assembly Process)

Finally, we completely developed the microarm with the diameter of 2.62 mm (maximum
height: 1.9 mm, maximum width: 1.8 mm), as shown in Figure 14.

Figure 13. Fabricated and assembled single link part for the microarm

2.5. Experiments

2.5.1. Basic experiments

To confirm the performance of the developed microarm, we performed the basic experiments.

Effect of the decoupling design: The microarm was pulled by Bolfur wires (diameter=100
pum) with manual operation. Then, we measured the rotation angle of the microarm from the
captured image by camera (Figure 15(a)-(d)). From this experiment, we confirmed that the
maximum rotation angle is 60 deg. with 27.0 N tension force. Furthermore, we also confirmed
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Figure 14. Fabricated and assembled 2DOF microarm which is driven by wires

that the arm joint movement is not mostly affected by that of the gripper, as shown in Figure
16(a) and (b).

Figure 15. Bending demonstration of the developed microarm
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(a) Verification experiment to confirm the effectiveness of the decoupling design.
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(b) When the joint was bent by wires with 0 deg., the gripper was closed by pulling the another wire.
Then, we measured the 50 to confirm the effect of the decoupling mechanism.

Figure 16. Evaluation of the decoupling design

Grip force of the microarm: First, the grip force of the gripper was measured by the sensor
made by a metal flat plate with a strain gauge. As a result, we confirmed that the grip force of
the gripper is 0.52 N at a maximum, as shown in Figure 17. Next, a silicone rubber imitated a
human tissue was gripped and lifted by the developed microarm, as shown in Figure 18. In
this experiment, we changed the thickness of the 100.0 x 50.0 mm size silicone rubber. From
this experiment, it was confirmed that the microarm can lift up the rubber sheet with the
thickness of 3.7 mm (21.0 g). In actual ESD, we have to handle a mucous membrane with a
thickness of 2.0-5.0 mm and a weight of approximately 30 g. Through this experiment, the
usability of the developed microarm was confirmed.



Micro-Nano Robotics and Mechatronics for Biomedical Applications 89

x=0.2 x=1.0 x=1.8
Gripposition [mm]

Figure 17. Grip force according to grip position

[o¥]

ko
o

o

Grip foece [N]
=
o)l

[

o=
o

Figure 18. Overview of the lifting experiment

2.5.2. Animal experiments

Based on the experimental results, we applied the developed microarm to the animal experi-
ments. The microarm could insert the actual endoscope channel (2.7 mm), as shown in Figure
19(a), and Figure 19(b) shows the overview of the experiment conducted in the pig stomach.
In this experiment, we succeeded in inserting and driving the microarm in actual stomach.
However, since the limitation of the wire-electric discharge machining, the gripper could not
close completely. Therefore, we think that the grip force of the microarm (0.52 N) is not enough
to grasp the tissue without slipping during ESD. In the future work, we should redesign and
fabricate the gripper to improve the grip force. The specific evaluation of the grip force will be
conducted (e.g. the relationship between the gripper angle and the grip force). On the other
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hand, the developed microarm was made from phosphor bronze and nickel which may cause
allergic reaction. For a clinical application, the microarm should be coated by biocompatible
material.

We believe that the developed microarm can be applied to other endoscopic surgeries, for
example NOTES (natural orifice translumenal endoscopic surgery), SPS (single port endo-
scopic surgery) and so on [21, 22].

Endoscope

2mm

H
(a) (b)

Figure 19. Overview of the animal experiment

2.6. Discussion and summary

Here, we described a developed decoupling wire driven exoskeletal microarm that can be
applied to ESD. The main results of our study are as follows:

1. The 1.8 mm thickness microarm is composed of a gripper with 0.52 N grip force, an arm
joint with +/- 60 deg. rotatable angle, and two link parts. These mechanical elements are
fabricated by a wire-electric discharge and a photolithography technique.

2.  Through our basic experiments, we have confirmed the developed microarm can be
installed to an endoscope channel with the diameter of the 2.7 mm and the wire decoupling
of the microarm is achieved.

3. Available handling size of the developed microarm is 100.0 x 50.0 x 3.7 mm (21.0 g), we
apply the microarm to actual endoscope during ESD.

For one of the future direction of microsurgical robot, new design approach is also required
to drastically improve the performance of the microarm. Currently, since these conventional
instruments are consisted of rigid materials, it is difficult to achieve both the flexibility and the
biocompatibility to avoid damage of tissues. Therefore, more versatile instruments are needed
for application of actual endoscopic surgery. In contrast, biological structure such as legs of
insect or crustaceans can move flexibly and exert good strength because of their exoskeletal
structure. Exoskeletal structure has the advantage to miniaturize the whole structure with a
rotational joint, which make it easy to estimate the exact posture of the joint by measuring the
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joint angle from the outside of the structure. Moreover, joint has an anisotropic stiffness.
Considered by these mechanisms, bionic design is the mechanism and the material introduced
to realize such as a living structure. By using this approach, bionic joint has a potential to solve
the conventional problems on mechanical joint made by rigid materials. For instance, we have
developed a bionic joint which is made by different stiffness materials that are silicone and
polymer [23]. The joint is small (< 2 mm), and it can insert to the channel of oral endoscope to
assist of the surgical procedure, as shown in Fig. 20. By using this approach, we believe that a
doctor will be able to easily access and operate affected areas during endoscopic surgery.

Hard material

Soft material

Tension force

Developed bionic joint

Rotation center

Figure 20. Design concept of bionic joint and fabricated microarm

3. Bioscience application

3.1. Background

Recently, in bioscience field, mechanical stimulation to a single cell is highly required to figure
out functions and mechanical characteristics of cells. Especially, this approach is very useful
for understanding the mechanism of aquatic microorganisms in terms of neurology and bio-
fuel technology [24]. Since the mechanical characteristics of a number of aquatic microorgan-
isms have not been fully understood yet, mechanical approach is really important to
understand the cell interaction, growth factor of cells, and function of mechanoreceptor. In
order to cope with this issue, conventional investigation for microorganisms was carried out
manually or by using micromanipulators under microscope. However, throughput and
dexterity of measurement were very low, because the manipulator had to handle the slender
glass tools. Additionally, since petri dish was used these operation, we cannot maintain the
stable condition of measurement system without contamination and disturbance.

There are two important points to evaluate the relationship between the mechanical stimula-
tion and the response of microorganism. The first thing is that we should measure the amount
of applied stimulation to cell as an applied force. The other thing is that, we should keep the
experimental condition to observe the chemical reaction after stimulation of cell precisely.
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On the other hand, there are many works of the micro-nano-robots and sensors based on
MEMS/NEMS technologies to manipulate and/or measure the microorganisms [25-29]. Sun
et al. have been developed the SOI based 2DOF force sensor which is consisted of the comb
structures to detect the change of the capacitance [30, 31]. This sensor was applied to the
evaluation of the mechanical property of oocyte. Nakajima et al. have been developed the
nanoprobes to measure the stiffness of the C. elegans by the Atomic Force Microscope (AFM),
which is the cantilever based force sensing [32]. Cappelleri et al. have proposed the uN force
sensor made by Polydimethylsiloxane (PDMS) for microrobotics [33, 34]. This sensor can
measure the force of two directions by using the vision sensor. These sensors, however,
require the operation by micromanipulators to measure the objects in the narrow space. This
means that it is difficult to close the total measurement system to prevent a contamination
of cell and liquid.

In contrast, Abbott et al. have been continuously researching magnetic actuators operated by
pairs of Helmholtz coils. They fabricated spiral shape microrobot and the microrobot swim in
liquid environment and it can achieve 6-DOF precise actuation [35]. Pawashe et al. also applied
pairs of Helmholtz coils for microrobot actuation. They actively employed stick-slip effects on
the sliding magnetic object by switching the magnetic fields of vertical direction and horizontal
direction [36]. Sakar et al. also developed a Helmholtz coils driven microtransporter [37]. They
integrated the magnetic actuation with vision feedback control, and they achieved to deliver
the microgel to neuron. We think that these robots with both the sub-micron-order positioning
accuracy and the millimeter-order drive speed are very useful to investigate microorganisms.
However, they did not have any sensors to evaluate the characteristics of cell in a closed space.
Recently, optical force driven nanorobots with nm positioning accuracy have been developed.
Ikuta et al. developed 6DOF-nanorobot made by light curing resin. They succeeded in the
measurement of applied force to Yeast cells with approx. 5 um diameters in a fluidic environ-
ment [38]. Arai et al. also developed the force feedback system by using the multi-beam optical
tweezers [39]. The disadvantage of the optical drive method is from nN to pN order generative
force. It is not enough to push 100 um size microorganisms which have a stiff structure.
Therefore, on-chip manipulation/sensing of microorganisms by functionalized microrobots
are highly requited.

3.2. Basic concept

In the conventional works of our group, the magnetically driven microtools (MMT) have been
proposed for automation of cell manipulation, as shown in Figure 21 [40]. The MMT, which is
placed in a microfluidic chip, is composed of a magnetic material (Ni), and can be actuated by
a permanent magnet mounted on a motorized stage (an XY-linear stage and a rotation motor)
outside the microfluidic chip. Using four magnets to drive a single MMT, we can achieve stable
movement of the MMT with 3DOF (X-direction, Y-direction and rotation). This allows the
manipulation of cells in a completely closed biochip with generative forces of the order of mN.
Since a closed microchip is used, we can avoid any contamination and maintain stable
conditions during the measurements. This system contributes to our ability to observe
continuously the response of the chemicals of microorganisms after stimulation. Further, our
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approach has the advantages of being a downsized actuation system and having a disposable
chip structure. Conventionally, we succeeded in increasing the positioning accuracy of a 3DOF
MMT from several hundred pm to 1 pum by using both the new method of arranging the
permanent magnets [41] and a vibration-based method of reducing friction between the MMT
and the substrate [42].

Microscope

i idi ¢ P t
eroﬂg;ldilljc K ; eré_lngéﬁa ‘
XY0-stage S

Figure 21. Basic concept of on-chip microtools and fabricated microfluidic chip with four microtools made of Ni.

Here, we consider that the beam structure is mounted on the tip of the MMT and the
deformation of the beam is measured by the microscope to achieve the on-chip force sensing,
as shown in Figure 22(a). However, there is a large friction between the MMT and the
substrate of the biochip (normally glass) because the MMT is attracted by the magnet. It is
big issue for on-chip accurate force sensing because the effect of the friction is included to
the measured force data. Furthermore, since the beam structure becomes very thin, we
concern that it is difficult to assemble the MMT to the microchip without any damage. To
avoid these issues, we newly propose the layer type MMT which includes the MMT with
the beam structure supported by the spring, the magnetic material, and the microchannel,
as shown in Figure 22(b). The space between the MMT and the substrate is maintained by
the microspacer. Therefore, there is no friction on the force sensing structure of the MMT.
By using the layer structure, the micropattern of the MMT is protected and easy to assem-
ble the several microparts
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(a) 2DOF MMT with a force sensing structure (b) Layer fabrication method to avoid friction and damage of MMT
Figure 22. Concept of force sensing microtool and layer fabrication method

3.3. Basic sensing principle

In the first step of the on-chip force sensing, we design the frame-shaped beam to the MMT.
This structure not a cantilever structure is important to keep straight the posture of the MMT
when we push cells. In addition, to increase the sensitivity of the force sensing by the camera,
the magnification mechanism of the beam deformation is placed into the frame, as shown in
Figure 23.

To design the parameter of the force sensing structure, we set the mechanical model of the
frame, as shown in Figure 23, where F, 0, [, h, d, 1, ,=b;h;’/12, 1,=b,h,*/12, and E are the force to
be measured, the displacement of the beam, the width of the frame, the height of the frame,
the width of the magnification mechanism, the height of the magnification mechanism,
Young's modulus, the second moment of area of the beam BC, and the second moment of area
of the beam CD, respectively. Here, the displacement of the magnification mechanism is

X =ad )

where a is the magnification ratio. Therefore, from this static model, we can obtain the applied
force as follows [43]:

F=kX
4E11[d(L -1)(I,H +121)}-1 (6)
- (I,H +21,])

r
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* Parameter || Description | Value
hi width of frame BC | 0.02mm
ho width of frame AB and CD I 0.04 mm
b1 height of frame BC 0.05 mm
b> height of frame AB and CD 0.05 mm
h length of frame AB and CD 0.60 mm
/ length of frame BC I 0.92 mm
r length of magnification mechanism 0.50 mm
d Distance between magnification mechanism I 0.50 mm
FE Young’s modulus of frame 3.2 GPa

Figure 23. Frame model of force sensing structure and designed parameters

3.4. Fabrication

By considering the results of the previous works which applied the force to the cells, we
selected an SU-8 negative photoresists for a material of the MMT to prevent the damage to
cells or microorganisms. As well known, SU-8 is flexible (approx. 2 to 10 GPa), and we can
easily make the micropattern by using the photolithography technique [44, 45]. The Young's
modulus of SU-8 depends on the thickness of the SU-8 and the exposure amount. By consid-
ering the diameter of targeted cell with a diameter of approx. 0.05-0.1 mm, we set that the
thickness of the MMT was b;=b,=0.05 mm and the exposure amount (UV Dose) was 500 m]J/
cm?. Then, we used 3.2 GPa Young's modulus for the SU-8 layer design. On the other hand,
from the limitation of the field of view of the microscope with the 10X objective lens (1.5 x 1.0
mm), we set [=0.92 mm, h=0.6 mm, r=0.5 mm, and 4=0.5 mm to observe the whole force sensing
structure during measurements. Finally, from the resolution of the photolithography of the
SU-8 with the emulsion mask, we decided as /,=0.02 mm and /,=0.04 mm.

Figure 24 shows the results of the FEM analysis based on the designed parameters. To
determine the optimal condition of the movable area of the MMT, we varied the width of the
support spring. Finally, we determined that a spring width of 50 pm was suitable. From the
results of the simulation, we confirmed that the support spring can be manipulated by
magnetic actuation, and that the force sensing structure works well, even though there were
some differences between the analysis and the simulation because of modeling error.
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(a) Support spring (b) Force sensing mechanism

Figure 24. FEM simulation of support springs and force sensing structure

Figure 25 shows the fabrication process for the proposed layer type MMT with the frame
structure. The biochip was composed of the glass substrate with the thickness of 100 um, the
microspacer with the thickness of 15 um, the SU-8 layer with the thickness of 50 um includes
the MMTs and the microchannel, the hemispheres with the diameter of 1 mm to actuate the
MMTs, and the PDMS cover with the thickness of 5 mm. Figure 26(a) shows the fabricated
SU-8 layer, and Figure 26(b) shows the enlarged view of the fabricated MMT. To push the local
point of a small cell, a triangle-shaped probe was attached to the tip of the MMT. Figure 27
shows the side view of the MMT. The space between the force sensing structure and the glass
substrate is maintained by the spring structure.

Glass & Spacer MMT PDMS Microchip
SU-8 SU-8
/ \ L:I:l/PDMS
] ] C :
' Fe hemisphere
1. Patterning 1. Sputtering 1. Patterning
i
ekl Glass
2. Patterning Si 1. Assembling
Cr etchant 2. Molding
T e ==
3. Lift off 3. Removing 2. Bonding

Figure 25. Fabrication process of MMT with a force sensing structure
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(a) SU-8 layer with 4 MMTs (b) Overview of the MMT

Figure 26. Fabricated MMT with force sensing structure

i

(b) Front view
Figure 27. Assembled MMT layer (without Fe hemisphere) and microspacer layer

3.5. Experiments

Next, we evaluated the force measurement by the developed MMT. In order to measure force
data accurately, the MMT was pushed against a commercial force sensor (KYOWA, LVS-5GA)
with an accuracy of 10 uN by using a linear stage with a position accuracy of 2 um, as shown
in Figure 28. Then, we measured the deformation using a microscope equipped with a CCD
camera (resolution: 1 um/pixel). In this experiment, we confirmed that there was a high
linearity between the displacement of frame 6 and the displacement of the magnification
mechanism X, and that the magnification ratio 6 was 2.72. Therefore, X can be used to estimate
the applied force.
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Figure 29(a) shows the relationship between the displacement X and the force measured by
the commercial sensor. From this result, we confirmed that there is a high linearity between
the displacement 6 and the X. Therefore, the magnification ratio is approximately 2.7 and X
can be used to estimate the applied force.

Figure 29(b) shows the relationship between the X and the force data measured by the
commercial sensor. From these results, we can see that there is a hysteresis in different
conditions. Furthermore, when the applied force is larger than 3 mN, the shape of the frame
does not return to the initial state (offset). Based on these characteristics, we have to only use
the displacement X in the pushing phase. And, it is better to limit the force range to less than
3 mN to estimate the force data properly.

Fig. 29(c) left and center show the measured force data by the commercial sensor and the
estimated force data calculated from (6). From this result, we can see that there is a difference
between the measured and the estimated forces. We think that this was caused by errors in the
fabrication and in the numerical analysis. By correcting the estimated data, we considered the
fabrication error, and we can measure accurate force data, as shown in the right side of Fig.
29(c).

Next, Fig. 29(d) shows the individual difference between MMTs in the SU-8 layer. From these
results, we confirmed that the variation among the MMTs is less than 10 %. This means that
by calibrating one of the MMTs from the fabricated layer, we can use other MMTs (included
in the layer) without calibration.

Through these experiments, we obtained the minimum resolution of the force sensing as
approximately 100 uN. The resolution for this type the force sensor was determined by the
resolution of the camera used and the sensitivity of the frame deformation. A large deformable
frame caused a large hysteresis and offset as discussed above. Therefore, by using a high-
resolution camera, we can increase the sensor performance with comparative ease. As a first
step, we believe that this performance is reasonable to determine the range of force required
to push a 100 pm size single cell.

Force sensor

Figure 28. Overview of force calibration experiment



0.4

Micro-Nano Robotics and Mechatronics for Biomedical Applications

Displacement [mm]

Foree [mN]

Time [s]

(a) Comparison between the displacement dand X'

0.2 0.3

Displacement: X [mm]

0" ~70:1

0.2 0.3

(b) Relationship between the displacement X and the measured force

1.2
& 1.0] J ’
» 0.8] 2 1 W
12l 0
2 Vs .
= 0.6
7 04 7
8 # N y
Z 0.2 4
ok 4
0 02 04 06 08 1.0 12 0 02 04 06 08 10 12 0 02 04 06 08 1.0
Calculated force [mN| Estimated force [mN] Calibrated force [mN]
(c) Force calibration
3.0 3 g
B2
0 MMT 1 o2a
O MMT 2 s
+MMT 3 244
<o a
& MMT 4 g
— 20 o e
g g
°
flaf F
3 gt
5 gt
=10 8-
. g é
Fy
.®
s -
a
8°
cen 1 2 4
Time [s]

Figure 29. Evaluation of calibration of fabricated force sensing structure

3.6. Application

(d) Individual difference

We applied the developed MMT to actual microorganism. In this experiment, we used one of
centric diatom called Pleurosira laevis. This cell has a unique behavior, that is, it is stimulated,
the chloroplasts within it agglomerate around the nucleus, as shown in Figure 30 [46].
Furthermore, this agglomeration phenomenon is transmitted to other connected cells, as
shown in Figure 31. Interestingly, the phenomenon even transmits to unconnected cells. The
reason for this spreading of chloroplast agglomeration is to be because of the release of
unknown components from the stimulated cell to stimulate other cells to increase growth. This
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phenomenon is considered to be similar to information transmission in neurons. From the
perspective of neurology and algae-based biofuel, the investigation of this phenomenon is will
be useful for understanding the mechanism of communication between aquatic microorgan-
ism. Although it is well known that these cells have a receptors, and thus, that the agglomer-
ation phenomenon is caused by optical and electrical stimulations, the mechanism of this
phenomenon is still not fully understood [47, 48]. Conventional studies with a mechanical
approach, however, could not clarify the relationship between the applied force and the
response of P. laevis due to force sensing problem [49]. Therefore, quantitative investigation of
the applied force must be performed in order to elucidate the agglomeration phenomenon of
chloroplasts of P. laevis by mechanical stimulation.

(a) Overview of single cell (b) After optical/electrical/mechanical/chemical stimulation

Figure 30. A single cell of Pleurosira laevis (P. laevis)

(b) After stimulation

Figure 31. Propagation of agglomeration in P. laevis
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Fig. 32 shows the overview of the experiment by developed MMT. As a result, we succeeded
in rotating, capturing, stimulation of microorganisms by using dual-MMT with force sensing
structure. Then, the applied force was estimated as shown in Figure 33. The agglomeration
propagation phenomenon of P. laevis was also observed by MMT stimulation, as shown in
Figure 34. In future work, the relationship between the applied force and the agglomeration
phenomenon is investigated by the proposed system. The optimized microchannel design is
also required to reduce the whole measurement time and the observations.

Wall ™ 100 pm

Jis laet-:fs_ / '
. Py MMT

(a) Before stimulation (b) During stimulation

Figure 32. On-chip P. laevis stimulation by MMT

1.0

Force [mN]
o
LA

Time [s]

Figure 33. Measured force data by force sensing structure

3.7. Discussion and summary

In this section, we discussed an on-chip force sensing by magnetically driven microtool (MMT)
which enables measurement of stimulant property of single cell:
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’ .
{d) | 5 minutes later {e) 20 minutes later (f) 25 minutes later

Figure 34. Measured agglomeration propagation phenomenon

1. The microchip is composed of a microspaceer, an MMT layer, an Fe hemisphere and a
PDMS cover. These parts are assembled by newly proposed layer fabrication technique.

2. The frame based force sensing structure with the displacement magnification mechanism
is designed and fabricated based on analytical approach.

3. Through our basic experiments, we have confirmed the effectiveness of the fabrication
method and the performance of the force sensing.

4. Through our experiments for P. laevis stimulation, we confirmed that the proposed force
sensing mechanism works well with accuracy of 100 uN, and the MMT has a enough
power to push P. laevis.

Currently, the force sensing structure of the MMT was designed to measure a one-directional
force, taking into account both the specifications of the P. laevis measurement that were
requested and the difficulties involved in the fabrication process. The MMT was found to be
satisfactory for investigating the stimulant property of P. laevis. For wider applications,
however, it would be better to mount a multi-DOF force sensing structure on to the tip of the
MMT. Additionally, in order to measure the microorganism precisely, we should consider a
fully-automated 3DOF position control of MMT. Automated vision-based force estimation and
MMT position control can be introduced into our developed system by exploiting-robotics
technologies. We believe that our approach is useful for investigating of living cells and
microorganisms in a closed microfluidic chip. The combination of the simple and disposable
SU-8 based structure and the camera based measurement achieves very low cost force sensing
system.

In our future plan, the developed system will be applied to measure other microorganisms
and the MMT has a potential to capture and measure motile microorganisms which contain a
large proportion of aquatic microorganisms [50]. In parallel, to improve the force sensing
resolution from puN-order to nN-order, electrical sensors should be implemented to tip of the



Micro-Nano Robotics and Mechatronics for Biomedical Applications

MMT, although there is a couple of problem on fabrication process. In addition, we are now
adding more functions for MMT to expand application of microrobots [51]. The performance
of the MMT such as positioning accuracy and driving speed may be increased by introducing
a sub-micro and a nano-order fabrication approach [52, 53].

4. Conclusion

We showed two specific approaches based on micro mechatronics and fabrication for medical
and bioscience applications. The results indicated that microrobotics is also really important
to drive, control and measure the developed devices. Currently, manipulation and sensing of
smaller object are strongly requited in biomedical field. In order to realize a nano-scale
manipulation and measurement, appropriate integration of micro and nano mechatronics are
most important factor, because there are difficulties to seamlessly integrate the functioning of
micro and nano objects. In addition, handling and sensing of micro-scale wet-object such cells
are also important as mentioned above. Therefore, it is required to establish and develop
innovative methodologies regarding control, sensing and fabrication in the fields of micro-
nano mechatronics and robotics. For the purpose of ensuring the appropriate and effective
integration of the technology and science, we should be continued the ongoing promotion of
corroboration in a broad range of areas.
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Chapter 6

Synthesis of Nanomaterials by
Solution Plasma Processing

Osamu Takai, Maria Antoaneta Bratescu,
Tomonaga Ueno and Nagahiro Saito

1. Introduction

Recently, plasmasin the liquid phase have attracted a great attention because of its applications
to industrial materials processing [1]. In particular, glow discharge in the liquid phase
( "solution plasma" - SP) is a useful tool for the synthesis of nanomaterials. We named the
synthesis process using plasma in liquids as Solution Plasma Processing (SPP).

Plasma in water has been produced in 1899 by Dr. Wilsing between different types of metal
electrodes, in order to study the spectral properties in connection with the astronomical
observations [2]. The earliest works on discharge in liquids have studied the arc and spark
discharge in water and salt solutions [3].

The detailed structure of the solution plasma is still unclear at present. Currently, SPs are
generated by nanoseconds pulsed or dc voltages. Also, ac excitations with frequencies raging
from 50 Hz up to MHz were used [4-7].

In our research group, we focused on the fundamental aspects of the solution plasma diag-
nostics related with the synthesis of novel nanomaterisls processed by SP. Figure 1 shows a
model of the solution plasma. The characteristic regions of SP are the plasma gas phase, the
liquid phase, the interface between plasma gas and liquid, and the interface between electrode
surface and gas plasma. The emission center of plasma is located in the gas phase which is
surrounded by the liquid phase. Near the gas/liquid interface an ion sheath is formed. The
plasma is confined by a condensed phase, which produces unique features of the solution
plasma. This solution plasma provides extremely rapid reactions using activated chemical
species and radicals under high pressure [1].

SPP is a new useful and simple method for the metal nanoparticles (NPs) synthesis since this
non-equilibrium plasma can provide extremely rapid reactions due to the reactive chemical
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species, radicals, and UV radiation produced in an atmospheric pressure plasma [1]. The most
important merits of the SPP for the NPs synthesis, as compared with chemical methods, consist
in the short processing time (in the range from few minutes to several tens of minutes),
preparation in room temperature and pressure conditions, and low energy of plasma. The
novelty of the SPP method used in our laboratory consists in the fact that plasma operates in
glow discharge limits, offering a suitable medium to control the chemical reactions inside the
solutions [10, 11]. This is possible because plasma offers a new reaction medium, where
hydrogen, hydroxyl, and oxygen radicals are produced, where the hydrogen radical is the
most responsible for the reduction reaction of the gold ion to the neutral atom, and therefore
a reduction agent is not necessary. The SPP method seems well-suited for the NPs synthesis
offering the possibility to control the size by controlling the surrounding chemistry of the gold
NPs, adding thus another level of utility of this procedure to material science [12, 13].

SPP was successfully used for loading metal NPs on carbon materials to prepare composite
structures which can improve the catalytic activity of fuel cells [14].

Many other applications of SPP in nanomaterial technology have been performed in our group
related with template removal in mesoporous silica synthesis process [15], decomposition of
organic dyes or compounds [16, 17], surface modification of metals [19], and sterilization of
water [1].

Liquid phase
Gas phase

Plasma phase

| Interface gas-liquid
Interface plasma-gas

Figure 1. Model of Solution Plasma. The main regions are: plasma gas phase, gas phase, liquid phase and the interfa-
ces between plasma and gas, and gas and liquid.

In the followings we will discuss about the conditions for SP generation [16, 19-21], the role of
radicals, ions and surrounding chemistry in NPs synthesis [11, 12, 17, 22], and synthesis of
nanomaterials with enhanced catalytic activity [1, 14].
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2. Conditions for SP generation

A typical experimental set-up for the generation of SP, with time-dependent electrical and
optical diagnostics of plasma and synthesis of nanomaterials is shown schematically in
Figure 2. A typical power supply for SP generation has the following characteristics: bipolar
pulse type with a maximum voltage and current of 5 kV and 10 A, respectively, a variable
repetition frequency in the range from 5 to 60 kHz, and a variable pulse width from 500
ns to 3 us [10, 16, 18-20].

Hoxcar
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Figure 2. Typical experimental set-up for SP generation, with time-dependent electrical and optical diagnostics of
plasma, and synthesis of nanomaterials.

We investigated the dependence of SP characteristics on the inter-electrode distance. In SP, the
formation of different radicals, the excited atoms and molecules are strongly influenced by the
geometry and the input electrical power in the system. Figure 3 shows various regions of SP
depending on the inter-electrode distance and the applied pulsed high voltage. Typical regions
are the glow discharge regime, when the inter-electrode space is less than 2 mm and the peak
voltage is more than 2 kV, the corona discharge regime, when the inter-electrode distance
increases and the peak high voltage is also high, and the pre-breakdown regime where
electrochemical reactions dominate [20].

In nanomaterials processing, an important factor consists in controlling of the solution plasma
stability. The value of pH and the conductivity of the solution also determine the operation
regime of SP. In the diagram from Figure 4 various conditions of plasma determined by
solution conductivity, bipolar pulse width and frequency, generate a glow or an arc discharge.
If the solution conductivity is high, more than 1 mS/cm, the ionic current through the liquid
is high, and at the same input electrical power, plasma is instable, if the pulse width is smaller
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than 2 us. If the pulse width increases, the input electrical power increases and even the

solution conductivity is high, a stable glow discharge can be obtained.

Corona
4 discharge
OH radicals region

k' —
Electrochemical f Eeclmdu tlw 3
1 ameter @ mm
o Inter-electrodes gap :

N ot 0. 3mm~10mm
Pulse width : 2 psec
T TR T [N ) MR M TS | Frequency : 16 kHz ¥

1-2 I 4 5 & 7 8 8 W
Electrode gap / mm

Figure 3. Dependence of SP characteristics on the inter-electrode distance and the applied peak high voltage.

(a) LiCl 4 mMm [

(b)LiCl 40 mM |

Arc discharge

Figure 4. Influence of solution conductivity and input electrical parameters of the pulsed power supply on SP stability.
Different operation regimes of SP: glow discharge and arc discharge. (a) Stability conditions of SPP in a solution of LiCl
with 4 mM concentration. (b) Stability conditions of SPP in a solution of LiCl with 40 mM concentration.

Independently of the solution conductivity, if the pulse width is higher than 2.5 us and the
pulsed power supply frequency is 30 kHz, the plasma generated in solution switches fast to

arc discharge regime.

The optical emission spectra strongly depend on SP regime working. Corona discharge is
characterized by a strong emission of the OH radical as compared with the glow discharge

regime, when the inter-electrode distance is around 1 mm [20].
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Figure 5. (a) Optical absorption spectra of the OH radical measured in HCl, KCl, and KOH solutions, on the positive
applied voltage, under the same experimental conditions (discharge voltage of 700 V, frequency of 25 kHz, and pulse
width of 4 ps). (b) The time evolution of the OH radical density measured in HCl, KCl, and KOH solutions, under the
same experimental conditions above mentioned. Lines are used as guides for the eyes.

The optical absorption spectra of the OH radical measured in different solution with HCI,
KCl, and KOH, under a positive value of the high voltage, and the corresponding time-
dependent signals of the emission line of the OH radical, are represented in Figure 5 (a)
and (b), respectively. The OH radical number density measured by broad band absorp-
tion spectroscopy was highest for the HCI solution plasma (2x10" c¢m?) when positive
voltage pulses were applied to the electrodes. KOH is highly basic and can be an impor-
tant source of hydroxyl radicals, but in this experiment the density was the lowest for this

type of solution (~5x10'® cm?) [24].

The main chemical reactions responsible for the generation of the reactive species in SPP
are [4, 5]

H,0 — -H+-OH
2H,0 — O,+2H,
02 i 2'0
1
OZ — 2'H
H+e - H +e

.
O+e —> 0O +e
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3. Role of radicals, ions and surrounding chemistry in nanomaterials
synthesis by SPP

In metal NPs synthesis, SPP is used without any chemical reduction agent, since hydro-
gen radical produced in plasma gas phase is transferred in liquid phase where the metal
ion is reduced to the neutral form. The role of hydrogen radical in the reduction process
of Au ions from HAuCl4 to Au neutral atoms, which nucleate to produce gold NPs, is
illustrated in Figure 6.

In this experiment, solutions with different ion concentrations and conductivities were used
to synthesize gold NPs. From the optical emission spectra, we can observe that in a solution
with high concentration of ions (40 mM LiCl), the relative number density of hydrogen radical
was smaller than in the solution with 4 mM LiCl concentration (Figure 6(a)). Therefore in these
conditions, a smaller number of Au ions were reduced to the neutral form and the relative
number density of gold NPs was less, as can be observed from the UV-vis spectra (Figure 6
(b)) and photos (Figure 6 (c)) [10].
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Figure 6. Role of hydrogen radical in the reduction reaction of Au ion to neutral form, in the synthesis process of gold
NPs. (a) Optical emission spectra of SP generated in LiCl solution with different molar concentrations. (b) Time evolu-
tion of the UV-vis spectra of solutions resulted after SPP, showing gold NPs formation. (c) Photos of the solutions con-
taining gold NPs.

Plasma has the role to provide the reactive species, especially the H radicals necessarily for the
reduction process. In order to confirm more the role of H radical, we attempted to synthesize
the gold nanoparticles from the solution containing PBN (n-tert-buthyl-a-phenylnitrone),
which works as a spin trap agent.

When PBN reacts with H and OH, PBN-H and PBN-OH adducts are produced, respectively.
In an ESR measurement, these adducts can be detected. During SPP, the PBN-H adduct was
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Figure 7. Dependence of chemical surrounding on Au NPs prepared in solutions with different pH values. (a) ToF-SIMS
mass spectra of the negative ions fragments Au, AUOH and CNAu, Au,OH, and Au,Cl,. (b) HRTEM images of Au NPs
synthesized in solutions with pH 3 and 12.

more detected than PBN-OH adduct. This indicated that H radicals are supplied from plasma
to the solution. Moreover, the formation of gold nanoparticles was not observed in the solution
containing PBN since the H radicals produced in the solution which represent the reducing
agent for the gold ions, were trapped by PBN molecules [11].

Size-controlled gold NPs have been synthesized using SPP. The gold NPs exhibit sizes from
1-2 nm to 10 nm when the solution pH was adjusted in the range from 12 to 3, respective-
ly. The chemical environment surrounding the gold NPs depends on the preparation
conditions and determines the electrostatic interaction among the nanoparticles, which
alters their final size. Information obtained from XPS analysis, ToF-SIMS mass spectra, and
UV-visible absorption spectroscopy were consistent and demonstrate that the gold NPs are
partially oxidized on the surface, when synthesized in a pH 12 solution, and remain
surrounded by gold chloride compounds when synthesized in a pH 3 solution. Plasma
diagnostics shows that a high electron density contributes to generate a larger number of
hydrogen radicals, which represent the main component in the reduction process of the
gold ion into the neutral form [18].

Figure 7 shows the dependence of chemical surrounding on Au NPs prepared in solutions
with different pH values. The ToF-SIMS mass spectra of the negative ions fragments were Au,
AuOH and CNAu, Au,0OH, and Au,Cl;. The chemical surrounding of gold NPs synthesized
in pH 3 solution is mainly formed by AuCl species, while the chemical surrounding of gold
NPs produced in pH 12 solution is composed by oxidized form of AuO. Figure 7 (b) displays
the HRTEM images of Au NPs synthesized in solutions with pH 3 and 12. We can clearly
observe that small size gold NPs were synthesized in solution with pH 12.

The main role of SPP during the synthesis of the gold NPs consists in the production of the H
radicals in the plasma gas phase which are necessary to reduce the gold ion Au’** to atomic
Au’, in the liquid phase.
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Before plasma, in solution, the hydrolysis of HAuCl, occurs:
AuCl, + jOH" « AuCl, (OH);+ jCI (2)

where 0 <j <4 and the replacement of CI by OH" depends on solution pH, as was found in the
UV-visible results.

In the liquid phase of plasma, the reduction of gold ions occurs in different ways:

AuCl; +3H- — 3HCl+Au’+Cl (3)
Au(OH); +3H- — 3H,0 + Au’+OH (4)

where the hydrogen radicals (He) are provided by the gas phase plasma and the reaction (3)
and (4) takes place in the pH 3 and pH 12 solution, respectively. The pH 6 solution is an
intermediate case to the other two solutions, where the hydroxo-complexes as AuCl;(OH)- and
AuCl,(OH),- represent a molar fraction of about 0.6 in the solution [17].

By changing the solution pH in the preparation condition, the size of the gold NPs can be
controlled. The connection between the gold NPs size and the solution pH can be understood
by: (i) the effect of the redox standard potential in the reactions (3) and (4), (ii) the electrostatic
repulsion force between AuO  ions, and (iii) the protective layer of the surfactant (Figure 7).

We also attempted to regulate the size of the gold NPs by a method based on discharge in
reverse micelle solutions [12] (Figure 8). The reactive species generated by the discharge
reduced [AuCl,] only inside water droplets in the reverse micelle solutions. At the lower values
of water to surfactant ratio (W), the average diameter is smaller and the size distribution is
narrower.

The size of gold nanoparticles varied from 4.0 to 11.4 nm. Size of gold NPs formed inside the
water droplets was regulated by the size of reverse micelles. This suggests that SPP in glow
discharge regime in reverse micelle solutions can be applied as a plasma nanoreactor for
nanomaterial fabrication.

We analyzed the gold NPs synthesized by chemical reduction process and SPP and we
investigate the microstructural characteristics of these in SPP [24]. Microstructural character-
istics of gold nanoparticles (Au NPs) fabricated by SPP in reverse micelle solutions have been
studied by high-resolution transmission electron microscopy (HRTEM).

The synthesized Au NPs, with an average size of 6.3 + 1.4 nm, have different crystal charac-
teristics: fcc single-crystalline particles, multiply-twinned particles (MTPs), and incomplete
MTPs (single-nanotwinned fcc configuration). The crystal structure characteristics of the Au
NPs synthesized by SPP method were analyzed and compared with similar-size Au NPs
obtained by the conventional chemical reduction synthesis (CRS) method. The TEM analysis
results show that the Au NPs synthesized by the CRS method have shapes and crystal
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Figure 8. Synthesis of gold NPs in reverse micelle solutions in SPP. (a) Mechanism of reverse micelle solution with dodec-
ane as solvent and sodium bis(2-ethylhexyl)sulfosuccinate (AQT), as surfactant. (b) Photos of solutions obtained by SPP,
with different processing times. (c) TEM images of gold NPs synthesized in reverse micelle solutions for two ratios W.

structures similar to those nanoparticles obtained by the SPP method. However, from the
detailed HRTEM analysis, the relative amount of the Au MTPs and incomplete MTPs to the
total amount of the Au NPs synthesized by the SPP method was observed to be around 94 %,
whereas the relative amount of these kinds of crystal structures fabricated by the CRS method
was about 63 %. It is most likely that the enhanced formation of the Au MTPs is due to the fact
that the SPP method generates highly reaction-activated species under low environmental
temperature conditions. Figure 9 shows microstructural characteristics of gold NPs synthe-
sized in SPP.

Single crystal

Figure 9. Microstructural characteristics of gold NPs synthesized in SPP. The synthesized Au NPs, with an average size
of 6.3 = 1.4 nm, have different crystal characteristics; fcc single-crystalline particles, multiply-twinned particles (MTPs),
and incomplete MTPs (single-nanotwinned fcc configuration).
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4. Synthesis of nanomaterials with enhanced catalytic activity

In order to improve the energy-conversion efficiency in fuel cells, we loaded Pt nanoparticles
on carbon nanoballs (CNBs) by SPP by reducing Pt ion on CNB surface via a surfactant
molecule. In this study, we employed poly (vinylpyrrolidone) (PVP) or sodium dodecyl sulfate
(SDS) to prepare Pt nanoparticles supported on CNB (Pt/CNB) by the SPP, and the electro-
chemical properties as catalyst were evaluated by cyclic voltammetry (CV) [14].

CNBs were prepared by thermal decomposition process of ethylene and hydrogen gases.
During the synthesis process, the color of the solution changed from yellow to dark brown
indicating the improvement of the dispersibility of CNB in solution. Moreover, TEM images
and elemental mapping images showed the Pt NPs supported on CNB.

The catalytic activity of the Pt/CNB using SDS as surfactant was shown to be higher than the
Pt/CNB prepared with PVP system. The SDS-containing Pt/CNB also showed the higher
activity than that obtained by the conventional chemical method.

We also studied the influence of the solution pH on the size of Pt NPs supported on CNBs and
the catalytic activity of the composite nanomaterial. Figure 10 shows the influence of solution
pH on the size and catalytic activity of synthesized Pt NPs supported on CNBs. From TEM
images of Pt NPs on CNBs for solutions with various pH we can observe that the average size
of Pt NPs is decreasing as the solution pH increases. The HRTEM image of Pt NP on carbon
shows the crystalline structure of Pt NP and the organic surrounding surfactant PVP. The cyclic
voltammetry measurements of Pt@CNBs show that small size Pt NPs have high catalytic
activity (Figure 10(d)).
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Figure 10. Influence of solution pH on the size and catalytic activity of synthesized Pt NPs supported on CNBs. (a) TEM
images of Pt NPs on CNBs for solutions with various pH, indicating the average size of Pt NPs. (b) HRTEM image of Pt
NP on carbon, with the organic surrounding PVP. (c) EDS mapping of Pt NPs. (d) Cyclic voltammetry measurements of
Pt@CNBs.
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5. Conclusions

SPP is a rapid, useful method for nanomaterials synthesis. The complexity of the phenomena
makes this method a field of fundamental investigations. A better knowledge of the chemical
reactions inside the plasma gas phase, liquid phase, and interfaces can make SPP a more
powerful tool in nanotechnology.
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Chapter 7

Tissue Engineering and Regenerative Medicine

Minoru Ueda

1. Introduction

Tissue specific adult stem cells are the most hopeful cell at this moment for clinical use because
it may represent Mother Nature's repair cells. Such cells are potentially present within all of
the tissue of the body and may remain dormant until they are activated in response to tissue
injury. Initially, the chemical environment at the site of any injury is very hostile. These adult
stem cells, having a low oxygen requirement, appear to have the ability to survive this
environment. When adequate numbers of cells have been achieved by multiplication, they are
then programmed to mature and repair tissue damage of a certain magnitude. If this is the
case, with the development of appropriate tissue-specific scaffolds and the use of the optimal
cell type, I believe that physicians and scientists will ultimately be able to repair or replace any
tissue in the human body that is injured or damaged as a result of disease or trauma. Studies
involving the use of stem cells and mature cells, in combination with genetic manipulation
and determination of the efficacy cellular delivery systems and scaffoldings, should be enable
rapid progression to human treatments. It is my belief that exploring the use of appropriate
vehicles and cell types will ultimately lead to resolution of stroke symptoms, such as paralysis,
and may help reverse symptoms associated with such central nervous system diseases as
Parkinson's disease and Alzheimer's disease.

2. Research projects

This chapter was edited by collecting all the achievement performed in the laboratory of oral
and maxillofacial surgery and it brings together the specific experiences of the scientific
community in these experiences of our scientific community in this field as well as the clinical
experiences of the most renowned experts in the fields from all over Nagoya University. The
editors are especially proud of bringing together the leading biologists and material scientists
together with dentist, plastic surgeons and surgeons of all specialities from all department of
the medical school of Nagoya University. Taken together, this unique collection of worldwide

I NT Ec H © 2013 Ueda; 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 unrestricted use,
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expert achievement and experiences represents the current spectrum of possibilities in tissue
engineered substitution.

2.1. Bone regeneration with self assembling peptide nanofiber scaffolds in tissue
engineering for osseointegration of dental implants

The aim of this study was to evaluate the correlation between the osseointegration of dental
implants and tissue-engineered bone using a nanofiber scaffold, PuraMatrix (PM). The first
molar and all premolars in the mandible region of dogs were extracted, and three bone defects
were prepared with a trephine bar on both sides of the mandible after 4 weeks. The experi-
mental groups were as follows: 1) PM, 2) PM and dog mesenchymal stem cells (MSCs), 3) PM,
dog MSCs, and platelet-rich plasma (PRP), and 4) a control (defect only). Implants were placed
with in the prepared areas 8 weeks later, and assessed by histological and histomorphometric
analyses (bone-implant contact (BIC)). The BICs for groups 1, 2, 3, and 4 were 40.77%, 50.35%,
55.64% and 30.57%, respectively. The findings indicate that PM may be useful as a scaffold for
bone regeneration around dental implants.

+ - + - o+ - o+ -
Ac-R-A-D-A-R-A-D-A-R-A-D-A-R-A-D-A-CONH,

©=H;®=N;0=0;@=C

Figure 1. Molecular structure of PM. Molecular models of amiphiphilic self-complementary peptide have 16 amino
acids with an alternating polar and nanopolar pattern. A= alanine; R= arginine; D= aspartic acid; + and — refer to the
positively and negatively charged residues, respectively (From Kohgo et al. [1]. Reprinted with permission from Quin-
tessence Publishing Co, Inc, Chicago).

Figure 2. PM is an injectable scaffold and shows good plasticity. Bar = 5 mm. (From Kohgo et al. [1]. Reprinted with
permission from Quintessence Publishing Co, Inc, Chicago).
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Figure 3. Photographs of histologic sections, as seen on light microscopy, 8 weeks after implant placement. (a to c) In
the control group, the buccal and lingual walls were not sufficiently for dental implants. (d to f) In the PM group, slight
bone regeneration in the lingual wall was observed. (g to i) However, slightly more could be seen in the PM/dog MSCs
group. (j to ) On the other hand, the amount of regenerated bone was greatest in the PM/dog MSCs/PRP group (a, d,
g and j, magnification tion rat, e, h, and k, magnification x200; ¢, f, i, and |, maginification x200) (From Kohgo et al. [1].
Reprinted with permission from Quintessence Publishing Co, Inc, Chicago).

Graft materials BIC

Control 30.57% + 2.50%

PM 40.77% £ 12.85% |**
PM/dMSCs 5035%+802% 1 | |
PM/dMSCs/PRP 55.64% + 4.97%

BIC = bone-to-implant contact; SD = standard deviation; PM = PuraMatrix; dMSCs = dog mesenchymal stem cells; PRP =
Platelet-rich plasma * P < 0.01 **P < 0.05 (From Kohgo et al. 2011. Reprinted with permission from Quintessence
Publishing Co, Inc, Chicago).

Table 1. Results of BIC (mean +SD)*
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The results suggest that tissue-engineered bone can integrate well around dental implants. PM
is a 3D structure may have the potential to be a scaffold applicable in bone tissue engineering.

2.2. Self-assembling peptide nanofiber scaffolds, platelet rich plasma, and mesenchymal
stem cells for injectable bone regeneration with tissue engineering

The ideal biomaterial scaffolds, particularly in cranio-maxillofacial, plastic, or orthopedic
fields with complicated bone-defect shapes, should have excellent plasticity for fitting into
complex defect shapes and the rate of absorption needs to be fast in order to avoid infection.
Moreover, these materials and their internal structures may not provide a particularly
favorable environment for cell survival and bone regeneration, and internal, microscale
environment of these materials needs to serve as an extracellular matrix (ECM). ECM is a
dynamic organized nanocomposite that not only provides mechanical support for embedded
cells but also interacts with cells and promotes and regulates cellular functions such as
adhesion, migration, proliferation, and differentiation and is consequently involved in three-
dimensional morphogenesis. This study considered the use of the matrix material PM, which
is synthesized by chemical peptide methods and has similarities to the fibers and pore sizes
found in the ECM. We investigated a capability of PM as a scaffold for bone regeneration in
combination with dog MSCs and/or PRP using tissue engineering and regenerative medicine
technology. First, teeth were extracted from an adult hybrid dog’s mandible region. After 4
weeks, bone defects were prepared on both sides of the mandible with a trephine bar. The
listed graft materials were implanted into these defects: 1) control (defect only), 2) PM, 3) PM/
PRP, 4) PM/dog MSCs, and 5) PM/dog MSCs/PRP. At 2, 4, and 8 weeks after implantation,
each sample was collected from the graft area with a trephine bar and assessed by histological
and histomorphometric analyses.

From histological evaluation, It was observed that the bone regenerated by PM/dog
MSCs/PRP was excellent quality, and it was found that mature bone had been formed.
Histometrically, at 8 weeks newly formed bone areas comprised 12.39 + 1.29% (control), 25.28
+3.92% (PM), 27.72 + 3.15% (PM/PRP), 50.07 + 3.97% (PM/dog MSCs), and 58.43 + 5.06% (PM/
dog MSCs/PRP). The PM/dog MSCs and PM/dog MSCs/PRP groups showed a significant
increase at all weeks compared with the control, PM, or PM/PRP. These results showed that
MSCs might keep their own potential and promote new bone regeneration in the three-
dimensional structure by PM scaffolds. Taken together, it is suggested that PM might be useful
as a scaffold of bone regeneration in cell therapy, and these results might lead to an effective
treatment method for bone defects. In the future this tissue-engineered bone grafting material
could be used as a minimally invasive method instead of traditional grafting procedures.

2.3. Effects of self-assembling peptide hydrogel scaffold on bone regeneration with
recombinant human bone morphogenetic protein-2

Various biomaterials have been tested as scaffolds for bone regeneration, such as beta-
tricalcium phosphate, hydroxyapatite, and polymers. However, a scaffold has still not been
found that has the characteristics of biologic safety, absorbability, cell interaction, and bone
inductivity. A self-assembling peptide hydrogel scaffold is made of artificial synthetic
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Figure 4. Schema of the experimental protocol (From Yoshimi et al. [2, 3]. Reprinted with permission).
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Figure 5. Histological evaluation of control, PM, PM/PRP, PM/dog MSCs, and PM/dog MSCs/PRP implantations at
each time point (center figure:lower magnification, right figure: higher magnification). Sections of representative im-
plants are shown from the respective group. The sections were stained with hematoxylin and eosin. Original magnifi-
cation, x25 for all photographs. (A) 2 weeks Control group, (B) 4 weeks Control group, (C) 8 weeks Control group, (D)
2 weeks PM group, (E) 4 weeks PM group, (F) 8 weeks PM group, (G) 2 weeks PM/PRP group, (H) 4 weeks PM/PRP
group, (I) 8 weeks PM/PRP group, (J) 2 weeks PM/dog MSCs group, (K) 4 weeks PM/dog MSCs group, (L) 8 weeks
PM/dog MSCs group, (M) 2 weeks PM/dog MSCs/PRP group, (N) 4 weeks PM/dog MSCs/PRP group, and (O) 8 weeks
PM/dog MSCs/PRP group (From Yoshimi et al. [4, 5]. Reprinted with permission).

materials featuring biologic safety and absorbability. PM is expected to be a candidate as a
scaffold for bone regeneration. Recombinant human bone morphogenetic protein-2 (rhBMP-2)
has exhibited high osteogenic activity in experimental studies. The objective of this pilot study
was to histologically evaluate bone regeneration using a self-assembling peptide hydrogel
scaffold with rhBMP-2 on the bone augmentation in a rabbit calvaria model (Figure 6).
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Figure 6. Photographs of surgical procedure. In the left and right parietal and frontal bones, 4 circular slits were pre-
pared. Five holes were prepared in outer cortical bone inside this circle (a). Apical end of the 4 titanium cylinders was
pressed into each slit, and primary fixation was obtained (b). Four titanium cylinders were filled with respective materi-
als (c). The top of the cylinders was closed with a titanium lid (d) (From Ikeno et al. [4]. Reprinted with permission from
Quintessence Publishing Co, Inc, Chicago).

Figure 7. Higher magnification of a histological section Bar = 100um. NB, newly formed bone; CT, connective tissue;
BV, blood vessel; OB, osteoblast-like cells (From Ikeno et al. [4]. Reprinted with permission from Quintessence Publish-
ing Co, Inc, Chicago).

New bone formation seemed to occur from the calvarial bone through the perforations in the
outer cortical bone; newly formed bone was also observed in all groups. Under higher
magnification, newly formed bone, including cells and some blood vessels, was observed in
the connective tissue and the edges of bone were lined with osteoblast-like cells in the cylinder
(Figure 8). Regenerated tissue in the sample treated with PM/rhBMP-2 was observed in about
two thirds of the cylinders (Figure 9).

Histomorphometric analysis showed that regenerated tissue in the cylinder with PM/rhBMP-2
was significantly increased compared to the empty control (Fig. 8). The mean area values of
regenerated tissue in the cylinders were 35.80% + 10.35% (control), 47.94% + 5.65% (rhBMP-2),
48.94% + 11.33% (PM), and 58.06% + 14.84% (PM/rhBMP-2). The mean area values of newly
formed bone in the cylinders were 9.39% + 4.34% (control), 14.03% + 2.25% (rhBMP-2), 13.99%
+2.15% (PM), and 16.61% + 3.79% (PM/rhBMP-2). Neither rhBMP-2 nor PM alone significantly
enhanced bone regeneration compared to the empty control cylinder.
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Figure 8. Histological sections of cylinders with empty control (a), rhBMP-2 (b), PM (c), and PM/rhBMP-2 (d) (toluidine
blue stain) (From lkeno et al. [4]. Reprinted with permission from Quintessence Publishing Co, Inc, Chicago).
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Figure 9. Regenerated tissue area measured by image analysis. The percentage of area of regenerated tissue (left),
maximum height of newly-formed bone (middle), and area of newly-formed bone (right) in the cylinder with each
group was displayed. Bar = SD. Analysis of variance (ANOVA) (From Ikeno et al. [4]. Reprinted with permission from
Quintessence Publishing Co, Inc, Chicago).

PM, a synthetic self-assembling peptide, used in combination with recombinant human bone
morphogenetic protein-2 significantly enhanced bone regeneration in a bone augmentation
model in rabbits. PM promises to be an alternative synthetic material as a useful carrier for
recombinant human bone morphogenetic protein for bone regeneration.

2.4. A study of bone healing around the titanium screw implants in osteoporosis: Can
sandblasted surface contribute to the implant stability?

Dental implants are widely performed as a prosthetic treatment in edentulous patients.
However, in the aged patients, there are various systemic risk factors such a osteoporosis. The
aim of this study was to investigate whether estrogen deficiency interrupts bone healing
around titanium implants and to evaluate whether bone healing around implants under the
condition of estrogen deficiency is affected by implant surface variance. Forty eight female SD
rats were divided into two groups: ovariectomized rats (OVX; n=24) and sham operated rats
(SHAM; n=24). Each group was further divided into two groups: a machine polished implants
placed group and a sandblasted implants placed group. Both implants were placed in the rat
left femur centrifugal site 84 days after OVX or sham surgery. After 28, 56 days, the rats were
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killed, and non-decalcified section was obtained. BIC and bone area (BA) around the implants
were assessed with cortical bone and cancellous bone. Furthermore, bone density (BD) was
evaluated in a 500mm wide zone of cancellous bone lateral to the implants (Figurel0). At 28
and 56 days after implantation, no significant difference was found between the OVX and
SHAM groups for BIC and BA in cortical bone. BIC, BA, and BD with cancellous bone was
lower in OVX group than in SHAM group. However, BIC and BA tended to improve by the
variance of implant surface (Figure 10.11.12.13).

Bone to Implant Attached Length

BIC= x100(%)

Total Implant Surface Length

BA= Bone Area Inside the Thread x100(%)
Total Area Inside the Thread

Bone Area 500 pm from the Thread

x100(%)
Total 500 pm from the Thread

M-R OVX-M OVX-R  gar= 1.0mm

Bar=200 pm

Figure 10. Histomorphological observation and morphological evaluations (From Tateishi et al. [5, 6]. Reprinted with
permission from Quintessence Publishing Co, Inc, Chicago).
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Figure 11. Bone to implant contact (BIC) at 28 days after implantation (From Tateishi et al. [5, 6]. Reprinted with per-

mission from Quintessence Publishing Co, Inc, Chicago).
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Figure 12. Bone area (BA) inside the implant thread at 28 days after implantation (From Tateishi et al. [5, 6]. Reprinted

with permission from Quintessence Publishing Co, Inc, Chicago).
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Figure 13. Bone density (BD) around the implants at 28 days after implantation (From Tateishi et al. [5, 6]. Reprinted
with permission from Quintessence Publishing Co, Inc, Chicago).
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Estrogen deficiency affected bone healing and bone density around the titanium implants,
especially in cancellous bone, but sandblasted surface property has the possibility to improve
osseointegration. However, the positive effect by rough surface property is limited on the
implant surface.

2.5. Osteogenic induction of bone marrow-derived stromal cells on simvastatin-releasing,
biodegradable, nano- to microscale fiber scaffolds

Tissue engineering is an effective approach for the treatment of bone defects. Statins have been
demonstrated topromote osteoblastic differentiation of bone marrow-derived MSCs. Electro-
spun biodegradable fibers have also shown applicability to drug delivery in the form of bone
tissue engineered scaffolds with nano- to microscale topography and high porosity similar to
the natural ECM. The aim of this study was to investigate the feasibility of a simvastatin-
releasing, biodegradable, nano- to microscale fiber scaffold (SRBFS) for bone tissue engineer-
ing with MSCs. Simvastatin was released from SRBFS slowly (Figure 14). MSCs were observed
to spread actively and rigidly adhere to SRBFS. MSCs on SRBFS showed an increase in alkaline
phosphatase activity 2 weeks after cell culture (Figure 15). Furthermore, osteoclastogenesis
was suppressed by SRBFS in vitro (Figure 16a-c). The new bone formation and mineralization
in the SRBFS group were significantly better than in the biodegradable fiber scaffold (BFS)
without simvastatin 12 weeks after implantation of the cell-scaffold construct into an ectopic
site on the murine back (Figure 17a-c). These results suggest that SRBFS promoted osteoblastic
differentiation of MSCs in vitro and in vivo, and demonstrate feasibility as a bone engineering
scaffold.

N W A U N
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Figure 14. Cumulative release of SRBFS in vitro (From Wadagaki et al. [7, 8]. Reprinted with permission).
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Figure 15. ALP activity of MSCs on SRBFS and BFS measured on days 7 and 14 (From Wadagaki et al. [7, 8]. Reprinted

with permission).
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Figure 17. (a) Bone formation area analyzed by H&E staining 12 weeks after implantation. (b) Percent BSP (bone sialo
protein) -positive cells as determined by immunohistochemical staining with BSP 12 weeks after implantation. (c) Ac-
cumulated calcium content per sample 12 weeks after implantation (From Wadagaki et al. [7, 8]. Reprinted with per-
mission).

2.6. Conditioned media from mesenchymal stem cells enhanced bone regeneration in rat
calvarial bone defects

Recently tissue engineering has become available as a treatment procedure for bone augmen-
tation. However, this procedure has several problems such as an expensive cost for capital
investment and cell culture, complicated safety and quality management of cell handling and
invasiveness of cell collection for patients. On the other hand, it was reported that the stem
cells secreted many growth factors and chemokines during their cultivation and that could
affect on the cellular characteristics and behavior. This study investigated the effect of stem
cell cultured conditioned media on bone regeneration (Fig.18). Cultured conditioned media
from human bone-marrow-derived mesenchymal stem cells (MSC-CM) enhanced the migra-
tion, proliferation and expression of osteogenetic marker genes, such as osteocalcin and Runx2,
of rat MSCs in vitro. MSC-CM included cytokines such as insulin-like-growth factor (IGF)-1
and vascular endothelial growth factor (VEGF).

In vivo, a prepared bone defect of a rat calvarial model was implanted in five different rat
groups using one of the following graft materials: human MSCs/agarose (MSCs), MSC-CM/
agarose (MSC-CM), and defect only (Defect). After 4 and 8 weeks, implant sections were
evaluated using micro-computed tomography (micro-CT) and histological analysis. Micro-CT
analysis indicated that the MSC-CM group had a greater area of newly regenerated bone
compared with the other groups (P < 0.05) (Figure 19) and histological analysis at 8 weeks
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indicated that the newly regenerated bone bridge almost covered the defect. Interestingly, the

effects of MSC-CM were stronger than those of the MSCs group.
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Figure 19. Micro-CT analysis of bone regeneration following implantation of MSC-CM or controls into a bone defect.
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In vivo imaging also showed that migration of injected rMSCs to the bone defect in the MSC-
CM group was greater than in the other groups (Figure 20).

48h

PBS

MSC-CM

Figure 20. /n vivo imaging of infected rat MSCs migration to implants.

These results demonstrated that MSC-CM can regenerate bone through mobilization of
endogenous stem cells. The use of stem cell cultured conditioned media for bone regeneration

will be a unique concept that utilizes paracline factors of stem cells without cell transplantation.

2.7.Recovery of neo-callus formation in the H-DO gap by the angiogenic activities of SDF-1

Distraction osteogenesis (DO) is a unique therapy that induces skeletal tissue regeneration
without stem/progenitor cell transplantation. Although the self-regeneration property of DO
provides many clinical benefits, the long treatment period required is a major drawback. A
high-speed DO mouse model (H-DO), in which the distraction was done two times faster than
in control DO (C-DO) mice, failed to generate new bone callus in the DO gap. We found that
this was caused by the unsuccessful recruitment of bone marrow endothelial cells (BM-ECs)/
endothelial progenitor cells (EPCs) into the gap. We then tested the ability of alocal application
of stromal cell-derived factor-1 (SDF-1), a major chemo-attractant for BM-ECs/EPCs, to
accelerate the bone regeneration in H-DO. Our data showed that, in H-DO, SDF-1 induced
callus formation in the gap through the recruitment of BM-ECs/EPCs, the maturation of neo-
blood vessels, and increased blood flow. These results indicate that the active recruitment of
endogenous BM-ECs/EPCs may provide a substantial clinical benefit for shortening the
treatment period of DO.
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Figure 21. Traction speed affects new bone callus formation in mouse DO models.(A, B) Surgical procedure for the
mouse DO model. An anterior longitudinal incision was made on the right leg of the animal. Needles were inserted
through the skin into the proximal and distal metaphysis of the tibia (A). Subsequently, sets of needles were fixed to
the custom-made fixator with acrylic resin (B). After polymerization of the resin, osteotomy was carried out at the mid-
dle of the diaphysis (arrow). (C) Distraction protocols and experimental design. After a 5-day latency period, distrac-
tion was started at a rate of 0.2 mm/12 h (C-DO) or 0.4 mm/12 h (H-DO). The lengthening was continued for 8 days in
the C-DO and 4 days in the H-DO model, resulting in a length increase of 3.2 mm. Black arrowheads indicate the time
points of sacrifice. White arrowheads indicate the time points for injecting 200 ng SDF-1 protein (+SDF-1). LA, latency
period; AD, active distraction period; CO, consolidation period. (D-I) Representative micrographs of sections displaying
the DO gap stained with Hematoxylin—Eosin (HE) (D, F and H) and Alcian Blue-Fast red (E, G and I) (n = 8). The left and
right of each figure correspond to the end of the distal and proximal bone fragment, respectively. Neo-callus forma-
tion was evident within the C-DO gap at the end of the consolidation period (D). A little cartilage was observed in the
periosteal but not in the endosteal region (E). The H-DO gap was filled with fibrotic tissues and periosteum-derived
cartilages (F, G). The local administration SDF-1 rescued the callus formation in the H-DO gap (H, I). Bar = 300 um (D-).
(From Fujio et al. [9]. Reprinted with permission).

We tested whether the local administration of SDF-1, a chemo- attractant for BM-ECs/EPCs,
would rescue the disrupted callus formation and integration of BM-ECs/EPCs in the H-DO
gap. A collagen gel matrix containing 200 ng of SDF-1 protein was injected into the H-DO gap
every other day (Figure 21C). We found that the high levels of SDF-1 rescued the callus
formation and increased the number of BM-ECs/EPCs in the H-DO gap (Figures 21H, I and
22C). Although about 80% of the CD31+ cells co-expressed Sca-1 in the C-DO gap, in the H-
DO gap treated with SDF-1, 50% of the CD31+ cells were negative for Sca-1, suggesting that
some of the BM-ECs/EPCs recruited by SDF-1 had already differentiated into mature endo-
thelial cells (Figure 22E).

In summary, our study demonstrated that locally administered SDF-1 promotes the recruit-
ment of endogenous BM-ECs/EPCs and neo callus formation in the DO gap. We propose that
the regulation of endogenous stem/progenitor cell trafficking is a powerful therapeutic
strategy in skeletal regeneration.
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Figure 22. Contribution of BM-ECs/EPCs to DO healing. Mice were sacrificed at the middle of the active distraction
period in each group: day 9 and day 7, respectively, for the C-DO and H-DO group. (A, B, and C) The recruitment of
BM-ECs/EPCs was evaluated by immunofluorescence staining for CD31 (red). CD31+ BM-ECs/EPCs accumulated in the
C-DO (A), but not in the H-DO gap (B). Local administration of SDF- 1 rescued the recruitment of BM-ECs/EPCs to the
H-DO gap (C) (n = 8). (D) Boxed area in (C) is shown in higher-magnification micrographs, in which the CD31 signals
are seen together with Sca-1 (green). Note that SDF-1 treatment increased the number of CD31+Sca-1 cells in the gap.
(E) CD31-single-positive and CD31+Sca-1+ cells were counted by Image J software. The number of CD31+Sca-1+ BM-
ECs/EPCs in the C-DO gap was significantly higher than that in intact bone marrow, whereas that in the H-DO gap was
significantly lower. SDF-1 treatment rescued the number of BM-ECs/EPCs in the H-DO gap. The dotted line represents
native bone. Data represent the mean + SD. **P > 0.01 and *P > 0.05. Intact: intact bone marrow. Bar = 100 um (A, B,
C) and 50 um (D) (From Fujio et al. [9]. Reprinted with permission).

2.8. Effect of GDF-5 and BMP-2 on the expression of tendo/ligamentogenesis-related
markers in human PDL-derived cells

The effect of growth differentiation factor 5 and bone morphogenetic protein 2 on human
periodontal ligament-derived cells was investigated with specialreference to tendo/ ligamen-
togenesis-related markers.The results from this study showed that both GDF-5 and BMP-2
affect the differentiation of PDL-derived cells in vitro. However, the effect on those differential
ligament-makers was not identical and the underlying mechanisms might be complex.This
study focused on the tendo-/ligamentogenesis related markers and confirmed the effect of
those factors not only on crude PDL-derived cells but also on STRO-1+ and STRO-1- PDL-
derived cells. The results from our study showed some potential beneficial effect of GDF-5 on
periodontal tissue regeneration. However, the underlying mechanisms appear to be compli-

cated, and the overall benefit of the clinical application of the factor requires further analyses.
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Figure 23. ALP activity of crude PDL-derived cells in passage 2. ALP activity of the Dex group was significantly greater
compared with control, BMP-2 and GDF-5 groups. *P < 0.05. Values are the mean + standard deviation of five experi-
ments (From Inoue, M. et al. [10]. Reprinted with permission).
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Figure 24. Quantitative RT-PCR analysis for scleraxis (a) and tenomodulin (b) gene expression of crude PDL-derived
cells in passage 2. Cells were cultured with culture medium with or without BMP-2, GDF-5 for 1, 3 and 7 days. There
were no significant differences among control, BMP-2 and GDF-5 groups on any time points. Values are the mean =
standard deviation of five experiments (From Inoue, M. et al. [10]. Reprinted with permission).
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Figure 25. Western blot analyses of scleraxis crude PDL-derived cells (a) and STRO-1-PDL-derived cells (b) at passage 2.
Expression of scleraxis was detected in all samples. An experiment representative of five similar studies is shown. (c)
GDF-5 treated crude PDL-derived cells had significantly higher scleraxis expression than the other groups. (d) There
was a similar tendency to crude PDL-derived cells, but no significant difference in STRO-1- PDL-derived cells among all
groups. Values are the mean =+ standard deviation of five experiments (From Inoue, M. et al. [10]. Reprinted with per-
mission).
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Figure 26. The results from western blot analyses of scleraxis in crude PDL-derived cells,STRO-1+ and STRO-1- PDL-de-
rived cells at passage 2. All samples were treated with rmGDF-5. (a) The expression of scleraxis proteins was detected in all
groups for 7 days. An experiment representative of six similar studies is shown. (b) Reduced scleraxis expression in
STRO-1+PDL-derived cells was statistically significant compared to crude P2 and STRO-1- PDL-derived cells. Values are the
mean + standard deviation of six experiments (From Inoue, M. et al. [10]. Reprinted with permission).
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2.9. Transient TWEAK overexpression leads to a general salivary epithelial cell proliferation

Tumor necrosis factor-like weak inducer of apoptosis (TWEAK) is a multifunctional cytokine
that has pro-apoptotic, pro-angiogenic and pro-inflammatory effects. In liver, TWEAK leads
to proliferation of progenitor oval cells, but not of mature hepatocytes. This study evaluated
the hypothesis that TWEAK overexpression in salivary glands would lead to the proliferation
of a salivary progenitor cell. A recombinant, serotype 5 adenoviral vector encoding human
TWEAK, AdhTWEAK, was constructed, initially tested in vitro, and then administered to male
Balb/c mice via cannulation of Wharton's duct. TWEAK expression in vivo was monitored as
protein secreted into saliva and serum by enzyme-linked immunosorbent assays. Salivary cell
proliferation was monitored by proliferating cell nuclear antigen staining and apoptosis was
monitored using TUNEL staining. AdhTWEAK administration led to a dose-dependent,
transient TWEAK protein expression (Figure 27), detected primarily in saliva. Salivary
epithelial cell proliferation was generalized, peaking on approximately days 2 and 3 (Figure
28, 29). TWEAK expression had no detectable effect on apoptosis of salivary epithelial cells.
Transient overexpression of TWEAK in murine salivary glands leads to a general proliferation
of epithelial cells vs a selective stimulation of a salivary progenitor cell.
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Figure 27. Effect of the AdhTWEAK dose administered on the detection of hTWEAK in murine saliva and serum (From
Sugito et al. [11]. Reprinted with permission).
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Figure 28. Detection of proliferating cell nuclear antigen (PCNA) staining in submandibular glands of mice following
AdhTWEAK administration. AhTWEAK (10° particles per gland), or saline, was delivered to both submandibular
glands (n = 4 mice per group) and PCNA staining performed on gland sections as described in Materials and methods
to evaluate cell proliferation. Brown staining represents PCNA-positive nuclei. Sections are counterstained with hema-
toxylin. (a) Day O after saline administration; (b) Day 1 after AdhTWEAK administration; (c) Day 2 after-rAdhTWEAK
administration; (d) Day 3 after AdhTWEAK administration. Bar = 20 um (From Sugito et al. [11]. Reprinted with permis-
sion).
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Figure 29. Quantification of AdTWEAK-induced salivary epithelial cell proliferation (From Sugito et al. [11]. Reprinted
with permission).

2.10. Injectable soft-tissue augmentation by tissue engineering and regenerative medicine
with human mesenchymal stem cells, platelet-rich plasma, and hyaluronic acid scaffolds

The restoration of soft tissue by adequate implant material is needed in case of functional and
aesthetic impairments from loss of soft connective tissue. The implants vary, and repeated
injections are generally required for varying degrees of material resorption. Recently it was
reported that autologous cell injection was useful to improve soft tissue. The aim of this study
was to evaluate the possibility of soft-tissue augmentation adopting tissue engineering and
regenerative medicine (TERM) technology for a longer duration of injected implants. TERM
is the combination and reorganization of three types of injection materials to regenerate organs
or tissues: 1) living cells, including cultured human MSCs or human fibroblasts (Fibro); 2)
scaffolds of hyaluronic acid (HA); and 3) growth factors of PRP. The experimental combina-
tions were as follows: HA, HA/Fibro, HA/MSCs, HA/PRP, HA/PRP/Fibro and HA/PRP/MSCs.
These were intradermally injected into immunodeficient rats and evaluated by histological
analysis, the percentage of original volume and the maintenance volume (Figure 30).

The percentage of original volume values at 14 days showed significant differences between
groups with and without PRP upon comparison (Table 2). As for the maintenance volume
values, HA/PRP/Fibro, and HA/PRP/MSCs from 7 to 14 days were higher than others (Figure
31). HA/PRP/MSCs groups maintained the shape and dimensions of the injected implant,
indicating that the injected cells produced type I collagen (Figure 32). The findings suggest
that a soft tissue-engineered procedure with MSCs may be useful for longer-lasting soft-tissue
augmentation.
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Figure 30. Schema of experimental protocol (a) and dermal mound formed after sample injection and the measure-
ment diagram (b) (From Okabe et al. [12]. Reprinted with permission).
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Figure 31. The percentage of maintenance volume values (%) in HA/PRP, HA/PRP/Fibro and HA/PRP/MSCs. Bar = SD.
*P < 0.05 (From Okabe et al. [12]. Reprinted with permission).

Figure 32. Distribution of type | collagen produced by MSCs (a) or Fibro (b) in the HA/PRP gels. Bar = 50 um (From
Okabe et al. [12]. Reprinted with permission).

2.11. Potentiality of new cell therapy for skin regeneration in wound healing

The process of wound healing depends upon a variety of interactions between cells and the
extracellular matrix. There is hyaluronic acid in one of the extracellular matrix. It is well known
that hyaluronic acid not only supports tissue architecture as a passive structural component
of the matrix in various connective tissues but is also involved in dynamic cellular processes
during wound healing. Recently, cell therapies which is a low aggression is paid attention in
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place of surgical operation and medical treatment of wound healing. It is well known that
human dental pulp cell shows the property that resembled MSCs. In this research, we
examined the benefit of stem cells from human exfoliated deciduous teeth (SHEDs) in wound
healing (Figure 33).
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Figure 33. Schema of experimental protocol (From Nishino et al. [13]. Reprinted with permission).
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Figure 34. Wound measurement (From Nishino et al. [13]. Reprinted with permission).

SHEDs and MSCs significantly accelerated wound closure compared with Fibro and control
treatment (Figure 34). At day 7 and 14, the evaluation by fluorescence microscope showed that
PKH 26 positive cells (Fibro, MSCs, SHEDs) were surrounded by hyaluronic acid binding
protein production of hyaluronic acid. The plasma membrane of transplanted cells showed
red fluorescence by PKH 26. Hyaluronic acid was visualized with green fluorescence. DAPI
was used to visualize the nuclei (blue fluorescence) (Figure 35).
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Figure 35. Histological evaluation (From Nishino et al. [13]. Reprinted with permission).
Day 7 (ng/mg) Day 14 (ng/mg)
control 1558.41 £60.33 :|x s 704.17+40.26 :|’ -
hFibro 2092.75 £ 42.56 :|= 1425.79 + 56.31 :|'
bk bl
hMSC 234207+ 188.10 1653.10 £ 120.84
SHED 2314.85+ 164 .91 - 164498 + 120.70 -

Table 2. Hyaluronic Acid Contents at Day 7 and 14 (From Nishino et al. [13]. Reprinted with permission).

Quantitate of hyaluronic acid was determined by measuring with ELISA. Significantly
increased amounts of hyaluronic acid in wounded tissues were observed at day 7 and 14 in
MSCs, SHEDs, and Fibro as compared with control (P < 0.05). This study demonstrated that
deciduous teeth, considered as medical waste, would be novel therapeutic approaches in the
treatment of wounds and new stem cell source for wound healing.

2.12. Umbilical cord Wharton's Jelly: A new potential cell source of mesenchymal stem cells
for wound healing

Neonatal congenital disease, such as cleft and lip palate, involves soft tissue defect as well as
skeletal abnormality. Thus the development of the therapeutic approaches accelerating both
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skeletal regeneration and wound healing is valuable for the treatment of neonatal congenital
abnormality (Figure 36). Umbilical cords are routinely discarded as medical wastes in clinic.
We have succeeded in isolating stem cells from the Wharton’s Jelly in umbilical cords (so called
umbilical cord matrix stem cells: UCMSCs). UCMSCs exhibited multipotential differentiation
activities. In this research, we focused on the isolation and identification of MSCs from the
Wharton'sjelly of umbilaical cord. The effect of local injection of UCMSCs on cutenaous wound
healing was examined using excisional wound model in mice.
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Figure 36. New concept of treatment of cleft lip & plate (From Shohara et al. [14, 15]. Reprinted with permission).

We have succeeded in isolating stem cells from umbilical cords (Figure 37A, B). Proliferation
of UCMSCs was significantly greater than that of bone marrow stromal cells. UCMSCs
proliferated much faster than did bone marrow stromal cells. UCMSCs exhibited multipoten-
tial differentiation activities toward osteogenic, adipogenic. We found that UCMSCs shared
most of their immunophenotype with bone marrow stromal cells, including positivity for
CD90, CD73, CD105, but negativity for CD11b, CD34(endothelial progenitor cell marker),
CD45(hematopoietic markers), and HLA-DR. It shows that UCMSCs expressed high levels of
mesenchymal stem cell markers. To investigate the wound repair activity of UCMSCs, we
transplanted them in mouse excisional wound splinting model and the acceleration of the
wound closure was evaluated (Figure 38). We found that the wound receiving the UCMSCs
exhibit significantly faster healing compared with PBS-injected control (Figure 39A). After 14
days from operation, the closed wound area was 99.72 + 0.17 % in the UCMSCs-group, while
that in the control was 82.13 + 5.85 % (Figure 39B). Histological analysis of wounds on day 14
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indicated that granulation tissue of UCMSCs-group appeared to be thicker and larger as
compared with the untreated group. Thus, these results demonstrated that the engrafted
UCMSCs accelerated wound healing process.

Figure 37. (A) Morphology and cross sectional image of umbilical cord. (B) UCMSCs exhibited fibroblastic morphology
with bipolar spindles shape (From Shohara et al. [14, 15]. Reprinted with permission).
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Figure 38. 6 mm full-thickness excicional wound splinted with silicone plate (From Shohara et al. [14, 15]. Reprinted
with permission).
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Figure 39. (A) Representative photograph of the wound at day 0, 7, 14 after UCMSCs transplantation. (B) Measure-
ment of wound closure at different time points (From Shohara et al. [14, 15]. Reprinted with permission).

In summary, the present study describes the isolation and primary characterization of stem
cells from medical wastes, such as umbilical cord. Furthermore, local injection of UCMSCs
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accelerated cutenaous wound healing process. This stem cells can be isolated without invasive
surgical procedures, providing unique cell resources for regenerative medicine. Together with
the distinct advantages of UCMSCs, such as accessibility, painless procedures to donors,
possible source for autologous cell therapy and lower risk of viral contamination, we suggest
that UCMSCs should be considered a promising cell resource for cell therapy.

2.13. Acceleration of wound healing with stem cell-derived growth factors

Recently, it has been revealed that bone marrow-derived MSCs accelerate skin wound healing,
and it is attracting attention as a new cell therapy. However, MSCs are isolated from bone
marrow from patient, and collection of the bone marrow is considerably invasive. In addition,
there is a problem that proliferative capacity of MSCs decreases with aging. Thus, application
of MSCs for elderly patients and fresh cases was difficult because it takes along time to cultivate
the cells. On the other hand, it has been known that MSCs secrete many growth factors. We
presumed that growth factors secreted by MSCs play a main role in wound healing effect, and
examined effect of MSC-CM on wound healing.
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Figure 40. Scheme of the experiment(From Tamari et al. [16-18]. Reprinted with permission from Quintessence Pub-
lishing Co, Inc, Chicago).

We observed wound healing process macroscopically and histologically using an excisional
wound splinting mouse model, and examined expression level of hyaluronic acid related to
the wound healing process to evaluate wound-healing effect of MSCs, MSC-CM, and control
(PBS) (Figure 39). The MSCs and MSC-CM groups accelerated wound healing as compared
with the control group. The area of wound in the MSCs and MSC-CM groups at 5 days and
later indicated statistically significant difference as compared with the control group.(Figure
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40, 41) At 7 days after administration of MSCs or MSC-CM, epithelialization was accelerated,
thick connective tissue was formed in the skin defective area, and the area of wound was
reduced in the MSCs and MSC-CM groups as compared with the control group. Hyaluronic
acid was expressed in the marginal part of the wound significantly. At 14 days after operation,
infiltration of inflammatory cells was decreased as compared with 7 days, and the wound was
closed in the MSCs and MSC-CM groups, while defective part of epithelium was observed in
the control group. Expression of hyaluronic acid was decreased from 7 days. At 7 and 14 days
after operation, expression levels of hyaluronic acid were 1512.0 + 84.10 ng/mg and 683.7+56.4
ng/mg in control group, 2450.3 + 225.7 ng/mg and 1690.2 + 170.2 ng/mg in MSCs group, and
2360.6 +230.0 ng/mg and 1570.1 + 142.5 ng/mg in MSC-CM group. At 7 and 14 days, the MSCs
and MSC-CM groups expressed significantly high level of hyaluronic acid as compared with
the control group (P < 0.05). The expression level of hyaluronic acid was lower at 14 days than
that at 7 days in all three groups.

Figure 41. Macroscopic findings at 7 and 14 days after injection. Left panels (A, C, and E) at 7 days after administra-
tion; Right panels (B, D, and F) at 14 days after administration. (A and B) control group; (C and D) MSCs group; (E and
F) MSC-CM group. Bar = 3 mm (From Tamari et al. [16-18]. Reprinted with permission from Quintessence Publishing
Co, Inc, Chicago).
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These experimental results indicated that both MSCs and MSC-CM groups have wound
healing acceleration effect as compared with the control group. The wound healing accelera-
tion effects of the MSC-CM group and the MSCs group were equivalent. Accordingly, it is
suggested that the MSC-CM contains growth factor derived from stem cells and is able to
provide wound healing acceleration effect equivalent to stem cell transplantation, and may
become new therapeutic method for wound healing in the future.
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Figure 42. Time-dependent changes in the area of wound area determined with image analysis software. area of actual
wound/area of original wound x100. Test for significant difference (ANOVA). MSC-CM group vs. control group, *P <0.05.
**P<0.01 (From Tamarietal.[16-18]. Reprinted with permission from Quintessence Publishing Co, Inc, Chicago).

2.14. Human dental pulp-derived stem cells promote locomotor recovery after complete
transection of the rat spinal cord by multiple neuro-regenerative mechanisms

Spinal cord injury resulted in severe functional disability. In worldwide, 2.5 million people
live with spinal cord injury More than 200,000 new injuries reported each year. Currently no
curative therapy is available. Recent study has demonstrated that transplantation of stem cells
in injured spinal cord would support functional recovery. The cellular resources of stem cell
are Human embryonic stem cell, Induced pluripotent stem cells, Human embryonic neural
stem cell, and adult mesenchymal stem cells from bone marrow. These stem cells have been
shown to be valuable cellular resources for treatment of animal model of SCI. However, to use
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them for patient, there are significant ethnical, safety and invasive problems. Thus, an ideal
stem cell resource for SCI treatment is still an elusive subject. Here we have examined a neuro-
regenerative activity of tooth derived stem cells in a rat model of SCI. Merits of teeth derived
stem cells for SCI treatment are 1, They can be easily isolated from medical wast such as
wisdom teeth and milk teeth. 2, AS they are originated from Neural crest, they can be a valuable
cellular resources for treatment of neuro-degenerative disease. 3, as they are autologous
cellular resources, must be safe for cell therapy.
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Figure 43. Merits of teeth derived stem cells for SCI treatment.

Flow cytometry analysis showed that SHEDs and DPSCs expressed a set of mesechymal stem
cell marker, CD90, CD73, CD105 and CD90, but not endothelial/hematopoietic marker, CD54,
CD34, CD45, CD11b/c or HLA-DR, as describe previously. Majority of these stem cells
uniquely co-expressed several neural linage markers, including Nestin and Doublecortin
(neural stem cell marker), GFAP (astrocyte marker), CNPase (immature oligodendrocyte
maeker) and A2B5 (oligodendrocyte precursor marker) altogether. Next we have examined
expression of neurotropic factors by real-time PCR. Comparing with skin-derived fibroblasts
SHEDs expressed NT-3 (Neurotrophin-3) and BDNF (Brain Derived Neurotrophic Factor),
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more than 3 and 5 times, respectively. These results demonstrate that SHED and DPSC, stem
cells derived dental pulps, are valuable cellular resources for neuro-regeneration therapy.
SHEDs or DPSCs were transplanted into the transected spinal cord as described in the
Materials and Methods. At 8 weeks post-engraftment, BBB scoring suggested a recovery of
hindlimb locomotor function both in SHEDs or DPSCs-transplanted rats (n = 11 for SHEDs
and n=10 for DPSCs) in comparison with vehicle controls (n = 10) analysis revealed a higher
frequency of locomotion recovery (BBB score > 7 for SHEDs and > 6 for DPSCs) in SHEDs or
DPSCs vs. vehicle controls. Thus, both SHED and DPSC promote functional recovery of
completely transected spinal cord. As axonal myelination promotes functional recovery of
injured spinal cord, we studied whether transplanted SHEDs preserved myelinated area in
injured spinal cord. In the PBS-treated control group, the transverse area of the lesion site
exhibited no or little staining of Fluoro-myelin. In SHEDs-transplanted, however, myelin
positive area covered 15% and 80% of entire spinal cord, at epicenter and 5mm caudal lesion
site, respectively, showing that transplanted SHEDs play significant role in preservation of
axonal myelination in injured spinal cord.

Our study revealed that engrafted SHEDs exhibited three major therapeutic benefits for
recovery after SCI, including inhibition of the SCI-induced apoptosis of neurons, astrocytes,
and oligodendrocytes, which promoted the preservation of neural fibers and myelin sheaths,
regeneration of the transected axon through the direct inhibition of multiple AGI signals, such
as chondroitin sulfate proteoglycans and MAG, by paracrine mechanisms, and replacement
of lost or damaged oligodendrocytes after SCI through specific differentiation into mature
oligodendrocytes under the extreme conditions of SCI. To our knowledge, the neuro-regen-
erative activities and are unique to tooth-derived stem cells, and are not exhibited by any other
previously described stem cells. Thus, our data demonstrate that tooth-derived stem cells may
provide significant therapeutic benefits for treating the acute phase of SCI through both cell-
autonomous and paracrine/trophic regenerative activities. We demonstrated multifaceted
neuro-regenerative activities of tooth-derived stem cells that fulfill many requirements for
functional recovery after SCI. In addition to their remarkable neuro-regenerative activities, we
did not observe the malignant transformation of engrafted SHEDs 8 weeks after their implan-
tation (data not shown). Furthermore, SHEDs and DPSCs can be obtained from exfoliated
deciduous and impacted adult wisdom teeth without adverse health effects. Thus, there are
few ethical concerns regarding their clinical use. We propose that tooth-derived stem cells may
be an excellent and practical cellular resource for the treatment of SCI.

2.15. Growth factors derived from dental pulp stem cells: A new potential clinical benefits
for CNS regeneration therapy

There is no effective treatment for SCI. In the acute phase of SCI, damaged neurons are going
to die within a day after the injury by inflammatory reaction. Until a weak later, multiple axon
growth inhibitors (AGIs) are produced by the astroglial scar and degenerated myelin sur-
rounding the injured CNS (Figure 44). We have been reported the clinical benefits of the
engrafted human DPSCs (hDPSCs) and stem cells from human SHEDs in the treatment of acute
phase rat SCI model. Recently, growth factors secreted from stem cells were important to stem

155



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

cell therapy. So we focused on the paracrine effect of growth factors derived from SHEDs.
Here, we show that local administration of a serum-free conditioned media of SHEDs (SHED-
CM) into the rat SCI resulted in remarkable recovery of hindlimb locomotor functions. We
found that this effect is associated with several paracrine effect of SHED-CM.
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Figure 44. Acute phase of SCI.

We examined the effects of the treatment with SHED-CM, MSC-CM or Fibro-CM on the
functional recovery after contusion SCI. CMs were continuously delivered intrathecally by
infusion pump into the SCI epicenter. The level of recovery of hindlimb locomotion was
evaluated using the Basso, Beattie, Bresnahan locomotor rating scale (BBB scale). After the
recovery period, the rats that had received SHED-CM were able to support their weight
through the plantar surface of the paw and step with fore-hindlimb coordinated manner In
contrast, although the MSC-CM or Fibro-CM treated rats move 3 joints of hindlimb, they were
not able to walk with weight support. These results demonstrate that SHED-CM, but not MSC-
CM and Fibro-CM, provides significant therapeutic benefit for the treatment of the acute phase
of SCI. In the acute phase of SCI, much inflammatory cytokines are released. These inflam-
matory cytokines activate microglia and leads to expansion of inflammatory reaction. We got
rat spinal cord mRNA after SCI, and analyzed expression of inflammatory and anti-inflam-
matory cytokines. We found that inflammatory cytokines expression down regulated MSC-
CM, Fibro-CM, and SHED-CM groups rather than control groups at three time points. On the
other hand,importantly, anti-inflammatory cytokines expression up regulated only SHED-CM
groups. We got mouse primary microglia mRNA after LPS stimulation and analyzed the
expression. Similarly in vivo results, inflammatory cytokines expression down regulated MSC-
CM, Fibro-CM, and SHED-CM culture groups rather than control groups. But,uniquely,
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glutamate and NO level in microglia culture medium reduced only SHED-CM groups.
Damaged neurons and glial cells are going to die within a day after injury, and expand cell
death in one week. These cell death leads to degeneration of myelin and chronic atrophy of
spinal cord. So we tried TUNEL staining. Compared to the control groups, SHED-CM groups
were down regulated TUNEL positive cells significantly at 24hour and 1week after SCI. And
we stained myelin by fluoromyelin at eight weeks after SCI. At control groups, spinal cord
was going to atrophy from epicenter, but on the other hand SHED-CM groups were maintained
myelin and kept form of spinal cord from epicenter. Until a week after SCI, multiple AGIs are
produced by astroglial scar and degenerated myelin surrounding injury site. These AGIs
accelerate the neuronal apoptosis and inhibit axonal regrowth. We got primary cerebellum
granule neurons (CGNs) and tried neurite outgrowth assay on AGIs coating dish. And we
found that CGNs only SHEDs and DPSC-CM culture groups inhibited AGIs activity and strong
promoted their neurite. So we stained by NFM and 5-HT eight weeks after SCI. And we found
that neuronal axon extended beyond the injury epicenter to caudal. Our studies demonstrate
potential clinical benefits of SHED-CM for the treatment of the acute phase of SCI, providing
a novel, safe and effective neuro-regenerative therapy that protects patient’'s CNS from the
traumatic and ischemic CNS injury.

Transplantation of stem cell can
support functional recovery

Spinal cord injury (SCI) Ethical and Safety problems Invasive problem
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Figure 45. Multifaceted treatment strategy.

157



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

2.16. SHED-CM rnhances recovery of focal cerebral ischemia in rats

Regenerative therapy using stem cells is a promising approach for treatment of stroke.
Recently, we reported that DPSCs ameliorated ischemic tissue injury in rat brain and acceler-
ated functional recovery after middle cerebral artery occlusion (MCAO). In this study, we
investigated the effects of SHED-CM after pMCAO (permanent middle cerebral artery
occlusion). Adult male Sprague-Dawley rats were subjected to pMCAO. SHED-CM was then
administered intranasally and motor function and infarct volume evaluated. SHEDs were
cultured in DMEM serum-free medium. Conditioned medium of SHEDs was collected after
48 h of culture and centrifuged at 1500 rpm for 5 min. The supernatant was recentrifuged at
3000 rpm for 3 min followed by collection of the second supernatant, named SHED-CM.
Seventy-two hours after pMCAOQO, the rats were anesthetized again with 1.5% isoflurane in a
mixture of 70% N,O and 30% O,. A total of 100 puL of SHED-CM was administered to rat via
the olfactory pathway using a Hamilton microsyringe (Figure 46). The SHED-CM preparation
was administered in 10 pL at a time, with an interval of 2 min between each administration.
Intranasal administration was performed everyday from days 3 to 15.

7

Figure 46. Intranasal administration.

The rats were blindly examined on days 1, 3, 6, 9, 12, and 15 using a standardized motor
disability scale with slight modifications. The cryosections obtained from samples on day 16
were stained with hematoxylin and eosin. Image ] was used to determine each infarct area in
12 coronal sections at 1.00-mm intervals. The entire infarction area was covered by these 12
coronal sections. Regional infarct volumes were calculated by summing the infarct areas and
multiplying these areas by the distance between sections (1.00 mm). The two groups displayed
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almost the same high score for motor function in the early stages as shown in Figure 47 right.
Differences in the score appeared gradually between the two groups during the middle stage.
On day 15, progressive improvement in motor disability in the SHED-CM group became
significant compared to the PBS group. As shown in Figure 47 left, there was a significant
decrease in infarct volume on day 16 in the SHED-CM group compared to the PBS group.
These results suggest that SHED-CM promoted regeneration. Recently, we reported the
characteristics of SHEDs compared with DPSCs and MSCs. The results indicated that SHEDs
possessed high proliferation ability and were enriched with extracellular matrix, suggesting
it may be a useful source for stem cell-based therapy. In addition, using micro array analysis,
we showed that SHEDs had higher expression levels of several growth factors, such as
fibroblast growth factor, transforming growth factor, connective tissue growth factor, nerve
growth factor, and bone morphogenetic protein. Taken together, these findings indicate
SHEDs are a more potentially useful source of stem cells for cell therapy than DPSCs and MSCs.
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Figure 47. Evaluation of motor function and Reduction in infarct volume.

However, cell therapy is always associated with problems, such as canceration, immune
rejection, and ethical issues. Therefore, it is necessary to find alternative treatments to cell
therapy. Studies in recent years have resulted in the recognition of a paracrine function in
factors, and have suggested that stem cell transplantation may also be regarded as “cell-based”
cytokine therapy. Accordingly, we investigated two steps for developing a new treatment for
cerebral ischemia. In the first step, we used SHED-CM as a new source for treatment of cerebral
ischemia. We have reported previously in a rat model of stroke that needle administration of
DPSCs induced recovery of motor disability and reduction in infarct volume, proliferation of
their presumptive progeny in SVZ, migration to the infarct, and differentiation into the
appropriate neurons. As several growth factors involved in neural regeneration are secreted
from DPSCs, we hypothesized in the current study that SHED-CM may improve recovery of
motor disability and reduce infarct volume. In the second step, we investigated intranasal
administration of SHED-CM. Using this administration, therapeutic molecules traverse the
BBB through the olfactory pathway and the less-studied trigeminal neural pathway. An
important advantage of intranasal administration is that it is less invasive with the factors
being delivered directly to the brain.
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Our results suggested that SHED-CM including some growth factors may produce effects in
stroke model. The success of the two steps investigated suggest it may be possible to use a
shortcut for clinical application. Administration of SHED-CM resolves the ethical issues
involved with cell therapies, as SHED-CM is not a cell but rather a conjugate of many growth
factors. As SHED-CM can be stocked, it is possible to use it for acute stages of stroke, either
alone or with ready-made treatment, such as recombinant tissue plasminogen activator,
anticoagulation, and antiplatelet therapy. This study suggested that intranasal administration
of SHED-CM may help recovery in acute stroke patients in the future. In conclusion, regen-
eration therapy using SHED-CM is a very safe method with no associated problems and is
therefore a potential candidate for innovative treatment of cerebral ischemia.

3. Conclusion

The endpoint of all our studies is to establish successful novel therapies for patients suffering
from diseases or disorders. These studies suggest that engineered tissues may have an
expanded clinical applicability in the future and may represent a viable therapeutic option for
those who require tissue replacement or repair. The future outlook is positive with the recent
discovery of iPSCs and stem cells from human SHEDs. We especially focus on the potential of
SHEDs, which were identified as a population of highly proliferative, clonogenic cells capable
of differentiating into a variety of cell types including neural cells, adipocytes, and odonto-
blasts. The stem cell field is also advancing rapidly, providing new therapeutic options. In the
future, banking these stem cells may provide a convenient source for autologous therapy and
for matching recipients with histocompatible donors. Tissue engineering holds great promise
for the future of medicine, as experimental efforts are currently under way for virtually every
type of tissue and organ within the human body.
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Chapter 8

Electronic Structure Calculations for Nano Materials

Nobutada Ohno, Dai Okumura and
Yusuke Kinoshita

1. Introduction

This is a chapter on electronic structure calculations for nano materials based on first-principles
density functional theory (DFT) [1, 2]. The DFT has become the primary tool for electronic
structure calculations for solids and has also become popular for atoms and molecules. There
are many reviews and books on the DFT [3-5]. In this chapter, the works of Ohno and coworkers
on electronic structure calculations for deformed boron nitride nanotubes (BNNTs) using the
DFT are described [6, 7].

The existence of BNNTs was theoretically predicted by Rubio et al. [8, 9] and then multi-walled
(MW) BNNTs were first synthesized by Chopra et al. [10]. Since then, BNNTSs have attracted
the attention of many researchers owing to their important properties [11]. The mechanical
strength [12, 13] and thermochemical stability [14] of BNNTs are comparable to those of carbon
nanotubes (CNTs) [15]. For instance, experiments (using a thermal vibrational amplitude
technique [12] and an electric field-induced resonance method [16]) and atomistic simulations
(first-principles [17-20], tight-binding [21, 22], and classical molecular mechanics [23, 27]
calculations) measured the Young's modulus of BNNTSs to be in the range 0.7-1.2 TPa, which
is close to that of CNTs (e.g., the average value is 1.8 TPa [28] and 1.25 TPa [29]). In contrast,
the electrical conductivity of BNNTs is completely dissimilar to that of CNTs. While CNTs
become either metallic or semiconductive depending on the chirality, BNNTSs are electrically
insulating regardless of the diameter and chirality [11]. This is a notable characteristic of
BNNTs that is different from CNTs. Therefore, BNNTs are expected to be used as electrical
insulation coatings for conducting or semiconducting nanochains, nanowires, and nanotubes
in severeconditions such as high temperatures and chemically hazardous environments.

However, a recent experimental study indicated that a bent MWBNNT was electrically
conductive [30], and a theoretical study showed that flattening decreased the energy gap of a
zigzag single-walled (SW) BNNT [31]. These results indicate that the usefulness of BNNTSs as
nanocoatings might be lost under certain conditions (e.g., deformation caused by thermal

I NT Ec H © 2013 Ohno et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
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Figure 1. Simulation model of (8,0) SWBNNT.

stress or by a substrate constraint). Alternatively, BNNTs can be used in nanoelectronic devices
by introducing deformation. In any case, our aim is to elucidate the electronic structures of
deformed BNNTs. In the following sections, electronic structure calculations for SWBNNTs
under tension, torsion, and flattening (Section 2) and for MWBNNTSs under flattening (Section
3) will be discussed.

2. SWBNNTSs under tension, torsion and flattening

2.1. Simulation procedure

This section focuses on (1,0) SWBNNTs with n= 6, 8, 10, where (1, m) is the chiral index.The (n,

m) tube has a diameter of /3ayn’+ nm + nz/ 7, where a is the nearest interatomic distance
between boron and nitrogen atoms. Figure 1 shows the simulation model of the (8, 0)
SWBNNT. The BNNT is located at the center of the unit cell so that the axial direction is parallel

to the z direction. The cell size is (ﬁan/ T+ ZLV)X (ﬁan [+ 2Lv) x3a with 4=0.145 nm and

Ly=0.5 nm, where Ly is the length of vacuum region in the unit cell. Although a three-dimen-
sional periodic boundary condition is used, the cell sizes in the x and y directions are suffi-
ciently large to avoid any interaction with neighboring image cells. It is confirmed that they
have little effect (less than 1%) on the total energy, charge distribution, and energy-band
structure of a deformed BNNT when they are larger than the tube diameter by 1.0 nm.

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, .., become less than 0.01 eV/A and 0.01
GPa, respectively. After obtaining the equilibrium structure, tension, torsion, or flattening
deformation is applied where atomic configurations are relaxed until their forces become less
than 0.01 eV/A.



Electronic Structure Calculations for Nano Materials

TN ST ]

y- W N oo o o0
o978 — ¥V
o290 Lwi T dtetd -
To o0 -

z ‘).,C'.O_.%
]y Vol es

(a) Tension

e "o e"s
P'D..Dﬁatomi 0“0
U e ) so o 9
Mo 9.-0% IZ> oo 8P
L Yo 0e% >
z 2o |7 FoP e
, Lehetes Voot
’ (b) Torsion
Imaginary wall
Nooq]

[ 3es ] f
o Q O )
y [ Do -] : ':i D !:

‘o 0' (1] 0
z . < iol

(c) Flattening

Figure 2. Schematics of tension, torsion, and flattening of SWBNNT.

In tension (Figure 2(a)), the axial strain, ¢.., is defined as

L,-L,,
EZZ = ZL

(1)

Z0

where L,, and L, are the cell sizes in the z direction of unstretched and stretched BNNTSs,

respectively. In this study, ¢, is in the range 0.00-0.10 with an increment of 0.02.

In torsion (Figure 2(b)), atom i is rotated ¢, degrees about the z-axis. ¢, is defined as

¢; =0z )
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0 360N,
nN_L

z7z0

(3)

where 0 is the specific angle of twist, z; is the z-coordinate of atom i, N is an integer, and N. is
the number of primitive unit cells in the z direction. The torsion angle must be an integral
multiple (Ny) of 360/n to fulfill the periodic boundary condition. In this study, the value of N,
is 1 and that of N, is in the range 3-5.

In flattening (Figure 2(c)), compression in the x direction is applied by reducing the distance
between imaginary walls. Once an atom contacts a wall, the atom is allowed to move only on
the wall. The flattening ratio, 7, is defined as

n=—p,— (4)

where D is the tube diameter at equilibrium and D is the distance between the imaginary
walls. In this study, 7 is in the range 0.00-0.50 with an increment of 0.05.

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 1 x 4 k-point mesh for atomic and electronic relaxations. After the
relaxation, the energy-band structure is obtained by calculating energy eigenvalues of 30
points on I'-X line in the Brillouin zone.

2.2. Results and discussion

2.2.1. Energy-band structures

It is well known that the DFT underestimates the energy gap. For a quantitative discussion of
the energy gap, a modified theory such as the GW approximation (GWA) is necessary [37-40].
Nonetheless, previous studies on bulk hexagonal BN and an isolated BN sheet showed that
the shape of the energy bands by the DFT is quite similar to that by the GWA except for the
magnitude of the energy gap [37, 38]. Thus, the DFT can qualitatively predict energy-band
structures of BNNTs.

Figure 3 shows the change in the energy-band structures of the (8,0) SWBNNT under tension,
torsion, and flattening. The (6,0) and (10,0) show a changing trend similar to the (8,0) band
structure. A common feature among the three deformation modes is that both the valence-
band maximum (VBM) and conduction-band minimum (CBM) are located at the I point (k=0)
during the deformations. Another common feature is that the change in the energy of the VBM,
Eygy, is almost zero. Note that while the tension and flattening obviously decrease the energy
of the CBM, E.;), the torsion hardly decreases Ec;). The results suggest that all the three
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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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Figure 6. Change in the CBM charge density. Cross sections passing through boron atoms are shown.

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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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) ™" 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



Electronic Structure Calculations for Nano Materials 179

(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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(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.
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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 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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It should be noted that the (5,0)@(13,0) DWBNNT and (5,0)@(13,0)@(21,0) TWBNNT show
different changes in CBM charge densities from those of the SWBNNTs and (13,0)@(21,0)
DWBNNT (Figurel?). First, the CBM charge densities gradually transfer from boron atoms in
the innermost tube to boron atoms in the second innermost tube. This charge delocalization
and spreading account for the increase in Eqg, in the (50)@(13,00 DWBNNT and
(5,0)@(13,0)@(21,0) TWBNNT during the early stage of the deformation. Then, overlap of the
charge densities in curved regions in the second innermost tube is induced with increasing
deformation. Consequently, Ecg, of the (5,0)@(13,00 DWBNNT and (5,0)@(13,0)@(21,0)
TWBNNT decreases later in the deformation. It is this mechanism that results in the initial
increase and subsequent decrease in E, in the (5,0)@(13,0) DWBNNT and (5,0)@(13,0)@(21,0)
TWBNNT. Because the latter has a larger 7;, than the former under the same ) (see the atomic
positions in the innermost tube at ) of 0.43 in Figure 17), charge spreading from the first to the
second innermost tube is completed earlier in the latter. Therefore, the latter shows an earlier
shift from increase to decrease in E,,.

3.2.3. Critical diameter of the innermost tube

It is evident that a critical chiral index, (n,, 0), exists for flattened zigzag MWBNNTs. Consider
the innermost tube of a zigzag MWBNNT, denoted as (1,,, 0). In the case of n;,>n,, E, decreases
monotonically as the flattening deformation increases. In the reverse case (1, < 1), E, first
increases and then decreases. From the results obtained in this study, n. is proven to be an
integer between 5 and 13. Furthermore, if zigzag BNNTs have the same n;,, a zigzag BNNT
containing more walls shows a more rapid change in E, (compared with the change in E,
between (13,0) SW and (13,0)@(21,0) DWBNNTs and between (5,0)@(13,0) DW and

(5,0)@(13,0)@(21,0) TWBNNTs in Figure 13).

In the aforementioned experimental study on abent MWBNNT, anotable tendency for a zigzag
atomic arrangement and local flattening have been observed [30]. Judging from the HRTEM
images, n;,, of the MWBNNT is larger than n.. Therefore, it can be said that a possible reason
for the change from insulating to semiconducting in the bent MWBNNT is electronic changes,
as shown in Figure 16. To the best of our knowledge, there has been no experimental study on
deformed BNNTs with n,< n, but the results for the (5,0)@(13,00 DWBNNT and
(5,0)@(13,0)@(21,0) TWBNNT obtained in this study are expected to be good predictions.
Bending experiments on BNNTSs with n;, <n_are greatly anticipated.

4. Summary

In Section 2, the electronic structures of (1,0) zigzag SWBNNTSs subjected to tension, torsion,
and flattening were investigated by first-principles DFT calculations. The results revealed that
the three deformation modes decrease the energy gaps of the SWBNNTSs because of the
decrease in the CBM energy caused by an overlap of CBM charge densities between circum-
ferentially neighboring boron atoms. The key findings of Section 2 are that flattening with a
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force smaller than that applied for tension or torsion causes a larger decrease in the energy gap
and that the force required for flattening SWBNNTs is not unrealistic.

In Section 3, electronic structures of flattened MWBNNTSs with the zigzag chiral index (7,0)
were investigated by first-principles DFT calculations. The key findings obtained in Section 3
are summarized as follows:

1. When the chiral index of the innermost tube, 1, of a zigzag MWBNNT is larger than the
critical one, n, the energy gap decreases monotonically with increasing flattening
compression.

2. When n;, <n, the energy gap first increases and then decreases with increasing flattening
compression. This initial increase and subsequent decrease are caused by a charge
spreading from the first to the second innermost tube and by bond formation in curved
regions in the second innermost tube, respectively.

3. The n,is found to be an integer between 5 and 13.
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Chapter 9

Measurement of Frictional Properties on
the Micro/Nanometer Scale

Kenji Fukuzawa

1. Introduction

Scanning probe microscopes (SPMs) were invented by Binnig and Rohrer in 1980s and have
been one of the key methods for measurements and manipulations in nanotechnologies since
then [1, 2]. The first SPMs were a scanning tunnelling microscope (STM), which uses a
tunnelling current. The vertical resolution of sub-nm comes from the extremely short length
of interaction between the probe and sample surface. If a sharp tip can be prepared, the lateral
resolution of sub-nm is possible. STM can see sample surfaces at an atomic resolution and
manipulate a single atom. The concept of STM can be extended to various fields and wide
varieties of properties can be measured on the nano scale by changing the interaction between
the probe and sample. It should be noted that micro fabrication techniques based on micro-
machining techniques has been indispensable to the development of SPMs. Atomic force
microscopes (AFM) are one of the most successful microscopes in SPMs [3]. As a probe, they
use micro cantilevers with a tiny tip, whose apex radius is around several nm. Typical
dimensions of the cantilever are 100-um long and a few-pum thick. Micro structures at these
dimensions are not easy to fabricate for conventional machining. Therefore, micro fabrication
methods have been developed. Micromaching not only improved the performance of SPMs
but also made them a popular technology because the fabrication methods were suitable for
mass production.

SPM have been extending its application to mechanical fields. One of the successful applica-
tions is a friction force microscope (FFM), which has been a key technology of micro/nano
tribology [4]. FFM can measure the local frictional or rheological properties at a micro/nano
scale although AFM is limited to measurement of the topography. The performance of micro/
nano mechanical devices, such as micro/nano electro mechanical systems (MEMS/NEMS),
computer hard disk drives (HDDs), is dominated by surface forces such as friction and viscous
forces rather than volume forces such as gravitational forces. Therefore, the measurement of
the local frictional properties is very important for the performance analysis and design of
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micro/nano mechanical devices. FFM is also applied to local characterization of the sample
surface by using that different materials usually have different frictional properties. If the
sample consists of composite materials such as laminated materials or carbon-fiber-reinforced
materials, the local composition can be evaluated at a nanometer scale by measuring the
frictional property distribution. Recently, the local chemical composition and properties such
as hydrophobicity can be mapped by measuring friction force distribution with a chemically
functionalised probe. In this chapter, the basis and drawbacks of FFM are briefly reviewed and
recent trials to overcome the drawbacks are described.

Movement
by deflection

Laserfor
optical lever method Laser spot

— Movement =
,r\-t,;H: oy twist Detection
-7 plan of PD
Susbstrate
(Probe base)
Micro-cantilever Four segmented
Sample photodiode (PD)
Friction force \ Tp

Load

Lateral force .
( ) (vertical froce)

Figure 1. Schematic of conventional micro-cantilever-based FFM.

2. Conventional FFM

Conventional FFMs use a micro cantilever as a probe, which is used in AFM. By slightly
modifying an AFM setup, replacing a two-segmented photodiode (PD) as a position sensitive
detector (PSD) with a four-segmented one, FFM measurement become possible. Because of
this convenience, many of the commercial AFMs have a four-segmented photodiode and can
make a FFM measurement with a micro cantilever probe for AFM. However, probes are
designed for AFM, not for FFM. This limits the performance of FFM. In SPMs, the development
of the probe is significant as described above. Although many trials have been done to
overcome the drawbacks, a standard probe for FFM has not been established yet. Here,
measurement principle of conventional FFMs and then their drawbacks are explained.
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2.1. Measurement principle of conventional FFM

When the probe is scanned under a constant load condition as shown in Figure 1, the micro
cantilever twists along its long axis due to the friction force applied to the probe tip. FFM
measures the friction forces by detecting this torsion of the cantilever. In addition to the friction
force, the load, the force in the vertical direction, is simultaneously applied to the tip. This
causes the vertical deflection of the micro cantilever. Lettering 6 and Az be torsion angle and
vertical deflection, respectively. The friction force in lateral direction, F; and the load in the
vertical direction, Fy are respectively given by

k
P, =70 1)
F, =k, Az )

where k and k, are to the tensional rigidity and spring constant of the cantilever. In addition,
[ is the length of the cantilever. The friction force and load can be simultaneously obtained
from measured torsion angle 0 and vertical deflection Az by using Egs. (1) and (2). If the sharp
tip whose apex radius is around one nanometer is prepared and the probe is scanned on the
sample surface with a piezo scanner, the friction coefficient, which is the most fundamental
frictional properties, can be mapped on a nanometer scale. Next, a method for measuring the
torsion angle 0 and vertical deflection Az is explained. This is based on the method for
measuring the vertical deflection in AFM, which is called optical lever method. A schematic
setup is shown in Figure 1. The light from the laser diode is focused on to the micro cantilever
surface and the reflected light forms the light spot on the four-segmented PD. The four PDs
detects the light intensities separately and the difference in PD signals, (I,+I)-(I-+Ip) and (I,
+Ic)-(Ig+lp) are obtained. Here, I, Iy, I, and I, are the signals from PD of A, B, C, and D,
respectively. When the load is applied to the probe and micro cantilever deflects vertically, the
light spot moves in the vertical direction. This causes the change in the differential signal (I,
+I)-(IctIp). In a similar fashion, the friction force is applied, the differential signal (I,+I)-(I
+Ip) changes due to the lateral displacement of the light spot, which is generated by the torsion
of the micro cantilever. The mode of probe scanning in FFM is the same as the contact AFM
mode. In this mode, the probe is scanned under a constant load condition, which is achieved
by controlling the probe height with a piezo actuator so that the vertical deflection signal (I,
+Ip)-(Ic+Ip) keeps a set value. Typical probes for FFM are I- and V-shaped microcantilevers as
shown in Figure 2. Usually, I-shaped cantilever is made of single crystal silicon and V-shaped
one is made of silicon nitride. Typical spring constant in vertical direction, Ky is around 1
N/m. Both probes are basically designed for contact mode AFM. Thus, only the introduction
of the four-segmented PD can provide FFM measurement with usual AFM setups.

2.2. Drawbacks of conventional FFM probes

Conventional FFM probes have been very useful for mapping friction properties and produc-
ing fruitful results in various fields, however, it has a fundamental problem to be solved. It
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uses the torsion angle 0 and vertical deflection Az for detecting the friction force F; and load
Fy. Two deformations have to be independent of each other for accurate measurement of the
friction force and load. Considering that both deformations occur at the end of the micro
cantilever, they are possible to interfere with each other. The independent deformations are
valid only when the deformations are small enough, which means that the friction force and
load are small enough. This mechanical interference cause significant drawbacks in FFM.

(a) (b)

Microcantilever Microcantilever
- -
o P

Probe base Probe base

/

Figure 2. Typical types of micro cantilever for FFM. (a) I-shaped and (b) V-shaped cantilevers. The figures are viewed
from the tip side.

The first drawback is the decrease of the measurement accuracy [5, 6]. As described in Section
2.1,in Egs. (1) and (2), the tensional rigidity k; and spring constant k, are assumed to be constant.
However, when the friction force is large, the torsional rigidity k; and the spring constant k,
depends on the load and friction force. These limit FFM applications for conventional probe.
Therefore, conventional FFMs remain at the level of qualitative evaluation means in many
applications.

The second drawback is the decrease of the measurement performance. The fundamental
equations, Egs. (1) and (2) indicate that the improvement of the force sensitivity requires the
decrease of the rigidity, k; or k,. In contrast, the reduction of the mechanical interference
requires the high rigidity for the counterpart deformation. For example, the torsional rigidity
has to be set high in order to measure the load accurately. Since the V-shaped cantilevers are
designed for a contact AFM mode, crossed cantilever structure is adopted in order to increase
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k; and reduce the torsion of the cantilever. This leads to the decrease of the sensitivity of the
friction force. In order to measure the friction force accurately, the vertical spring constant k,
has to be higher, which decreases the load sensitivity. Thus, the design for the high force
sensitivities of both the friction force and load is difficult for conventional cantilever probe due
to the mechanical interference. In conventional FFMs, since probes are designed for AFM, most
of the probe is set so as to reduce torsion of the cantilever. Therefore, friction force sensitivity
is made victim of that of the load.

In addition to the drawbacks due to the mechanical interference, conventional FFMs have
another fundamental drawback. As described in Section 2.1, the torsion of the micro cantilever
is detected to obtain the friction force. This is implemented by the optical lever method. The
optical lever method can provide the differential signal (I,+Ic)-(Ig+]p) corresponding to the
torsion angle 0 in Eq. (1). For quantitative measurement, the relationship between the signal
(Ix+Ic)-(Igt]p) and angle O has to be known. For this purpose, the torsion angle 0 of the micro
cantilever has to be measured. In addition, this measurement has to be done for the micro
cantilever installed in AFM setup because the signal (I,+Ic)-(Iz+]p) may change for the setup
to setup. This torsion angle measurement is not easy in usual setups. Therefore, the standard
calibration method for the friction force has not been established yet. This is one of the reasons
why FFM remains at the level of qualitative evaluation means [7].

3. Dual-axis FFM probes

Many trials have been done in order to overcome the above drawbacks of the conventional
FFM. One promising candidate is a dual-axis probe. The mechanical interference problem in
the conventional probe is caused by the fact that the probe uses the two deformations of the
same part, the probe end. If the different parts of the probe deform due to the friction force
and load, the mechanical interference can be reduced or eliminated. Dual-axis probe is based
on this idea. Chui et al. presented the probe that serially connected an array of cantilevers to
a V-shaped cantilever with a tip [8]. The schematic structure is shown in Figure 3. The surface
of the cantilever array is set vertically to the V-shaped cantilever one. The double cantilever
array laterally deflects for the friction force and V-shaped cantilever vertically deforms for the
load. The friction force and load is obtained from these lateral and vertical deflections. Ando
et al. presented the concept of another type of dual-axis probe, where the two double cantile-
vers that rotate by 90 degrees to each other are serially connected as shown in Figure 4 [9]. The
double cantilever with its surface normal to the sample surface deflects for the friction force
and another double cantilever does for the load.

The detection method for vertical deflection of the probe for conventional FFM can be applied
to the dual-axis probe whereas that for lateral one cannot because the probe does not twist and
deflects laterally. In the optical lever method, which is widely used in conventional FFMs, the
light does not move on the PD even if the probe deflects laterally. Therefore, the optical lever
method cannot be applied to dual-axis probes directly. Moreover, in the both dual-axis probes,
the deformation parts are serially connected as shown in Figures 3 and 4. The displacement of
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the probe end is the sum of the deformations of two deformation parts such as the cantilever
array and V-shaped cantilever. This means that the deformations of the two parts cannot be
determined by measuring the displacement of the probe end as can be done in conventional
FFMs. In the probe that presented by Chui et al., in order to solve this problem, they fabricated
a very special type of the probe that has piezoresistive sensors both on the lateral and vertical
cantilevers to detect lateral and vertical deflections. In general, the piezo resistive sensor is not
easy to fabricate on the double cantilever array because their surface is normal to the base
substrate. In the probe that presented by Ando et al., the solution for this problem was on a
conceptual level and not demonstrated experimentally. Thus, the standard probe for the dual-
axis FFM has not been established yet. Recently, a new type of dual-axis probe called micro
mechanical probe (MMP) has been presented [10]. This probe can overcome the significant
problem of the dual-axis probe as mentioned above. The details of the MMP are described below.

V-shaped cantilever
for load detection

Silicon substrate

Double cantilever
for friction force detection

Figure 3. Schematic of dual-axis FFM probe with an array of double cantilevers for the friction force detection and V-
shaped cantilever for the load detection.

Silicon

Double cantilever
substrate

for load detection

Tip

Double cantilever
for friction force detection

Figure 4. Schematic of a dual-axis FFM probe with serially connected double cantilevers for the friction and load
detections
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3.1. Concept of Micro Mechanical Probe (MMP)

The structure and set-up of MMP are schematically shown in Figure 5. This probe consists of
the double cantilever for the friction force detection and the torsion beam for the load detection.
The tip is fabricated at the end of the double cantilever. The double cantilever is supported by
the torsion beam and rotates along the torsion beam when the load is applied to the tip. In this
probe, the deformation parts are not connected serially as done in the dual-axis probes that
above mentioned. This can provide that both the deformations of the double cantilever and
torsion beams can be measured by detecting the displacement of the probe end. By detecting
the lateral deflection of the double cantilever Ax and the torsion angle of the torsion beam, 0,
the friction force F; and load Fy can be obtained by

Fp =kyAx (3)

FV=_6t (4)

where k; 4 and ky, are the spring constant of the double cantilever and torsional rigidity of the
torsion beam, respectively. In the MMP, the lateral deflection Ax and the torsion angle can be
measured by detecting the lateral and vertical displacements of the probe end. As described
above, the lateral displacement of the dual-axis probe cannot be detected by the optical lever
method. In the MMP, the low reflection pattern called optical lever pattern is fabricated on the
probe head surface. As one of the optical lever pattern, a micro roof-shaped structure was
presented [11]. The light that focused onto the roof-shaped structure scatter whereas the light
focused onto the flat surface reflects and goes to the PD for the optical lever method. Therefore,
the reflection light forms the light spot with a dark pattern on the PD. When the load is applied,
the light spot on the PD moves in the vertical direction as does in conventional FFM. In contrast,
when the friction force is applied, the spot does not move but the dark pattern generated by
the optical lever pattern moves laterally. Therefore, the differential signal (I,+Ip)-(I-+Ip) gives
the vertical displacement of the probe head or the torsion angle of the torsion beam 0 whereas
(Ix+1c)-(Igtlp) gives the lateral deflection of the double cantilever Ax. This method for measur-
ing the vertical and lateral displacements are the same as that in conventional FFMs as
explained in Section 2.1. This indicates that the optical lever method, which is widely used in
conventional FFMs, can be applied to the MMP-based dual-axis FFM. Therefore, the MMP can
be easily installed to conventional FFM or AFM setups with FFM options and can change
conventional FFM to dual-axis FFM.

3.2. Mechanical design of MMP

Let us think about the necessary structure for the MMP [12]. In general, the needed force
resolution for the friction force and load is of the order of 1 nN. The typical displacement
resolution of the optical lever method is of the order of 0.1 nm. Therefore, a required spring
constant of the double cantilever and torsion beam is of the order of 1 N/m. In conventional
FFM probes, the typical lateral and vertical spring constants of V-shaped cantilever is around
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Figure 5. Schematic of the micro mechanical probe (MMP)-based FFM. The MMP consists of a double cantilever for
the friction force detection and a torsion beam for the load detection.

100 and 0.1 N/m, respectively, and the typical lateral and vertical spring constants of I-shaped
cantilever is around 100 and 1 N/m, respectively. These indicate that the friction force sensi-
tivity is two or three order of magnitude lower than that of the load. This is because these
probes are designed for AFM and the mechanical interference is reduced by sacrificing the
friction sensitivity as described above.

The spring constant of the double cantilever beam in the lateral direction is given by
by

E ()

where E is Young's modulus. the spring constant of the double cantilever beam in the vertical
direction is given by

1 bd3h d

b= 2B (6)

The effective spring constant of the torsion beam in the vertical direction is given by

Gbh? .
ktv=2f lZZ ( )
c't

where the torsion angle is converted to the vertical displacement of the probe end. The lateral
spring constant of the torsion beam k is given by
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2 bt3ht
ktl = gE i ZZ (8)
c't

By using Egs. (5) to (8), the spring constants are obtained as ky = 4.3 N/m, ky, = 1.5 x 10° N/m,
ke, =13.1 N/m, k; =4.9 x 10* N/m when [y = 1200 pum, by = 185 um, hy=5 um, /,= 370 pum, b, =70
pum, and i, =20 pm. Here, I, b, and h denote the length, width, and thickness, respectively and
the suffixes d and t mean the double cantilever and torsion beam, respectively. The pitch
between the double cantilever beams is set to w;, =400 um and the tip height t is set to 10 pm.
The lateral rigidity of the torsion beam k, is 100 times larger than that of the double cantilever
beam k4, and the vertical rigidity of the double cantilever beam k, is 100 times larger than that
of the torsion beam k,,. The probe with these dimensions can measure the lateral and vertical
forces independently with a force resolution of 1 nN without the mechanical interference.

3.3. Fabrication method of MMP

Here, the fabrication method of the MMP is described. As described in the above section, the
double cantilever of the MMP requires the structure with a very high aspect ratio of around
40: 1. In the above example, a cantilever with a width of 185 um and the thickness of 5 um. The
structure at these small dimensions is difficult to fabricate for conventional machining
techniques. Moreover, the high aspect structure is not easy for even the micromachining
techniques although they are suitable for fabrication of the structure on the micrometer scale.
Among the current micromachining techniques, anisotropic chemical etching and deep
reactive ion etching (DRIE) are candidates that can fabricate microstructure with a high aspect
ratio. Although the DRIE can provide height aspect microstructure, it takes efforts to make the
fabricated surface flat. In contrast, anisotropic etching can produce flat surface more easily
because a crystal plane appears by etching. In the anisotropic chemical etching the shapes of
structures that can be fabricated are limited to the crystal structure of the substrate whereas
they are not in the DIE. The case where anisotropic etching is selected is explained below.

(@)  Slitshaped opening (b) _
_ Groove formed by etching
[001] ' Etching mask W
<~ D —
[010] [010]
l [001]

Silicon substrate

Figure 6. Anisotropic chemical etching through a slit-shaped opening.(a) A {100} silicon substrate. (b) Groove forma-
tion by the etching.
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Anisotropic chemical etching uses that etch speed depends on the crystal orientation. Figure
6 explains how to fabricate a vertically oriented surface for the double cantilever. In single
crystal silicon, the etch speed for {100} plane is higher than those of other orientation planes
when aqueous solution of potassium hydrate (KOH) is used as an etchant. When a {100} silicon
wafer is used as a substrate, {100} plane is parallel (e. g. (100) plane) or normal (e. g. (010) plane)
to the wafer surface. By KOH etching the {100} silicon wafer, (010) and (010)planes appear and
form the normal to the wafer surface with a crystallographic accuracy. First, an etching mask
film, which is typically made of silicon oxide or silicon nitride for KOH etching, is formed on
the wafer. The wafer is dipped in the etchant after the slit-shaped opening is formed in the
etching mask film as shown in Figure 6. The silicon substrate in this opening is exposed to the
etchant and etched during the etching whereas the silicon substrate covered with the etching
mask film is protected from the etchant. If we choose a silicon wafer whose crystal plane is the
[001] direction and orientation flat of the lower end is[ 100], the direction of the opening should
be set to be parallel to the crystal direction of [100] or [010]. In the case shown in Fig. 6, the
opening is along the [100] direction. As the progress of the etching, the groove is formed, whose
bottom face is the (100) plane and the sidewalls are (010) and (010) planes. When the two
parallel slit-shaped openings are formed in the etching mask, a vertically oriented thin plate
is formed between the openings. By arranging the three openings so that two thin films
between the three grooves remain when the substrate is fully etched, a double cantilever with
a micrometer-order thickness can be formed. Thus, the thickness of the double cantilever is
determined by the slit pitch and width by the thickness of the silicon wafer. Since typical wafer
thickness is around 100 to 500 um, the double cantilever with a high aspect ratio of several
tens to one is possible.

It should be noted that the dimensions of target devices are partially constrained in this
fabrication method. The etch rates of the crystal plane in the bottom surface and sidewalls are
equal because all the planes belong to the {100} planes. In addition, the (010) and (010) planes
are etched in the lateral direction whereas only the (100) plane is etched in the vertical direction
(Figure 6). Therefore, the growth speed of the groove in the lateral direction is twice as large
as that in the vertical direction. That is to say, the width is always twice as large as depth in
the etched groove. In order to make the device freestanding, all the silicon substrate has to be
etched. In this case, the etch depth is equal to the wafer thickness. Therefore, the width of the
etched groove is larger than twice the wafer thickness. The thickness of the double cantilever
is determined by the pitch of the slit-shaped openings and the width of the etched groove, that
is, the wafer thickness. When the slits are arranged in the photomask, these relations should
be considered carefully. In addition, the pitch of the cantilevers of the double cantilever is
larger than twice the wafer thickness due to the above reason.

An example of the fabrication method of the MMP is schematically in shown in Figure 7 [11].
The directions of the wafer plane and orientation flat are set to be (001) and (100), respectively.
Considering the relationship between the width and depth of the groove, the wafer thickness
should be selected, for example, around 200 um. The larger wafer thickness causes the larger
pitch of the cantilevers, which leads to the larger probe head that connects the cantilever. This
decreases the natural frequency of the probe and reduces the robustness against environmental
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Figure 7. Fabrication process of the micro mechanical probe (MMP). (a) Formation of the optical lever pattern and
ridge for the torsion beam. (b) Formation of the tip on the backside of the silicon substrate. (c) Formation of etching
mask for the substrate etching. (d) Free standing probe after the substrate etching.

mechanical noises. Usually, the thickness of commercial silicon wafers has a variation of
around 10 pum. Prior to the fabrication, the substrates should be uniformly etched so as to
reduce the thickness variation. The fabrication processes mainly consists of three anisotropic
chemical etching. The etchant is an aqueous solution of KOH for all the etchings. Silicon oxide
films for etching mask can be formed by thermal oxidation method. In the first etching, the

torsion beam and optical lever pattern are formed (Figure 7(a)). The optical lever pattern is
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formed by using the undercut etching under a rectangle-etching mask. In the second etching,
the tip at the probe end is formed (Figure 7(b)). The tip is also fabricated by undercut etching.
In the third etching, the double cantilever beam is formed (Figure 7(c)). Through a slit-shaped
opening in the etching mask on the rear side of the wafer, the substrate silicon is etched. Finally,
the freestanding double cantilever beam is formed (Figure 7(d)). The electron microscope
image of a fabricated probe is shown in Figure 8. A magnified view of tip and a roof-shaped
optical lever pattern are also shown. In this example, the thickness, width and length of the
double cantilever were about 8 um, 167 um, and 1410 um, respectively. Using the anisotropic
chemical etching, the MMP with a high aspect ratio double cantilever can be formed.

Roof-shaped

optical lever pattern I

Toision beam

Figure 8. Fabricated micro mechanical probe (MMP).

3.4. Force calibration

The force calibration is indispensable for quantitative FFM measurements. In the MMP, the
differential signals from the four-segmented PD, (I +I)-(Ic+]p) and (I +-)-(Iz+lp) have to be
converted to the lateral deflection of the double cantilever and torsion angle of the torsion
beam or vertical displacement of the probe head, respectively. After these sensitivity calibra-
tion, the deflection and torsion angle can be converted to the friction force and load, respec-
tively.

The latter can be implemented as is done for the calibration of the vertical deflection in usual
AFMs or FFMs. Using force curve measurement, the conversion coefficient can be obtained
from the relationship between the piezo displacement and differential signal (I,+I3)-(Ic+Ip). In
conventional FFMs, as described in Section 2.2, the calibration of the friction force is not easy
because the torsion angle of the micro cantilever has to be measured. In contrast, the calibration
of the friction force in the MMP is similar to usual calibration method for the vertical deflection
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in AFMs. That is is because the calibration of the friction force in the MMP can be implemented
by obtaining the relationship between the differential signal, (I,+Ic)-(Iz+]p) and the lateral
deflection of the double cantilever.

One method of the friction force calibration is shown in Figure 9. In this method, a step structure
is used as a standard sample. For example, the fraction of the silicon wafer, which is glued
onto the flat substrate, can be used as the step structure. The step height is set to be higher than
the double cantilever width. During the probe scanning on the substrate, the probe stops at
the step structure as shown in Figure 9(a). In contrast, the probe base, which is attached to the
piezo scanner, continues to move. When the optical lever system of an FFM apparatus is
implemented so that it moves together with the piezo scanner or probe base, the optical lever
pattern appears to move in the inverse direction although the pattern stops at the step structure.
This cause the lateral movement of the dark optical lever pattern on the PD of the optical lever
system as showin in Figure 9(b). Since the lateral movement of the pattern is equal to the
displacement of the probe base i. e. piezo scanner, the relationship between the signal (I,+¢)-
(Ig+lp) and the lateral deflection can be obtained.

(@)

Probe head Step structure
Double Torsion
cantilever beam

1 1
Probe 1 — -
base
Scan
direction

(b)

L
Cal

Lateral differential signal

o
Cal

Probe displacement

o

Figure 9. Calibration of friction force with a step-structure. (a) Arrangement of the micro mechanical probe and step
structure. (b) Typical relationship between the differential signal for probe lateral deflection and probe displacement.
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Figure 10. Calibration of the friction force by using the probe sticking due to the static friction at the beginning of the
probe scan.

In the above method, the step structure that specially prepared is used. If the probe sticks to
the substrate at the beginning of the probe scan by the static frictional force, the step structure
is not necessary. In many cases, at the beginning of the scan, the probe remains still on the
sample substrate due to static friction although the probe base or piezo scanner moves. After
the elastic force overcomes the static friction, the probe start to slide on the substrate and the
friction mode changes from the static to the kinetic friction. The conversion coefficient can be
obtained from the relationship between the differential signal and piezo displacement before
the probe sliding as shown in Fig. 10. Although this method is easily implemented, the error
is possible to occur when the sample does not stick the probe enough. Therefore, the sample
for the calibration has to be carefully selected.

In the previous report [13], the conversion coefficient of signal to the deflection, where the
MMP was installed to the commercial AFM setup (NanoScope, Bruker), was of the order of
several mV/nm. Here, this was determined by the step structure method. From this result, the
minimum detection limit of the lateral deflection was obtained as the order of 0.1 nm because
the typical noise level was around 1 mV. These results indicate that sub nN force can be
detected when the lateral spring constant of the double cantilever is of the order of 1 N/m,

3.5. Example of MMP-based FFM measurement

Figure 11 shows an example of the FFM measurement. The sample was a nm-thick-lubricant
film on a substrate. In this example, the lubricant was pepfluoropolyehter (PFPE) and the
substrate was a magnetic disk. Both of the lubricant and disk are used in the lubrication of the
HDDs. In addition, the lubricant film was patterned by the ultra-violet (UV) light treatment
[14]. The UV light illumination bonds the lubricant molecule onto the disk surface by photo-
chemical reaction. If some parts of the lubricated disk is irradiated and whole disk is rinsed
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by the solvent, the UV-irradiated lubricant film remains and the unirradiated lubricants not.
By controlling the irradiation area with a photomask, the patterned nm-thick lubricant film
can be obtained. Here, a line and space pattern whose line width and pitch were about 5 um
and 15 um, respectively. The lubricated region showed the lower friction whereas the disk
exposed region showed higher friction. In this measurement, the contact mode was used,
which means that the load was constant. Therefore, the friction force distribution shown in
Figure 11 shows the distribution of the friction coefficient because the coefficient is obtained
by dividing the friction force by the load.

Figure 11. Example measured by a micro mechanical probe. The sample was a nanometer thick lubricant film with
line-and-space-patterned by the ultra violet light radiation. The lower region is lubricant remained region and the
higher is substrate magnetic disk exposed region.

Thus, the MMP can elevate FFM from the qualitative visualization method to the quantitative
measurement method. In addition, the optimum conditions as a FFM probe can be selected
because the MMP-based dual-axis FFM become free from the limitation due to the reduction
of the mechanical interference. This can provide high sensitive measurement of both friction
force and load, which is difficult in the conventional probe. The MMP is expected to be a
standard probe for FFM by overcoming the problem of the conventional FFM probes.

3.6. Future directions

As described above, the significant problems of the dual-axis probe can be solved by the MMP-
based FFM and the MMP can provide the friction properties on the nanometer scale. This is
expected to open up the new field of FFM as a quantitative evaluation method. For further
advancements, the various sliding speeds are expected. In the current dual-axis probes, the
sliding speed is limited to the scan speed, typically around 1 um/s, which is determined by

203



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

the scanner piezo. In many applications, especially mechanical applications such as MEMS/
NEMS or HDDs, the friction properties at a higher sliding speed is required.

4. Summary

In this chapter, the basics and latest research results of FEM, which is one of the key measure-
ment methods for micro/nano mechatronics, is described. FFM can provide the local friction
properties on the micro/nano scale. FFM is widely used in tribology and material characteri-
zation as chemical force microscopes. Dual-axis probes are new types of FEM probes, which
can overcome the significant drawbacks of the conventional cantilever probes, especially, the
reduction of the mechanical interference between the lateral friction force and vertical load.
However, the dual-axis probes have problems to be solved such as the lateral displacement
detection method. The micro mechanical probe can overcome the problems and is possible to
elevate the FFM from a visualization tool to the quantitative evaluation method for local
friction properties on the micro/nano scale. This is expected to be a useful method for designing
micro/nano mechatronic devices such as MEMS/NEMS or the head-disk lubrication of HDDs
and improve their performance drastically.
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Chapter 10

Tissue Damage and Repair Caused by
Immune System and Personalized
Therapy of Failed Organs by Stem Cells

Ken-ichi Isobe, Naomi Nishio,
Thanasegaran Suganya, Zhao Cheng and
Sachiko Ito

1. Introduction

Our immune system has developed to fight against invaders. Pathogenic invaders are
microorganisms including virus, bacteria, fungus and amoeba.

In species development, innate immune system appeared first, then after jowed fish acquired
immune system developed. Once microorganisms infects in organs, cells belonging to innate
immune system such as neutrophils and macrophages move to the site of infection. Microor-
ganisms are sensed by pattern-recognition receptors (PRRs) of the innate immune system
including dendritic cells (DC). These cells phagocytize infectious agents and produce cytokines
and chemokines, which induce tissue inflammation. In phagolysozome of DC, the proteins,
which constitute the microorganisms, are degraded. These DC migrates to lymph node and
present the microorganisms antigens to T cells, which are central of adaptive immune
responses.

Similar to the eradication of pathogens, the inflammatory response is also crucial for tissue
and wound repair and called sterile inflammation. Host-derived non-microbial stimuli are
released following tissue injury or cell death. These endogenous molecules have been termed
damage-associated molecular patterns (DAMPs). DAMPs are normally present intracellular
and are therefore hidden from recognition by the immune system. Once tissues are injured
these molecules are released into the extracellular environment by dying cells and trigger
inflammation under sterile conditions [1] (Figure 1).

I NT Ec H © 2013 Isobe et al,; licensee InTech. This is an open access article distributed under the terms of the Creative
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Figure 1. Damaged cells by various stimuli produce DAMPs, which activate tissue resident macrophages and dendritic
cells. Activated innate cells produce pro-inflammatory cytokines.

2. Wound repair and innate and acquired immunity

2.1. Skin wound healing

Wound healing is one of the most important subjects in medicine and biology. For example
accidental injuries or medical surgery initiate wound repair processes. From the practical and
fundamental importance wound healing has been the subject of intense investigation for many
years [2]. Recently increase of elderly person necessitates the research of wound repair further.
The ability to wound repair declines with age, which induces incurable pressure ulcer in
elderly patients [3]. Acute inflammatory reactions play integral roles in normal wound healing
and tissue repair. Once parenchyma and blood vessel are damaged, the coagulation system is
activated, which release chemical mediators that promote vascular permeability and leukocyte
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adhesion and recruitment. Within 30 min. neutrophils migrate to the site of wound, which
phagocytize dead cells and cellular debris and clear tissue. Then neutrophils are themselves
phagocytized by tissue macrophages. Although M1 macrophages damage tissue cells pro-
ducing tissue-damaging proteases, which are primarily kill microorganisms, M1 macrophages
also engulf damaged tissue cells. Then M2 macrophages migrate from blood vessel to repair
tissue. Neutrophils have specific cell surface antigens called, Gr-1. In murine model of wound
repair (Figure 2), we depleted neutrophils by anti-GR-1 antibody. Although in young mice the
kinetics of wound healing was not different by the depletion of neutrophils, the depletion of
neutrophils by anti-Gr-1 antibody dramatically delayed wound healing in aged mice [4]. Bone
marrow has both matured neutrophils and macrophages. First, we found that in splenectom-
ized mice, bone marrow, spleen and thymus injection accerated wound healing (Figure 3). We
transplanted bone marrow cells from GFP mice (C57BL/6 background) to C57BL/6 mice. We
found that bone marrow cells injection accelerated wound healing and GFP positive neutro-
phils and macrophages migrated to the wound tissue. Because wound healing of aged mice is
relatively inefficient, we transplanted young bone marrow cells to aged mice. We found that
young bone marrow cells enhanced wound healing of aged mice [5, 6]. In case of microorgan-
isms acquired immunity help to phagocytize invader. By microorganism’s infections, immu-
noglobulin specific for the microorganisms bind to the surface and induce phagocytosis
mediated by Fcreceptors. We examined whether B cells, which produce antibodies to damaged
tissues, might be engaged in the process of wound healing. We found that wound healing in
splenectomized nude mice was delayed and the transfer of B cells accelerated wound healing
in splenectomized mice. Further we detected several autoantibodies binding to wounded
tissues [7] (Fig.4). Advancing age gradually decreased the strength of IgG1 autoantibodies,
which bind to wounded tissues, although the strength of IgM autoantibodies was relatively
stable by advancing age [5, 6].

2.2. DSS-induced colitis

As a mucosal wound repair model we used dextran sulfate sodium (DSS). Colitis may result
from DSS toxicity to colonic epithelial cells. DSS is commonly used in rodent models to
chemically induce acute intestinal inflammation, and the DSS-induced colitis is characterized
by weight loss, bloody diarrhea, epithelial cell damage, and immune cell infiltration, as well
as an increased production of inflammatory mediators including TNF-«, IL-6, IL-12, and
interferons. Colitis was induced by oral administration of DSS to two months old C57BL/6
mice at2 % (w/v) in drinking water ad libitum for five days followed by normal drinking water.
By this schedule, mice almost completely recovered. Interestingly at recovery phase of DSS-
induced colitis, we observed strong up-regulation of innate immune cells having Gr1*CD11b
“cell surface maker in spleen and bone marrow. Transplantation of splenic DSS-derived
Gr1"CD11b* cells into DSS-treated mice improved colitis and promoted efficient colonic
mucosal healing [8] (Figure 5). Anti-Gr-1 antibody treatment worsened the DSS- administered
colitis. These results indicate that Gr1+CD11b+ cells induced by DSS worked to repair colon
wound healing and repair colitis [9].
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Figure 2. Murine experimental model of wound healing. The dorsal skin was punched through with a sterile disposa-
ble biopsy punch (diameter 3 mm). Separated immune cells were injected intravenously. The wounds and their sur-
rounding areas were cut for analyses with biopsy punch with a diameter of 6 mm at each day after wounding.
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Figure 3. Examples of analysis. After 3 weeks of the removal of spleen, bone marrow, spleen or thymus cells were
injected at the same time of punch biopsy.
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Figure 5. Colitis was induced by oral administration of DSSat 2 % (w/v) in drinking water ad libitum for five days fol-
lowed by normal drinking water. Upper show the FACS analysis of spleen of DSS-treated mice. Increased GR-1+CD11b
+ cells were transplanted to mice of at the last day of DSS administration.
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3. Sterile inflammation to tissue degeneration

3.1. Overview

Neutrophils and macrophages produce pro-inflammatory cytokines, including interleukins 1
alpha and beta (IL-1a and ) and tumor necrosis factor alpha (TNF-a), chemokines, matrix
proteases. These materials help to destroy invading bacteria and virus. However, invaded
tissue also be damaged by these inflammatory reactions. Once microorganisms are cleared by
immune system, the invaded tissue is repaired to healthy state. However, some microorgan-
isms such as hepatitis C virus keep staying in host tissue and repeatedly attack host tissue,
which induces fatal tissue damages finally. In sterile inflammation similar phenomena occur.
External stimuli, which destroy tissue cells, produce DAMPs and induce sterile inflammation.
Because immune cells secrete toxic proteases to kill microorganisms, the same immune cells
destroy tissue cells. If external stimuli are limited, repair system such as M2 macrophages work
to repair tissue damages and returns to normal condition. However, repeated stimuli may
induce next inflammation before tissue repair and will induce chronic tissue damages, which
cannot be recovered. In these processes, auto reactive T cells and B cells are engaged.

3.2. Bleomycin (BLM)-induced murine model of experimental systemic sclerosis

BLM is a glycopeptide produced by the bacterium Streptomyces verticillus, which can cleave
DNA, and it is widely used as an anti-tumor agent for various types of malignancies [10]. Thus
BLM administration destroys tissue cells and induces sterile inflammation. We examined the
effects of repeated injection of BLM to adult mice. When BLM was injected into the shaved
backs of adult C3H or BALB/c mice (100 pg/mouse) 5 days per week for 3 weeks, not only skin
fibrosis, but also esophageal and gastric damage related to fibrosis were observed. Injection
of BLM induced innate immune inflammation, which did not resolve. Dendritic cells, which
engulfed dead cells, transferred auto antigens to T cells. Transfer of CD4+ T cells from BLM-
treated BALB/c mice induced the same pathological changes and antibody production in
untreated-BALB/c nude mice. Th17 cells secret IL17, which stimulated innate immune cells to
damage tissues [11].

3.3. Amyloid-beta peptide (Ap) works as a DAMP

AP accumulation is thought to be central to the pathogenesis of Alzheimer's disease (AD) [12].
A is produced by proteolysis processing of Amyloid precursor protein (APP). A balance
between amyloidogenic processing of APP and the removal of soluble AP by clearance
pathways and enzyme-mediated degradation maintains A3 levels. A3 is now considered to
be one of DAMPs, which activate innate immune cells especially microglia. Putative sensors
of AP are NLRP3, CD36 and RAGE [13-15]. By using microglial cells or cell line, we have shown
that A produce several cytokines including M-CSF by PI3K/AKT and NFkB pathway, which
stimulate microglial proliferation and migration [16]. Further A{ induces several chemokines
(CCL7,CCL2, CCL3, CCL4 and CXCL2) by PI3K/AKT and Erk pathway in the microglia, which
induce the migration of microglia or macrophages [17]. A induced sterile inflammation also
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produced matrix metalloproteinase (MMP3, MMP12 and MMP13), which might degrade
damaged tissue further or might work to degrade Af3 to protect against dangerous stimuli [18].
AP induced microglial migration may induces cytoskeletal system. We have shown that Af3
binds to IQGAP1 and actin, which are cytoskeletal components, and may stimulate Rho/Rac
signaling [19].

3.4. D-galactose (D-gal) induced thymus degeneration

D-gal at high levels induces the production of reactive oxygen species (ROS) and advanced
glycation end products (AGEs; [20]) and induces sterile inflammation. We administered 50
mg D-gal for 60 days to 2 months old mice. We found unorganized distributions of keratin-5
and keratin-8 proteins in the thymus of these hosts, which resembled to aged mice [21].

4. Toward personalized cell therapy

4.1. Overview

Our body has the capacity to regenerate from injury. However, damaged tissues induced
by continuous microbial or sterile stimuli cannot be recovered. Continuous stimulation by
TGFB produced by macrophages induces fibroblasts to secrete matrix proteins such as
fibrinogen. Damaged tissue cells are replaced by fibrous component. Many patients are
suffering from these conditions. About 90% of all deaths from chronic obstructive lung
diseases (COPD) are attributable to cigarette smoking. Long term Cigarette smoking
induces continuous sterile inflammation. Patients who have low blood oxygen levels in
their blood are given supplemental oxygen. However, oxygen supply cannot resume lung
function. Long-term heavy alcoholic stimuli induce continuous sterile inflammation in liver
and eventually develop cirrhosis. Adult onset diabetes mellitus is now found to be caused
by repeated sterile inflammation, which is derived from obesity. Renal failure has
numerous causes. The most common is diabetes mellitus. Lung, liver, and kidney failure
has no treatment to cure diseases except transplantation. Transplantation to these diseas-
es has limitation from organ shortage and immune rejection caused by HLA discrepancy.
Another common degenerative diseases are Alzheimer and Parkinson disease. These
diseases also are caused by continuous sterile inflammation. Because these diseases affect
single organ, we may use healthy other tissue cells for regenerative medicine. Several trials
are now ongoing [22].

4.2. Muscle regeneration from pluripotent Embryonic Stem (ES) cells

Aged person, who has long been in bed, has serious problem of muscle atrophy. We set up
murine model of muscle regeneration. ES cells having LacZ marker were cultured on Type IV
collagen dishes with 10% FCS. After 5 days of culture PDGFR-a* mesodermal progenitor
population was sorted and transplanted to injured muscle of KSN nude mice. We observed
LacZ positive CD34+ Pax7+ cells (satellite cells) in transplanted muscle. Because of transplant-
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ed cells are satellite cells; they may autonomously proliferate in vivo [23]. Then we tried to
differentiate skeletal muscle cells without serum. We cultured ES cells with BMP4 without
serum. By this condition ES cells differentiated into osteochondrogenic cells in vitro and in
vivo. Early removal of BMP4 followed by lithium chloride (LiCl) promoted the differentiation
to myogenic progenitor cells and finally differentiated to skeletal muscle cells in vitro [24].

4.3. Thymic epithelial cells from induced pluripotent stem cells

One of the most serious problems of aged person is infection caused by age-associated
immune functional decline. The age-associated atrophy of the thymus and the decline of
naive T cells output are mainly caused by degeneration of thymic epithelial cells (TEC).
We tried to differentiate iPSCs to TEC. The thymus initially develops as an endodermal
epithelial cell at embryonic day 10 encapsulated by mesenchyme. We follow this embryon-
ic development to induce TEC from iPSCs. First, we try to differentiate iPSCs to mesendo-
derm to definitive endoderm. We added activin A and Lithium chloride (LiCl) to iPSCs in
collagen IV —coated dishes. We found that endodermal epithelial cell cluster were sur-
rounded by mesoderm cells same as embryonic development. By adding FgF8 then FgF7
and FgF10, the population of endodermal epithelial cells enlarged and matured to TEC
progenitor. By the addition of RANK ligand TEC progenitor differentiated to medullary
TEC like cells.
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Figure 6. Upper figure shows the fetal development of TEC. Lower figure shows the protocol of TEC differentiation
from iPSCs.
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4.4. Establishment of induced Pluripotent Stem Cells (iPSCs) from aged mice

The generation of induced pluripotent stem cells (iPSCs) from murine and human somatic
cells opens the possibility of personalized cell therapies for treating human disease and/or
repairing the damaged tissues of elderly patients [25]. By the lifespan extension many
developed countries has large number of elderly patients, who suffer from incurable diseases.
For personalized cell therapy of elderly person, technology to establish iPSCs from aged person
isnecessary. Further iPSCs from aged person need to differentiate to target tissue cells. In order
to establish model system to treat elderly patient by iPSCs, we designed murine model. We
found that efficiency to establish iPSCs from aged mice was low. However, we could succeed
to establish 2 clones of iPSCs from bone marrow derived dendritic cells of 21 month old C57BL/
6 mice carrying GFP marker by retrovirus encoding four factors (Oct3/4, Sox2, K1f4 and c-Myc).
Established iPSCs have pluripotent makers such as SSEA-1, Oct-4 and Pou5f1 and alkaline
phosphatase activity was positive. Our Aged-iPSCs made teratoma-contained tissues of three
germ layers, when they were transplanted to the dorsal flank of C57BL/6 (syngeneic) mice.
They also differentiate to various tissue cells including muscle, liver and neuron by hanging
drop followed by two-dimensional culture [26].

By using iPSCs we tried to differentiate into cardiovascular cells for the treatment of ischemic
tissue, which might be caused by atherosclerosis. We simply cultured iPSCs in Type IV
collagen dish and separated Flk1+ cells by magnetic-activated cell sorting (MACS) or FACS
sorting. Flk1+ cells from iPSCs co-cultured with HUVECs on Matrigel made the network
structures. Flk1+ cells were transplanted adductor muscles in the ischemic limb of nude mice.
Revascularization of the ischemic hind limb was accelerated in mice that were transplanted
with Flk-1* cells [27].
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Figure 7. Establishment of aged-iPSC from GFP positive C57BL/6 mice. Chimera mice production from these iPSCs.
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5. Conclusions and perspective

Human health depends on immune system. Here we present the data by using murine models,
which indicate that immune cells react to self-antigens released from damaged cells by external
stresses. Once microbes are cleared by immune system, invaded tissue is regenerated by tissue
stem cells. Tissue recovery also occurs in single or short-term stimuli. However, continued
infection or stimuli induces permanent tissue damage. Aging is one of continued stimuli
caused by ROS produced from mitochondria. Recent progress of regenerative medicine
especially iPS technology will enable to regenerate failed organs by using patient own tissue
cells. To construct patient specific 3 D-structured organs by differentiated iPSCs with the help
of computer program will open new personalized therapy.
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Chapter 11

Tribology for Biological and Medical Applications

Noritsugu Umehara, Takayuki Tokoroyama and
Hiroyuki Kousaka

1. Introduction

Tribology is the science and technology of two interacting surfaces in relative motion and of
related subjects and practices. The field of tribology is interdisciplinary. Until recently, it has
been dominated by mechanical and chemical engineers who conducted macro-tests to predict
friction and wear in machine components and developed new lubricants. After the develop-
ment of biological engineering and medical engineering, tribology for various interacting
surfaces of human, creatures, cells and so on has keen attention in bio-technology. Also
interaction of surfaces between medical devices and bio-cells as a blood is becoming to be
interested. On the basis on the old tribology, we can not solve issues for bio-medical applica-
tions, because bio and medical surfaces are basically soft and changed their mechanical and
chemical properties with temperature drastically. So we should propose and develop novel
technology for bio-medical applications.

In this chapter, we introduce several new technologies to reduce adhesion of thermally
coagulated blood [1, 2] and fish proteins [3] to metal surface for a radio knife and grill rods
respectively. Also ion beam irradiation increased the bonding strength of a probe DNA to
polymer substrate for a DNP sequence tip in low price [4]. And in order to reduce the adhesion
and friction of rubber, plasma and UV irradiation methods were proposed for the rubber
plunger of disposal plastic syringe [5] and rubber plug of medicine bottle [6] respectively.
Those proposed surface technologies for biological and medical applications will be explained
in the following sections.

2. Reduction of adhesion of coagulated blood on a tip of radio knife

Radio knife is a common operation tool for surgery to avoid intense bleeding. However, there
is severe trouble of severe adhesion of coagulated blood on the tip of radio knife during
operation. The non-conductive coagulated blood stops electric current and the radio knife can
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not work. In order to avoid this issue, nurses have to remove the coagulated blood from the
tip of the radio knife frequently with abrasive clothes.

Inordertoovercomethisissue, we confirmed the adhesion mechanism of blood during the usage
of aradio knife and proposed two types of new tips for radio knife as vibration-cooled type and
water-cooled type. Water-cooled type showed good results[1, 2]. Figure 1 shows the experimen-
tal setup to obtain surface temperature of radio knife by thermo camera. High frequency electric
voltage was applied from electric power source as shown in Figure 1 after the radio knife tip was
dipped into bovine blood. During operation with electric power, temperature distribution
around thetip wasmeasured withinfrared thermocamera. Alsoafter the operation, theadhesion
force of coagulated blood on the tip was measured with s scratch test. At first we observed the
coagulated blood on the tip with vibration by a bimorph-typed piezoelectric actuator. Figure 2
shows the observation results of coagulated blood on the tip without and with vibration after
test. It can be seen that amount of coagulation of blood decreased with increasing of ampli-
tude. After the observation, adhesion force was measured for each coagulated blood on the tip
by ascratch test of a pin stylus. The maximum scratching force was defined as an adhesion force.
Figure 3 shows the effect of amplitude of vibration on the adhesion force. It can be seen from
Figure 3 that the adhesion force decreased with the increasing of vibration amplitude gradual-
ly. When the amplitude was reached to 19 um, the adhesion force with vibration was 1/3 of that
withoutvibration. Onthe view pointof temperaturesurrounding aradiotip withelectriccurrent,
the vibration decreased temperature of surface of blood. We supposed that the temperature
reduction is the essence to reduce the coagulation of blood. Therefore we made a proto-type of
a tip with water cooling. Figure 4 shows the observation results of coagulated blood on the tip
without and with water-cooling after test. Water was circulated inside a radio knife tip under
various flow rate of cooling water. It can be seen that amount of coagulation of blood de-
creased with temperature. Figure 5 shows the relationship between adhesion force of coagulat-
ed blood and flow rate of water. It can be seen that water-cooling with 120 ml/min of flow rate
provided 1/4 of adhesion force comparing to the conventional tip. On the basis of the well
achievement of proposed tip, surface temperature should be essential to control the adhesion of
coagulated blood.
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Figure 1. Schematic diagram of experimental setup for blood coagulation to a radio knife tip
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Figure 2. Observation results of coagulated blood on the tip without and with vibration (a) No vibration as conven-
tional, (b) vibration amplitude:7 um, (c) vibration amplitude: 14 um and (d) vibration amplitude: 19 um
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Figure 3. The relationship between vibration amplitude and adhesion force of conventional and vibrated tips
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Figure 4. Observation results of coagulated blood on the tip without and with water-cooling (a) No water-cooling as
conventional, (b) flow rate: 0 ml/min, (c) flow rate: 60 ml/min and (d) flow rate: 120 ml/min
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Figure 5. The relationship between flow rate and adhesion force of conventional and water cooled tips
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Figure 6. Relationship between adhesion force of coagulate blood and surface temparature on the tip of convention-
al, vibrated and water-cooled tips.

Therefore we obtained the relationship between surface temperature of tip on adhesion force
as shown in Figure 6. It can be seen from this figure that adhesion force of blood was constant
under 65°C, rose up and reached to the large value if the temperature of blood was more than
80°C during temperature rising. It was clarified that this temperature dependence of adhesion
force of blood was similar to the temperature dependence of blood deterioration at tempera-
ture rising. Also it was found that we can realize high temperature at the tissue surface even
if the temperature of a tip is lower that sever adhesion temperature with both proposed tips.

3. Reduction of adhesion between steel and grilled fish protein with Ultra-
Hydrophobic DLC

When you grill fish, you probably have experiences that skin and meat of the fish has adhered
to some metal grids. This issue is still unsolved on the adhesion of the denatured fish body by
heating. Conventional grids of grill are coated with Fluorine resin to avoid the severe adhe-
sion of grilled fish to the grids. If the maximum temperature of grilling room is less that 300°C,
the coated grid with Fluorine resin can work well. However when the temperature in the grilling
room rises up to 500 °C, conventional grill rods with Fluorine resin coating can not work well,
because Fluorine resin should disappear by heat decomposition. The recent grilling equip-
ment heats both from top side and bottom side, and extra heating is applied to the grilling rods
that rise it up to 500 °C even if the temperature on contact part between grid and fish is at about
150 °C.
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Therefore we have tried to develop new grills that have weak adhesion to grilled fish and
temperature endurance at high temperature. We consider that the reason why Fluorine resin
coating can reduce the adhesion is the Fluorine resin has low surface energy and hydopho-
bicity. If we can introduce the new coating that has ultra-hydrophobicity and temperature
endurance up to 500 °C, it can work well. So we focused on Ultra-Hydrophobic Diamond-like
Carbon coating named as UH-DLC coating [7]. If it can keep the ultra-hydrophobic properties
up to the 500 °C, it has the possibility to use for the new grill rods.

In this study, we introduced UH-DLC coating to grill rods and evaluate the possibility of its
usage. In order to know the temperature endurance of UH-DLC coatings, we evaluated the
effect of annealing temperature on the morphology and contact angle of water. Also we
evaluated the effect of UH-DLC coating on the adhesion of real fish after grilling [3].

300

20

Insmlator (b) Jig for grill rods

L

(@) Ji
Microwave (2.45 Gﬂff

for grill rods

Figure 8. (a); The schematic of 2.45 GHz surface wave-excited plasma (SWP) apparatus, (b); Jig for grill rods
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Figure 9. The status of UH-DLC film after heating at each temperature for 9 minutes

Ultra-Hydrophobic Diamond-like Carbon were coated by surface wave-excited plasma CVD
that used Ar gas and TMS (Tetra Methyl silane, [Si(CHj,),]) gas as precursor gases on stainless
steel block and grilling rods. Figure 7 shows the cross sectional SEM image of the UH-DLC
coatings of on specimen.

Here we explain how to coat the UH-DLC film. Figure 8 shows the schematic of the PECVD
equipment with a stainless-steel chamber that is 400 mm in inner diameter and 300 mm in
height, presently employed for some grill rods. Figure 8 (b) shows a jig which keep grill rods
parallel to the quartz tube. We set it on the insulator and attached some grill rods on its jig's
3.0 mm hole. And in case of block specimens, we only place them on the jig. Prior to deposition,
gas pressure in the chamber was decreased to degrees of 10 Pa with turbo-molecular pump.
The bottom end of the chamber was connected to a coaxial waveguide through which 2.45-
GHz microwaves were introduced via a quartz plate coupled with a quartz tube that is 20 mm
in diameter and 2 mm in thickness.

2.45-GHz microwaves introduced into the chamber propagate as surface wave along the
interface between the surface of quartz tube and plasmas, generating high-density plasma
column along the tube as shown in Figure 8. As precursor gases, CH, and Tetra Methyl silane
(TMS, Si (CH,), ) are introduced into the chamber together with Ar gas.

For ultra-hydrophobic structure of DLC coating on the sample surface, an azimuthally
symmetric 2.45 GHz surface wave-excited plasma (SWP) was proposed. When high working
pressure at 220 Pa and TMS gas mixture, it has a profound effect on nanoscale post generation
because of large TMS particle is flow inner chamber. And also etching with glow discharge of
Ar gas was another effect of rough surface.

At first, we observed the block specimen coated Ultra-Hydrophobic Diamond-like Carbon by
SEM. And then we heated the flat specimen coated UH-DLC in an electric furnace for 9 minutes
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at 100 °C. After that, we observed UH-DLC coating by SEM. Next, we heated this specimen
which was heated at 100 °C in the electric furnace for 1 hour at 200 °C. The same as described
above, we also heated at 300 °C, 400 °C, and 500 °C. And then observed its specimen by SEM
after heating at each temperature. Figure 9 shows six SEM pictures of the UH-DLC coating
after heating in the electric furnace every for 9 minutes at each temperature. We could confirm
that surface of the UH-DLC coating looked a little rough as the heating with the rise of
temperature, but this coating did not disappear and show big change.

Pulling u

Figure 10. (a) The exclusive jig for pulling fish, (b) The schematic of pulling a fish

In order to know the reduction effect of UH-DLC and Fluorine coatings on adhesion of grilled
tish against grilling rods, the adhesion was evaluated from the maximum pilling force of the
tish after grilling with gas grill equipment.

We used an exclusive jig for pulling a fish as shown in Figure 10(a). We used a horse mackerel
as standard fish, because a horse mackerel is one of the standard fish for the test. We put an
exclusive jig and then a horse mackerel on the center of grids of grill as shown by Figure
10(b), and put them in the grilling equipment. We used only three grill rods for this experiment
as shown in Figure 10(b). We heat them for 9 minutes. While we heat them, we checked the
temperatures with two thermocouples in the grill equipment. Certainly, we confirmed that the
temperature in the grill equipment was about 500 °C and the contact temperature between fish
and the grill rod was 150 °C. After that, we take them out from the grilling room, and leave
them for 1 minute in air. And then we pull the fish up with a pulling gauge and measure the
maximum adhesion force.

We did the adhesion test of a real fish in the grilling equipment for different rods as no coating,
UH-DLC coating and Fluorine resin coating. Figure 11 shows the adhesion result of this
experiment. These results were the average adhesion force of four time experiments. The
adhesion forces of UH-DLC coating and Fluorine resin coating grill rods were as about half as
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that of no coating grills. Also it was confirmed that the adhesion force of the UH-DLC coating
grill rods was as much as those of the Fluorine resin coating grill rods.

In this section, we proposed new grill rods that were coated with Ultra-Hydrophobic Dia-
mond-like Carbon. The adhesion of grilled fish to Ultra Hydrophobic DLC coating grill rods
were as half as that of no coating grill rods and as much as that of Fluorine resin coating grill
rods. Moreover, Ultra Hydrophobic Diamond-like Carbon has heat endurance at 500 °C of
grilling room. On the other hand, the hydrophobic property of Fluorine resin coating disap-
peared at 500 °C of the grilling room. So, we believe that Ultra Hydrophobic Diamond-like
Carbon coating has a possibility for the usage as new grilling grids at high temperature.

Fish; horse mackerel

3.5 n Cooking time; 9 minutes
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Y i In a grilling equipment
o 25

2 B

£ 20

= -

R g

@ 15 ¢

=

=

<

A

0 ; ! !
No coating UH-DLC  Fluorine resin
Grill specimen

Figure 11. Experimental result of grilling fish in the gas grill equipment

4. Increasing of bonding strength between probe DNA and polymer
substrate for DNA chip with ion beam irradiation

Mapping of all DNA sequence of human had finished by The International Human Genome
Project in 2000. Thus difference of gene of each human can be measured. If distinctive sequence
in DNA sequence of human having disease caused by gene can be found, observation of
mechanism of such disease and development of new medicine moved ahead well. DNA chip
is an apparatus to examine DNA, on which DNA is fixed. Existing DNA chip is “for research
and development”, and expensive. So, “for clinic”, inexpensive, more reliable and sensitive
DNA chip is needed as shown in Figure 12.

Therefore DNA chip made from a plastic was suggested [8]. For high reliability and sensitivity,
affinity between DNA and plastic must be higher. But plastic is hydrophobic, affinity to DNA
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is not well. Therefore, it is necessary to improve affinity between DNA and plastic by modi-
fying surface of plastic hydrophilicity using surface modification. In this study, in order to
achieve DNA chip made from a plastic, it is purpose to develop technology to improve
adhesion force of DNA [4]. In particular, influence of ion species and ion dose on wettability
and surface roughness of PC (polycarbonate) included TiO, at ion irradiation is revealed. And
in order to keep hydrophilicity after irradiation, influence of atmosphere in storage and
irradiation times on keeping time of hydrophilicity is revealed. In addition, influence of ion
irradiation on adhesion of DNA is revealed.

At first, PC included TiO, was set in ECR ion irradiation apparatus, and it was exhausted to
5.0x107 ~ 3.0x10* Pa in vacuum chamber. Then ionized gas in plasma source was accelerated,
irradiated on the surface of specimen. In this study, Ar, N, and O, ions were irradiated on the
surface of specimen controlling ion dose (cm?).

Before ion irradiation, 0.25 1 distillated water was dropped on the surface of specimen, contact
angle a deg was measured by optical microscope. Contact angle was average value of 7 times
measurement per a specimen. And the specimen after irradiation was stored in air or water,
contact angle was measured every several hours.

Then, in order to know influence of ion irradiation on wettability of the surface of plastic
substrate, specimens were analyzed by SEM, AFM, and XPS.

In order to know influence of ion irradiation on adhesion force of DNA, it was measured by
force curve measurement using AFM in water [9]. 0.05 M DNA solution (SSC buffered) was
dropped on the substrate, and DNA was fixed by UV crosslinker after drying. DNA was 400
base length, of which molecular length was 290 nm. After fixing, the substrate held in water,
AFM force curve measurement was conducted. AFM cantilever was made from silicon, of
which constant of spring was 0.03 nN/m, and peak radius was about 10 nm. And contact force
between cantilever and substrate was about 5 nIN.

Figure 13 shows relationship between ion dose D and contact angle o of water on the PC
included TiO,. the value of a was about 75 deg at untreated, and then rapidly decreased, finally
became less than 8 deg at more than 4x10" cm™From analysis by AFM and XPS, it is seemed
that increase of TiO, which is hydrophilicity, on surface of specimen and increase of surface
roughness lead to decrease of contact angle.

DNA adhesionarea

Figure 12. The proposed DNA chip made from plastic substrate
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In order to treat DNA chip substrate easily, it is necessary that hydrophilicity of substrate is
keep for along time in air. Figure 14 shows relationship between contact angle and time under
air after several times irradiation of O, ion. Hydrophilicity of substrate was kept for about 200
hours at 1 time irradiation of O, ion, but for 1440 hours at 2 times irradiation. Ikada et al.
reported that hydrophilic groups of surface of polymer modified by plasma turn around (hide
under) as time passes, therefore hydrophilicity descend [10, 11]. In this study, similar phe-
nomenon occurred, and it is seemed that hydrophilic groups became difficult to turn around
by repeated irradiation.

Figure 15 shows relationship between adhesion force of DNA probe to the surface of specimen
and several times irradiation of ions. Adhesion force of DNA was about 0.09 nN at untreated,
and then increased by repeated irradiation of N, ion from about 0.13 nN at 1 time irradiation
to about 0.62 nN, about 7 times as large as at untreated, at 4 times irradiation. In contrast,
adhesion force did not increase at irradiation of O, ion. From analysis by XPS, it is seemed that
electrostatic bond between amino group on surface of specimen formed by ion irradiation and
phosphoric acid in DNA lead to increase of adhesion force of DNA.

In conclusion, in order to development of DNA chip made from plastic, ion beam was
irradiated to PC include TiO, and contact angle of specimen was measured. The results clearly
showed that contact angle decreased with increasing ion dose.

Hydrophilicity of surface of specimen formed by ion irradiation could be kept for a long time
by repeated irradiation.

In order to know influence of ion irradiation on adhesion force of DNA, it was measured by
force curve measurement using AFM in water. Adhesion force of DNA increased by repeated
ion irradiation of N,, but did not by ion irradiation of O, ion.

3 —_
Z O Adhesion force of substrate
= .
S - B Adhesion force of DNA [
o]
=
o = Specimen: PC induced TiO2
L; 2 Ton species: Na, Oz \
1) Acceleration voltage: 600 eV
‘A Microwave power: 60 W T
9] ™ Number of irradiation: 1~4 times
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Figure 15. Relationship between adhesion force of DNA probe to the surface of specimen and several times irradia-
tion of ions.
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5.Reduction of friction between thermoplastic elastomers and plastics with
photochemical fluorination

In medical field, plastic and glass syringes are widely used to insert medicines into human
bodies directly. From a hygiene standpoint, they are disposed after single use. Generally, glass
syringes are inferior in the accuracy of dimension and the produce cost and they also require
great care at the time of disposal. Thus, replacing glass syringes with plastic ones is desired.
Plastic syringes are generally used with silicone oil lubricating the sliding area between barrels
and gaskets, where the barrels are typically made of plastics such as PP (Polypropylene) and
the gaskets are usually made of either vulcanized rubber or TPE (Thermoplastic elastomer) as
shown in Figure 16. Silicone oil is biologically and chemically inert but considered to have
some demerits: possibility of accumulation in human bodies and decrease of efficacy because
of adsorption of medicine’s constituent [12]. These demerits are especially pronounced in
prefilled-type syringes. Therefore, the development of unlubricated plastic syringes is desired
for medical use. In this study, in order to decrease the friction force between barrels and gaskets
under unlubricated condition, we tried to fluorinate the surfaces of PP and TPE specimens by
using PFPE (Perfluoropolyether) and VUV (vacuum ultraviolet) irradiation with excimer
lamp. This method has been already tried to PP [13].

First, we dropped PFPE on a specimen and put a fused silica glass on it to make thin and flat
PFPE layer. Then we irradiated them with VUV to make specimen’s surfaces react photo-
chemically with PFPE as shown in Figure 17. After the irradiation, we cleaned the specimen
with HFE (Hydrofluoroether) by using ultrasonic cleaner to remove residual PFPE. The effect
of the photochemical treatment was evaluated by friction test, measurement of surface free
energies, and FTIR (Fourier transform infrared) analysis where ATR (Attenuated total
reflection) method was adopted. In the friction measurements, treated PP was slid against non-
treated TPE. And treated TPE was slid against non-treated PP. Surface free energies of a
specimen were calculated from the measured contact angles of water and CH,I, droplets on
the specimen.

In the experimental results, it was confirmed that the friction coefficient between treated TPE
and non-treated PP was decreased by up to 77% as shown in Figure 18. Moreover, C-F peak,
which indicates fluorination of surfaces of specimens, was detected in FTIR spectra. And
surface free energies of them decreased. It is suggested that the surfaces of both PP and TPE
were fluorinated and fluorination of TPE was predominantly effective for decreasing the
friction coefficient between PP and TPE. We expected that the photochemical fluorination
changed only chemical property. Thus, to validate possibility of other changes, we investigated
the change in real contact areas between fluorinated TPE specimens and a glass plate (BK7)
with contact microscope. Contrary to our expectation, decreases in real contact area of
fluorinated TPE were observed with decreasing friction coefficient, indicating the change in
surface mechanical properties of the fluorinated TPE specimens. Accordingly, it is indicated
that the decreasing of friction coefficient between fluorinated TPE and non-treated PP is
attributed to decreasing of real contact area and adhesion arisen from the reduction of surface
free energy.
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6. Reduction of adhesion of CIIR rubber to steel plate with plasma
irradiation

Adhesion, or the sticking of different materials at their interface, is of general interest in many
branches of technology, including micro-electronic devices, medical products and manufac-
turing. Adhesion between rubbers and metals is often the main source of trouble in a machine.
Thus, if molded rubber products easily stick to molds, rollers, and pick-up hands made of
metals, the productivity of their manufacturing line becomes low. Therefore, efficient utiliza-
tion of rubber sheets demands modifications on some desirable properties of the rubber surface
without affecting the bulk characteristics. Plasma treatment is one of the most employed
methods to attain this goal. One of the most significant benefits of the plasma process is it offers
and additional advantage that the surface modification does not affect the desirable bulk
properties of the rubber.

In a previous study, we have demonstrated that the surface wave-excited plasma treatment
reduced the adhesion force between a medical rubber, chloride-isobutene-isoprene rubber
(CIIR) and stainless-steel ball (SUS440C) by using oxygen and argon gases.

We have also shown a decrease in the real contact area with increasing time and micro wave
power, and a similar trend in the residual rates of the adhesion force and the real contact area
of CIIR rubber. Therefore, it is assumed that the adhesion force is strongly subjected to the real
contact area [14]. However, the main reason for the reductions in the real contact area remains
unknown. Recent works have shown that plasma treatment increases the roughening of rubber
surfaces [15]. The surface roughness may affect the adhesion force, which is largely dependent
on the contact geometry and surface topography [16].

The objective of this research, we report on our attempts to clarify the factor to reduce the
adhesion force during the surface wave excited plasma treatment process. It is also attempted
to figure out the Young’s modulus behavior in micro scale to measure without bulk property
by using micro slicer and surface roughness changes are measured by 3D laser scanning
microscope.

Results of adhesion forces between CIIR rubber and stainless-steel ball as a function of plasma
treatment time at 200 W are shown in Figure 19. It is apparent from the figures that the adhesion
force dramatically decreased with oxygen plasma treatment according to treatment time.
Similar decreasing trend was also observed with argon plasma treatment. However, at 1 min
treatment time, the adhesion force was higher with argon treatment than oxygen plasma
treatment of CIIR rubber. After 1 min, argon plasma treatment was more effective than oxygen
plasma treatment in decreasing the adhesion force. The adhesion force couldn’t be measured
after 10 min because it was lower than the measurable value of 0.001 N. In summary, the figures
showed that plasma treatment time is a very important factor that decreases the adhesion force.

Load-penetration depth curves by using the nano-indenter with 50 uN maximum loads were
obtained. The thickness of the prepared CIIR rubber was about 3 mm for the general thickness
and about 50 um for the cutting thickness by using the microwave slicer. Despite the same
conditions, the penetration depth obtained from the 3mm thickness CIIR rubber was clearly
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different from that obtained from the 50 um thickness. In particular, the unloading curve
coincided with the loading curve at a penetration depth of more than 290 nm due to the
thickness difference. This indicates that not only the bulk property has greatly affected the
Young’'s modulus, but also it is affected its accurate measurement. In other words, a surface
wave-excited plasma treatment increased the Young’s modulus in um thickness scale. As a
result, we determined that it is possible to develop a clear difference between 3 mm and 50
um Young's modulus of the CIIR rubber without any influence from the bulk property by
using the microwave slicer.

Adbhesion force , N
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|
0.08 4 Maximum load: 1 N
Contact time: 90 s
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Figure 19. Adhesion force between CIIR sheet and stainless-steel ball after oxygen and argon plasma treatments at a
microwave power of 200 W and a gas pressure of 30 Pa, for 0, 1,5, 10, and 15 minutes.
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Figure 20. Effect of plasma treatment time on the elastic modulus of CIIR rubber 50 um in thickness which was cut
from the top surface of treated CIIR sheet. The elastic modulus was measured by nano-indenter for oxygen (black) and
argon (red) plasma treated CIIR sheets.
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Figure 20 shows the Young’s modulus profile of 50 um thickness CIIR rubber measured by
nano-indenter after oxygen and argon plasma treatment with increasing time. The results
treatment time (206.1 MPa), and followed by a steady state. A higher Young’s modulus (236.4
MPa) was obtained with argon plasma treatment, but only after 15 min treatment with argon
gas. As a result, this improved Young’s modulus by the oxygen and argon are depicted with
squares (oxygen plasma treatment) and circles (argon). For the oxygen plasma treatment,
Young’s modulus was slightly higher (39.8 MPa) than the untreated CIIR rubber (38.0 MPa).
However, it increased significantly between 5 min (53.8 MPa) and 10 min surface wave-excited
plasma treatment is an important factor that reduces the adhesion force.
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Figure 21. Surface roughness changes of ClIR sheet as a function of plasma treatment time. The measurements were
done for oxygen (dotted line) and argon (solid line) plasma-treated CIIR sheets. The surface roughness parameters, R,
(maximum peak height roughness), R, (Root mean square roughness) are defined by JIS B 0601 2001.

Figure 21 shows surface roughness as a function of plasma treatment time. The surface
roughness deviations of CIIR rubber by oxygen and argon plasma treatment has changed. The
entire surface roughness factors increased with increasing treatment time.

Especially, the R, of argon plasma treated CIIR rubber (25.78 um) is rougher than that of oxygen
plasma treated rubber (12.88 um).And these results imply that change in morphology due to
surface roughness reduced the real contact area against the SUS440C ball.

Figure 22 shows 3D laser scanning microscope photographs of argon plasma treated to CIIR
rubber. In the absence of argon plasma treatment at 1 min, the subsurface of the CIIR rubber
looks less granular and generally has a smoother shape. However, with 5 min argon plasma
treatment at 200 W, changes in the surface were visible. Nevertheless, the surface of CIIR rubber
pattern was changed compared to the untreated CIIR rubber. The subsurface of the CIIR rubber
was growing rougher with increasing treatment time (Figure 4c). In this study, the 200 W, 15
treatment conditions resulted in the roughest surface. As a result, this surface roughness
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change by etching effect might have affected the adhesion force, which is largely dependent
on the contact geometry and surface topography [16].

Argon 1 min Argon 5 min

100 um 100 um

100 um 100 um

Figure 22. laser scanning microscope images of CIIR sheets after argon plasma treatment with 200 W at a gas pres-
sure of 30 Pa for treatment times of (a) 1, (b) 5, (c) 10, and (d)15 min.

In this work, we tried to clarify the change in surface mechanical properties of CIIR sheet after
the plasma treatments. In order to evaluate the change in Young's modulus of CIIR sheet
surface, the top 50 um thickness of a plasma-treated CIIR sheet was cut away to avoid the bulk
property. The Young's modulus measurements with nano-indenter showed the clear differ-
ence between the surface and bulk elastic modulus of CIIR rubber after plasma treatment,
indicating the success of surface modification without changing bulk property. In addition, it
was shown that the plasma treatment with Ar gas increased the Young’s modulus of CIIR sheet
surface from 38 MPa to 236.4 MPa. And also, surface roughness of CIIR rubber has changed
to rougher with both oxygen and argon gas plasma treatments. These changes in Young’s
modulus and roughness at the surface of CIIR sheet are considered to be the main reasons for
the plasma-assisted reduction of adhesion force between stainless-steel ball (SUS 440C, JIS)
and CIIR sheet.
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Chapter 12

Micro-Nano Materials Characterization and Inspection

Yang Ju

1. Introduction

The individual surface atoms of flat samples could be made visible in real space until the
introduction of the Scanning Tunneling Microscope (STM) in 1981 by Binnig, Rohrer, Gerber,
and Weibel [1]. This powerful instrument has provided a breakthrough in our possibilities to
investigate matter on the atomic scale. Within one year of its invention, the STM has helped
to solve one of the most intriguing problems in surface science: the structure of the Si surface.
Because of their fabulous contribution, G. Binnig and H. Rohrer were rewarded with the Nobel
Prize in physics in 1986. A huge number of conductors and semiconductors have been
investigated on the atomic scale and marvelous images of this world of atoms have been
created within the first few years after the inception of the STM. Today, the STM is an
invaluable asset in the surface scientist’s toolbox.

Despite the great success of the STM, it has a serious limitation. The STM requires electrical
conduction of the sample material, because the STM needs the tunneling current which is
flowing between a pin contact with or very nearing the sample. Thus, the STM can only
image electrically conductive samples, which limits its application to imaging metals and
semiconductors. But even conductors except for a few special materials, like highly oriented
pyrolytic graphite can not be studied in ambient conditions by STM but have to be
investigated in an ultra-high vacuum (UHV). In ambient conditions, the surface layer of
solids constantly changes by adsorption and desorption of atoms and molecules. UHV is
required for clean and well defined surfaces. Taking the above condition into account,
Binnig speculated the atomic force between the tip and sample, the Atomic Force Micro-
scope (AFM) [2, 3] was invented by him in 1986. Because electrical conductivity of the
sample is not required in AFM, the AFM can image virtually any solid surface without
the need for surface preparation. Consequently, thousands of AFMs are in use in universi-
ties, public and industrial research laboratories all over the world.
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1.1. Principle of atomic force microscope

The AFM consists of a cantilever with a sharp probe-tip at its end that is used to scan the
specimen surface (see Figure 1). The cantilever is typically silicon or silicon nitride with a tip
radius of curvature on the order of nanometers. When the tip is brought into proximity of a
sample surface, forces between the tip and the sample lead to a deflection of the cantilever
according to Hooke's law. Depending on the situation, forces that are measured in AFM
include mechanical contact force, van der Waals forces, capillary forces, chemical bonding,
electrostatic forces, magnetic forces, etc. Along with force, additional quantities may simulta-
neously be measured through the use of specialized types of probe. The deflection is measured
using a laser spot reflected from the top surface of the cantilever into an array of photodiodes.

FPhoto detector |

Figure 1. Atomic Force Microscope.

1.2. Microwave technique for materials characterization

The microwave methods for materials characterization generally fall into resonant methods
and non-resonant methods. Resonant methods are used to get knowledge of dielectric
properties at single frequency or several discrete frequencies, while non-resonant methods are
often used to get a general knowledge of electromagnetic properties over a frequency range.
By modifying the general knowledge of electrical properties over a certain frequency range
obtained from non-resonant methods with the accurate knowledge of electrical properties at
several discrete frequencies obtained from resonant methods, accurate knowledge of materials
properties over a frequency range can be obtained.
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1.2.1. Reflection method

In a reflection method, the properties of a sample are obtained from the reflection due to the
impedance discontinuity caused by the presence of the sample in a transmission structure. The
reflection method is a type of non-resonant method. From the view of transmission line, in a
reflection method, the sample under test is introduced into a certain position of a transmission
line, and so the impedance loading to the transmission line is changed. The properties of the
sample are derived from the reflection due to the impedance discontinuity caused by the
sample loading.

In a reflection method (see Figure 2), the measurement fixture made from a transmission line
is usually called measurement probe or sensor. In order to increase the measurement accuracy
and sensitivity, or to satisfy special measurement requirements, the measurement probes are
often specially designed.

\. Incident

S 1
\ wave AP
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wave, /
7

¥
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wave

Figure 2. Boundary condition for material characterization using a non-resonant method.

1.2.2. Near-field scanning probe

In the reflection methods, there is a special method named near-field scanning probe should
be introduced. Scanning techniques for local characterization of conducting and insulating
films are attracting much interest. Many efforts have been made on developing microwave
near-field scanning techniques, and various types of near-filed microwave microscopes have
been developed for different purposed. Under the reflection method, the properties of a sample
are obtained from the reflectivity due to the presence of the sample.

In principle, any type of transmission lines can be used to develop near-field microwave
microscopes. In a near-field microwave microscope developed form parallel-board wave-
guide, the most important part is an aperture in the form of a narrow slit (the following
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mentioned nano-slit plays this role in M-AFM probe). When a sample surface is in the near-
filed zone of the slit, the microwave is reflected mostly from the region under the slit. Since
reflection from a sample surface is determined by the resistivity, by measuring the amplitude
and phase of the reflected wave while raster scanning the surface, it is possible to map the
microwave resistivity of the surface. For conductive layer with thicknesses much larger that
the skin depth, we can get surface impedance, while for thin layer, we can get sheet resistance.
In the determination of microwave resistivity, it is necessary to measure layer thickness
independently.

1.3. Developed AFM-based and microwave technique for measuring the electrical
properties

Electrical properties are the most significant intrinsic characteristics of substances; they
strongly affect the work functions of different materials, especially in nanometer-scale
materials and devices. Thus, measuring electrical properties has become an urgent need in
many areas of modern technology. For instance, in the electronics industry, critical feature
sizes are becoming smaller, and it is necessary to evaluate the electrical properties of the
materials with the spatial resolution on a nanometer scale to establish the knowledge to predict
the behavior of materials in real devices. In addition, newly developed materials, such as
conducting plastic thin films and biomaterials, which may possibly have some uncertain
physical properties, will be important in the field of surface science and biological applications.
Despite being intensely studied for years, their electrical properties, especially their conduc-
tivity and permittivity, are still poorly understood.

As the first section of this chapter saying, atomic force microscopy (AFM) has played an
important role in nano-scale science and technology because it is one of the most versatile
instruments available for imaging and manipulating structures on the nanometer scale [4-7].
Several attempts based on atomic force microscopy have been made to characterize the
electrical information of materials on the nanometer scale, such as conducting atomic force
microscopy (C-AFM) [8, 9], scanning capacitance microscopy (SCM) [10, 11] and electrostatic
force microscopy (EFM) [12, 13]. Although C-AFM can produce a nano-scale electrical
characterization of thin-films, the AFM tip must contact the conducting substrate to apply a
current, so during the probing process, the AFM tip will scratch the surface of the sample. SCM
can characterize electrical information by measuring the capacitance between the tip of the
probe and the sample. However, it suffers from a limited spatial resolution and is sensitive to
the thickness of the specimen. EFM, including Kelvin probe force microscopy (KFM) [14],
scanning surface potential microscopy (SSPM) [15] and scanning Maxwell-stress microscope
(SMM) [16], can measure the surface electrical potential of materials by detecting the electro-
static force between the probe tip and the sample. However, the van der Waals forces and
chemical bonding forces, as well as the electrostatic forces are included in the measured data.
Hence, the sample surface chemistry and atmospheric conditions greatly impact the measured
electrical potential.

On the other hand, microwave measurements have been of great interest to many researchers
because microwaves can propagate easily in air, and the sample response is directly related to
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the electrical properties of the material [17]. Thus, to obtain the microscopic electrical infor-
mation, a variety of microwave microscopes have been developed [18, 19]. Steinhauer et al.
developed a non-destructive and non-invasive near-field scanning microwave microscope
(NSMM), which can image the local permittivity and tenability of a dielectric thin film with a
spatial resolution of 1 um [20]. Zhang and co-authors improved the NSMM to investigate the
local perpendicular dielectric information of single-phase multi-ferroic thin films and single
crystal materials [21]. Ferd Duewer et al. introduced scanning evanescent microwave micro-
scopy (SEMM) [22, 23], which measures the changes of the tip-sample capacitance at the
resonant frequency and the quality factor of microwave absorption. They succeeded in
imaging the topography and surface resistance of metallic samples. However, to evaluate the
electrical properties of materials using microwaves, it is necessary to keep the stand-off
distance between the microwave probe and the sample constant because microwave signals
in the near-field are extremely sensitive to this distance. Otherwise, it would be difficult to
distinguish whether the changes in the signal are due to the difference of the material prop-
erties or the variation of the stand-off distance. In particular, to evaluate the electrical proper-
ties of materials with high resolution on the nanometer scale, it is indispensable to control the
stand-off distance precisely on the order of nanometers.

Recently, to solve the problem of how microwave signals are affected by the stand-off distance,
a technique of combining AFM with microwave microscopy has been studied [24-27]. K. Lai
et al. invented a microwave impedance microscope (MIM) [24, 25], which fed a microwave
signal to a silicon nitride cantilever with a Pt tip that was used to investigate the nano-scale
dielectric inhomogeneity in a non-invasive manner. The Weide group combined an NSMM
with an AFM (NSMM-AFM) [26, 27] by adding a microwave signal to a commercial probe.
The NSMM-AFM can measure the topography and dielectric constant of thin film simultane-
ously. However, it is noted that MIM and NSMM-AFM do not use matched probes or
cantilevers as the microwave-guide connected with the source of microwave signals. Thus, the
microwave signals may not propagate along the probe and emit from the tip apex of the probe.
Therefore, these techniques can only measure the changes of the probe-sample system
impedance but not the intrinsic electrical properties of the measured materials.

To summarize, these AFM-based methodologies and microwave microscopy techniques can
only image relative electrical properties, rather than the absolute values of the intrinsic
electrical properties, such as the conductivity, permittivity, and permeability. Thus, the need
remains for a microscopy technique that can provide a simultaneous measurement of topog-
raphy and electrical properties on the nanometer scale.

2. The principle, fabrication and evaluation of microwave AFM

The microwave atomic force microscope (M-AFM) is a combination of the principles of the
scanning probe microscope and the microwave-measurement technique [28-32]. M-AFM can
maintain the constant stand-off distance between the M-AFM-probe tip and scanned sample
surface, by detecting the deflection of the atomic force between them, and measure the
electrical properties of materials with nanometer scale spatial resolution.
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Figure 3 shows the schematic diagram of the M-AFM probe that was used to measure the
electrical properties of materials in this study. Different with the normally commercial AFM
probes, the M-AFM probe is having a special structure. That is, a pair of metal films was
fabricated on surfaces of the M-AFM cantilever by EB (electron beam) vapor method. The metal
films play a role of parallel-board microwave-signal waveguide, which can make the micro-
wave signal propagate in the body of M-AFM cantilever and emit at the probe-tip apex. Then,
by detecting the response of microwave signal reflected from the vicinity of the sample, the
electrical properties can be evaluated on the nanometer scale.

Photo Detector Laser

Microwave

Figure 3. Schematic diagram of the M-AFM probe that was used to measure the electrical properties of materials in
this study.

2.1. Fabrication of M-AFM probe

2.1.1. Fabricating the tip of M-AFM probe

To restrain the attenuation of microwave in the M-AFM probe, GaAs was used as the substrate
of the probe. On the other hand, to obtain the desired structure, wet etching was used to
fabricate the tip of the probe. Different with the dry etching, a side-etching will occur under
the etching mask. Utilizing this property, a micro tip can be fabricated by etching a wafer, of
which a small mask was introduced on the surface in advance. In the case of single crystalline
wafer, such as Si and GaAs, the chemical activities are different for different crystalline planes,
thereby, the etch rates are also different. Therefore, the side plane obtained at the side of the
mask pattern is the most inactive plane (that is the plane having the most low etching speed)
which is parallel to the side of the mask pattern. Consequently, the result of etching is strong
affected by the direction of mask pattern. On the other hand, GaAs has a sphalerite structure
that is more complex than that of Si, which has a similar structure as diamond. Therefore, the
prediction of the etch effects is very difficult [28, 29].
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NONE SEI  150kV X5000 1gm WD 33.0mm

Figure 4. Fabricated tip of GaAs probe.

NONE SEI 15.0kV  X20,000 Tum WD 33.0mm

Figure 5. GaAs probe tip with high magnification of apex part. The key component in an AFM is the tip, which should
be as very sharp as possible.

In our study, it was found that only the square resist pattern can form a sharp tip (Figure 4
and Figure 5). In the case of hexagonal pattern, the reason that tip was not formed well may
be due to the side of the etching mask to be too short. The reason for triangular pattern may
due to that there is no crystalline plane parallel to the side of the etching mask. In addition, it
was also found that one side of the square mask being 45 to the <011> direction can form a tip
with a higher aspect ratio comparing with the case of one side of the resist pattern being parallel
to <011> direction.
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2.1.2. Fabrication of M-AFM probe

The process of probe fabrication is shown in Figure 6 in details: (a) Patterning the etching mask
for tip generation; (b) Forming the tips by wet etching; (c) Patterning the stencil mask for the
waveguide and evaporating the metal film; (d) Removing resist and film; (e) Patterning the
etching mask for the beam of cantilever; (f) Forming the beam of cantilever by wet etching; (g)
Patterning the etching mask on back side for the fabrication of the holder; (h) Forming the
holder; (i) Evaporation of metal film on the back side; (j) Introducing slit aperture at the tip of
the probe.

In the experiment, no doped semi-insulted GaAs wafer having (100) oriented surface and 350
um thickness was used. At first, the tips were formed by etching the wafer for 100 seconds to
reach the etching depth of 7.7 um. After that, Au film used to construct the waveguide was
evaporated on the substrate. The film thickness was about 50 nm (Figure 6(c)). After the
deposition, the pattern of the waveguide was formed by lift-off process, where the film on the
resist mask corresponding to the area without waveguide pattern was removed (Figure
6(d)). Then, in order to form the beam of the cantilever, the beam etching mask was patterned.
Here, by considering the chemical activities at different crystalline planes, the length direction
of the etching mask was patterned along the <011> direction. In consequence, the side-etching
occurred under the resist mask, and mesa type planes appeared at the both sides of the beam
(45° inclined plane). On the other hand, inverse-mesa type plane was formed at the end of the
beam (60-75° inclined plane). Etching depth of the beam was about 20 um.

In the same conditions as the beam fabrication process, holder was formed by back side etching
(Figure 6(f)). Here, the etching mask was patterned on the bottom surface, and etching was
carried out until the substrate was penetrated. The stirring was performed by magnetic stirrer
in order to etch the sample uniformly. In the step (i) as shown in Figure 6, Au film was deposited
on bottom surface of the probe to propagate a microwave signal in the probe. The thickness
of the film was 50 nm, which is the same as that on the top surface of the probe. Both plane
surfaces of the waveguide which were evaporated Au film are connected at the end of the
beam. However, there is no Au film on the sides of the beam, since the formed inclined planes
at the beam sides are not face to the direction of the evaporation. Finally, by using FIB
fabrication, a slit at the tip of probe was formed to open the connection of the Au film on the
two surfaces of the probe. Consequently, ahomogeneous parallel plate waveguide was formed
and microwaves are able to propagate along the probe and emit at the tip apex of the M-AFM
probe.

It should be mentioned that dimensions of the GaAs substrate and the Au films of the M-
AFM probe decide the characteristic impedance of the waveguide, in order to make
certainly that microwave signals can propagate properly in the M-AFM probe for maxi-
mum sensitivity, the waveguide should have a characteristic impedance of 50 €2 (to match
the characteristic impedance of a coaxial transmission line). Thus, the cantilever and the
body of the M-AFM probe were designed with the dimensions of 250x30x15 um and
2740x720x340 um respectively.
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Figure 6. Fabrication processes of the M-AFM probe. (a) Patterning the etching mask for the generation of tip. (b)
Forming the tip by wet etching. (c) Patterning the resist mask for the waveguide. (d) Evaporating the metal film. (e)
Removing the resist and metal film. (f) Patterning the etching mask for the beam of cantilever. (g) Forming the beam
of cantilever by wet etching. (h) Patterning the etching mask on back side for fabrication of the holder. (i) Forming the
holder. (j) Evaporation of metal film on the back side. (k) Introducing the micro slit at the tip of probe.

2.2. SEM observation for fabricated M-AFM probes

The SEM images of the fabricated M-AFM probes are depicted in Figure 7 to Figure 10. Figure
7 shows the SEM photograph of the fabricated M-AFM probes. There 44 probes were fabricated
in one process for one substrate. Figure 8 shows the as-fabricated cantilever of the M-AFM
probe. The dimensions of the M-AFM probe depend on several small variations of experi-
mental parameters, including the developing time of the resist pattern, the wet etching rate,
and the EB evaporation rate. The average dimensions of the cantilever and the body of the M-
AFM probes are typically 252x31x14 um and 2742x723x339 pm, respectively. Thus, the
characteristic impedance of the M-AFM probes is, on average, 49.3 Q). Figure 9 depicts an SEM
photograph of the FIB-fabricated nano-slit that has been patterned across the cantilever
through the center of the probe tip. The observed tip is located near the front edge of the
cantilever. As can be observed in Figure 10, the tip is approximately 7 um high, and the nano-
slit is approximately 100 nm in width.
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Figure 7. The fabricated M-AFM probes.
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Figure 8. The cantilever of the M-AFM probe.
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Figure 9. The 100-nm-wide-FIB-fabricated nano-slit that is across the cantilever and through the center of the tip.

Figure 10. The high-magnification image of the M-AFM-probe tip.
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2.3. Measuring topography by M-AFM probe

In order to confirm the spatial resolution of the fabricated M-AFM probes, the AFM topogra-
phy of two grating samples having 2000 line/mm and 17.9 nm step height were measured by
a commercial Si AFM probe, a GaAs probe without nano-slit and a M-AFM probe with nano-
slit, respectively.

The resonance frequency |
Probe (kH2) Q-value Spring constant (N/m)
z

A commercial Si probe 262 370 Typical value: 42

A GaAs probe without the
) 185 510 Typical value: 134
nano-slit

A M-AFM probe with the

) 201 333 Typical value: 134
nano-slit

Table 1. The properties of AFM probes in the atmosphere.

A JSPM-5400 was used for measurement of the sample under the noncontact mode
(frequency modulation (FM) mode). The properties of three kinds of probe are given in

Table 1, the resonance frequency was swept and the Q value was defined by the follow-
ing relation, Q=f)/(f.-f.), where f, is the peak frequency, f. and f. the shifted frequency from
fo at 70.7% of peak intensity. The Q value indicates a resonance sharpness of the cantile-
ver; the higher the Q value, the better stabilization of the oscillation.

Figures 11 to 13 show the topographies of the standard sample having 2000 lines/mm obtained
by the commercial Si probe, GaAs probe without the nano-slit, and M-AFM probe with the
nano-slit under the non-contact mode, respectively. The measurements were performed in the
air, and the AFM worked in non-contact mode, with a working environment temperature of
25.0°C and arelative humidity of 50%. The resonance frequency of Si probe and M-AFM probes
(without nano-slit and with nano-slit) were 262 kHz, 185 kHz and 201 kHz, respectively, and
the Q-value of them were 370, 510 and 333. The scan area was 2x2 um? scanning speed was 3
pum/s, and the white spots in these figures are due to micro-dust on the sample surface. Even
though the Q-value is lower than that of the GaAs probe without the nano-slit, the commercial
Si probe still can obtain a little higher resolution topography due to the higher aspect ratio of
the tip.

Comparing the obtained images of Figure 12, Figure 13 with the ones in Figure 11, the results
illustrate that M-AFM probe has a similar capability for sensing surface topography of
materials as that of commercial AFM probes.
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Figure 11. Surface topography of the grating sample obtained by the commercial Si probe.
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Figure 12. Surface topography of the grating sample obtained by the GaAs probe without the nano-slit.
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Figure 13. Surface topography of the grating sample obtained by the M-AFM probe with the nano-slit.
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Figure 14. Topography of the grating sample obtained by the commercial Si probe.
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Figure 15. Topography of the grating sample obtained by the commercial Si probe.

In order to evaluate the accuracy of height measurement, a grating sample having 17.9 nm
+Inm step height was measured by using the commercial Si probe and the M-AFM probe,
respectively. Figures 14 and 15 show the AFM topographies and the cross-section profiles of
the grating sample obtained by the commercial Si probe and the fabricated M-AFM probe,
respectively. From the slope of the step of the cross-section profile in the figures, it is confirmed
that the fabricated M-AFM probes have the capability to catch the AFM topography with the
resolution of nanometer order. The height of the step of the grating sample obtained by each
probe was 19.17 nm and 19.67 nm, respectively. The fabricated M-AFM probe has also high
resolution although the resolution was inferior as compared to the commercial Si probe. The
reason why the resolution degraded with the fabricated probe is that the tip of the probes was
cut by FIB fabrication. From these results, it is considered that the control of the standoff
distance between the probe and the sample with high precision was achieved by the fabricated
M-AFM probe.
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3. Microwave imaging for materials on nanometer-scale

3.1. Experimental setup

Figure 16 schematically depicts the integrated test system of the M-AFM [31]. In our M-AFM
system, the initial microwave signals, which are working at a frequency f = 16.66 GHz, are
generated by a microwave generator. Next, the frequency of the microwave signals is extended
by a six-frequency multiplier, which results in a stable testing frequency f = 94 GHz. The
microwave signals propagate through an isolator and a circulator and then propagate into the
M-AFM probe. The transmission line that connects the circulator and the probe changes from
a rectangular waveguide into a coaxial line, which then changes into the parallel-plate
waveguide (in the M-AFM probe). A detector is connected to the circulator, to measure the
microwave signals that are received by the tip of the probe and indicate the voltage data that
are converted from the reflected microwave signals. The measured signals are synchronized
with positional information that is obtained from the AFM scanner, which is then used to create
a microwave image. At the same time, by evaluating the output voltage data, the electrical
properties of the measured materials can be determined.

: Microwave Generator—»| Multiplier !

Microwave | 7 ]
Imaging | ) !

— Detector Circulator |« Isolator !

v I |
Computer| L] Microwave Instruments,
T - 1 Lock-in-Amp. o :“
‘1#'%99'.'?1% y i ] Microwave :
i Signals

5 Photo i

Detector Stage i

: Controller ;

: Specimen !

5 M-AFM Probe i

Figure 16. Diagram of the M-AFM system.

We prepared a sample for the scanning test of surface topography and microwave imaging.
At first, a resist mask was patterned onto the glass substrate wafer by lithography. After
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developing the resist pattern, a 200-nm thick Au layer was deposited on the glass substrate by
electron beam (EB) evaporation. Finally, the unexposed photo-resists were lifted off in acetone.
The resulting Au and glass step structure is depicted in SEM image of Figure 17.

5.0kV  X19,000 THm WD 10.9mm

Figure 17. SEM image of measured sample.

3.2. Microwave image of Au/glass step sample

Figures 18 and 19 depict the M-AFM scanning results of the sample at the step area between
the Au coating film and the glass wafer substrate. The measurements were performed in the
air, and the M-AFM worked in non-contact mode, with a working environment temperature
of 24.5 °C and a relative humidity of 38.4%. The resonance frequency of M-AFM probe was
133 kHz and the Q-value of it was 295. The scan area was 10x10 pm? scanning speed was 5
um/s. Figure 18 depicts the surface topography of the M-AFM-measured sample. In thisimage,
the left side represents the Au film, whereas the right side is the glass substrate. As can be seen
in the scanning profile depicted in Figure 18, the thickness of the Au film was approximately
200 nm on average.

Figure 19 depicts the microwave image of the voltage that was converted from the measured
microwave signals, which were simultaneously acquired by the M-AFM probe at the corre-
sponding position depicted in Figure 18. This experimental result demonstrates that the
microwave image has two spatial phases. Because the standoff distance between the tip of the
M-AFM probe and the surfaces of the Au film and glass substrate is constant and controlled
by the atomic force, thus, the response of the microwave signals were observed to change based
on the different electrical characteristics of the measured materials. As per Figure 19, the output
voltage over the glass area is larger than that over the Au area, because the scanning started
from the Au area with the initial offset from the nulling operation.
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Figure 18. AFM topography image of the Au/Glass step sample.
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Figure 19. Microwave image of the output voltage that was converted from the measured microwave signals.
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An analysis of the scanning profile depicted in Figure 19 demonstrates that the spatial
resolution is higher than 120 nm, and that the output voltage measured over the Au and glass
areas were 262.5 mV and 281.7 mV, respectively. The difference between the measured
voltages between the Au and glass areas is 19.2 mV. Since, the stability of the measurement is
high, this valueislarge enough for evaluating the electrical properties of other materials having
the conductivity between Au and glass. As the results presented, the M-AFM should allow us
to scan the electrical conductivities of other conductor materials on a nanometer scale. In
addition, based on the same principle, it can also be used to measure the permittivities of
dielectric materials on a nanometer scale.

4. Quantitative measurement of the electrical properties of materials on the
nanometer-scale

For quantitative measurement, the operating frequency of M-AFM is set at 94 GHz. The high-
frequency microwaves are easy to propagate in the waveguide and emit from the nano-slit on
the probe tip. Since the width of the nano-slit is around 100 nm, the field of microwave
interacting with the measured materials can be considered to be in 100 nm order. Thus, if the
thickness of measured materials is larger than 100 nm, the reflection from the bottom surface
of the sample can be neglected. Therefore, only the reflection from the top surface needs to be
considered.

Moreover, the diode detector works in a small signal range, where it is considered to be a
square-law detector. Therefore, while keeping the standoff distance between the tip of the M-
AFM probe and samples constant, the output reflected voltage V, which varies only with the
conductivity of the sample, has a relationship with the squared absolute value of the top surface
reflection coefficient, | I, | % as

V =k [T+, (1)

The two undetermined constants k, and b, can be calibrated with two samples whose conduc-

tivities are known. For good conductors, which are used in this experiment, the surface
reflection coefficient | I, | can be written as [34]

=——" 2
1+,/o/ jws, @

where ¢, and o represent permittivity of free space and the conductivity of the measured

material, respectively, and w is the angular frequency of the microwave. For semiconductor
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or isolating materials, similar equations can also be constructed. Then, the conductivity can be
determined from Eq. (4-7) as

o - s, [4|rs|2 A +ﬂ/ (. +1)J4|r5|2 (1) —alr f ®

After kyand b,in Eq. (1) are calibrated using two reference samples with known conductivities,

the conductivities of any samples can be calculated from the measured voltage. Therefore, the
M-AFM allows us to quantitatively evaluate the electrical conductivities of materials on the
nanometer scale.

It should be noted that Eq. (2) and (3) are derived under the plane wave condition, while the
probe works in near-field mode. Although near-field analysis may further improve the
precision of evaluation results, it requires more reference samples, which will increase the
complexity of the measurement. Since the tested material was very close to the open end of
the probe-tip (the standoff distance of several nanometers was extremely small as compared
with the waveguide width (~100 nm) and the wavelength), this problem can be equivalent to
the case that the material surface is terminated at the end of the waveguide, which can be
represented by the plane wave model. Therefore, the plane wave approximation is used in this
study.

There is a limitation of M-AFM technique we have to face. In the case of that the thickness of
measured sample smaller than 100 nm, the reflection of microwave signal from the bottom
surface of the sample and the substrate should be considered. Therefore, the M-AFM can not
use the previous mentioned equations to obtain the electrical properties of measured sample
quantitatively.

Five different metallic films (Cu, Pb, Al, Co and Zn) with EB fabrication were prepared for the
quantitative measurement. The tested electrical conductivities by the four point probe van der
Pauw method were obtained as the standard values for calibration and evaluation of M-AFM
results. The tested electrical conductivities of these metal films are in the range of 4.46x10°
S/m to 5.68x10”7 S/m. The measurements were performed in the air, and the AFM worked in
non-contact mode, with a working environment temperature of 23.0 °C and a relative humidity
of 50%. The resonance frequency of M-AFM probe was 107 kHz and the Q-value of it was 675.
The scan area was 2x2 um?, scanning speed was 1 pum/s. Before scanning, we set the original
voltage to be zero while maintaining a constant distance of 2.6 um between the probe tip and
the sample. During the scanning process, the standoff distance between the probe tip and
samples was fixed at several nanometers by the atomic force, and the voltage corresponding
to the inspected sample was measured.

Figures 20 to 24 show the topographies and microwave images of the five samples. The
variations of the measured voltages for the five samples are less than +0.46 mV, which is much
smaller than the dynamic range of the M-AFM. The signal-to-noise ratio of the M-AFM
measurements was evaluated to be 20.14 dB on average.
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Figure 20. Topography and microwave image of measured Cu sample.
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Figure 21. Topography and microwave image of measured Pb sample.
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Figure 22. Topography and microwave image of measured Co sample.

B34 nY
b.226nY
.11Zn¥
4.99Tn¥
4.823nY
4.768nY
4. 654nY
4. 540n Y

4. 425nY

LABSmY
LAY
L235mY
A20mY
L0BmY
L3 mY
AmY
BEImY

L0d8mY

10.834mY
10.758mY
10.68TmY
10.E05mY
10.523mY
10.452mY
10.376mY
10.200mY

10.224mY

261



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

E3rm 6 2hhmY
<El0rm 6. 180wy
Topography 20.97m Microwave 6. 10da
-14nn imﬂge b0 mY
-3 1mm 5 36 mY
48mm AT
3 _ERrn 5. T90mY
1.0 pm/1.0 pm il 1.0 pymf1.0 pm iTRRN
L 4 BdBmY
Figure 23. Topography and microwave image of measured Al sample.
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Figure 24. Topography and microwave image of measured Zn sample.

The Figure 25 shows the variation margins of measured local voltages for samples with
different conductivities. Using the measured voltages of two samples obtained from Figures
20 and 21 (4.89 mV for Cu and 18.01 mV for Pb on average) and their tested conductivities
(5.68x107 S/m for Cu and 4.46x10° S/m for Pb) for calibration, the two undetermined constants
in Eq. (1) were calculated to be k; =-5.9632 and b= 5.9629. Then, the conductivities of Al, Co
and Zn samples were evaluated with Eq. (1) and Eq. (2) by using the measured voltages
obtained from Figures 20 to 24.
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Figure 25. Variation margins of measured local voltages for samples with the different conductivities.

Figure 26 shows the variation margins of measured local voltages for samples with the square
of surface reflection coefficient of them. As previous mentioned, two undetermined constants
in Eq. (1) were calculated to be k,=-5.9632 and b, =5.9629. That means the method in this work
was based on a premise of that the surface reflection coefficient and measured voltage should
be kept in a linear relationship. It is noted that the surface reflection coefficient and measured
voltage could be provided in a linear relationship (see the fitting straight line in Figure 26).
Thus, the applicability of the evaluation method in my work can be proved.
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Figure 26. Variation margins of measured local voltages for samples with the square of surface reflection coefficient
of them.
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Figure 27 shows the evaluated results versus the tested values of Al, Co and Zn samples. It is
noted from Figures 20 to 24 that no correlation can be observed between the microwave images
and their corresponding geometry images. In other words, the variations of the measured local
voltages are not caused by the surface morphology. The main causes of error bars of the
evaluated conductivities are as follows. Firstly, the film samples prepared by EB evaporation
were not homogenous in the microscopic view, and the distribution of conductivity was
location-dependent (local conductivity).
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Figure 27. Evaluated conductivities of the samples in comparison with the tested conductivities of them.

It is believed that the variation margins of measured local voltages (see Figure 25) by the M-
AFM caused the error bars of the evaluated conductivities. Secondly, the microwave signal for
conductivity measurement was very small, which might be affected by the measurement
environment. Therefore, the uncertainty of the microwave measurement may contribute to the
error bars. It is also noted from Figure 27 that the deviation of evaluated conductivities from
the values tested by the Van der Pauw method is 2.03%, 7.24% and 11.6% for the Zn, Co and
Al, respectively. One of the causes of this deviation is that the standoff distance variation
between different materials may affect the measured voltage, thereby inducing deviation of
evaluated conductivity, especially for high-conductivity materials such as Al. Another cause
of the deviation may be the evaluation equation which was derived under the plane wave
approximation rather than the much more complicated near field analysis. The quantitative
evaluation was performed three times, and the similar results as shown in Figure 25 were
obtained. On the other hand, the evaluated resistivities of the five samples can be presented
out as shown in Figure 28.
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Figure 28. Evaluated resistivities of the samples in comparison with tested c resistivities of them.

5. Summary

a. Weinvented out a novel device named of microwave atomic force microscope (M-AFM),
which is a combination of the principles of the scanning probe microscope and the
microwave-measurement technique. M-AFM can maintain the constant stand-off distance
between the M-AFM-probe tip and scanned sample surface, by detecting the deflection
of the atomic force between them, and measure the electrical properties of materials with
nanometer scale spatial resolution.

b. Microwave-AFM probes were fabricated on the GaAs wafer by using the wet etching
process. A waveguide was introducing on the probe by evaporating Au film on the both
surfaces of the probes. The open structure (the nano-slit) of the waveguide at the tip apex
of the M-AFM probe was obtained by using FIB fabrication. SEM was used to observe the
fabricated M-AFM probes. As the results, the average dimensions of the cantilever and
the body of the M-AFM probes are typically 252x31x14 um and 2742x723x339 um,
respectively. Based on these dimensions, the characteristic impedance of the M-AFM
probes is, on average, 49.3 Q. In this way, the M-AFM probe could match well with the
co-axial line, which has an impedance of 50 Q. The observed tip is located near the front
edge of the cantilever and the tip is approximately 7 um high, and the nano-slit is
approximately 100 nm in width.

c¢. The AFM topography of the grating sample having 2000 line/mm and 18 nm step height
was measured by the fabricated M-AFM probe. AFM measurements were performed by
comparing with the commercial Si AFM probe. The results indicated that GaAs micro-
wave probe has a capability to catch AFM topography of grating samples and having a
high accuracy for lateral and height evaluation, similar as the commercial AFM probe.
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d.

We have created an M-AFM-obtained microwave image using a compact microwave
instrument that was optimally synchronized with an AFM scanner. The distinguishing
features of M-AFM are its ability to maintain a constant standoff distance between the
probe tip and the sample surface and to measure the microwave signal interacted with
the sample. Therein, both the topography and electrical-property images of the sample
can be simultaneously characterized. Therefore, M-AFM is able to measure, in situ, the
distribution of electrical properties on a nanometer scale. As shown in the experimental
results, we successfully generated a microwave image of a 200-nm Au film coating on a
glass wafer substrate with a spatial resolution of 120 nm, and, moreover, we measured
the voltage difference between these two materials to be 19.2 mV. We believe that the high
spatial resolution and simultaneous measurement capability of this M-AFM system will
have important implications to nanotechnology characterization in the immediate future.

We also demonstrated a novel evaluation equation and calibration technique for the
quantitative measurement of the local conductivity. Based on the analytical and explicit
expressions proposed, using two reference samples with known conductivities, the
conductivities of any samples can be calculated from the measured voltage. Our results
demonstrate that M-AFM is able to quantitatively measure, in situ, the distribution of
electrical properties on the nanometer scale.
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Chapter 13

Aerospace Application

Akihiro Sasoh

1. Introduction

Usually, Micro-nano technology refers to mechatronics in micro-meter to nano-meter length
scale, in other words, to spatial micro-nano-meter technology. It is also possible that tempo-
rally-localized mechatronics is effective to improve macro-scale mechatronics. This concept
can be referred to as ‘temporal micro-nano technology,” in which mechanical/electrical inputs
are done during a short time of the order of mirco- or nano-second. In this chapter, we
demonstrate this technology in aerospace application.

2. Improvement of supersonic aerodynamics using repetitive nano-second
laser pulses

In the aspect of the supersonic aerodynamic performance, shock wave formation leads inevita-
bly to serious problems preventing the development of high-performance supersonic vehicle.
A representative problem is sonic boom which is an impulsive noise induced by a supersonic
aircraft. Wave drag force induced by shock wave is another serious problem against improve-
mentof theaerodynamicperformance. Thisstudy considers further technology toreduceawave
drag force. Wave drag reduction over a 20-mm-dia. cylinder with a truncated cone nose in a
Mach 1.94 flow is done by depositing laser pulse energies at repetition frequencies up to 80 kHz
and average input power of 400 W at a maximum. In actual application of energy deposition
scheme [1-8] to reduce the drag, it should be taken into account both a drag coefficient and
efficiency of energy deposition. The purpose of this chapter is to investigate the impacts of nose
shape on supersonic drag reduction performance with repetitive energy depositions.

2.1. Trade-off in truncated cone shape

Figure 1 indicates why truncated cone shape is important to apply energy deposition scheme.
In order to realize the energy depositions for improvement of drag reduction, two conditions
should be satisfied. The first condition is that the magnitude of a drag force or a drag coefficient

I NT Ec H © 2013 Sasoh; 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 unrestricted use,

open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.
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has a lower value than the one of a baseline value, for example obtained by a conical body.
Another condition is to obtain a large value of an “efficiency of energy deposition’ [1] (or “power
gain’), which is defined by the ratio of a saved propulsion power to a power deposited into
the flow. As shown in Figure 1, with a flat-faced cylinder body, a decrement in drag is largest
although its baseline drag is largest. Without energy deposition, a conical nose leads to a
smallest drag, yet the efficiency of energy deposition is worst. By truncating the cone, this
tradeoff problem can be solved. Although the drag reduction performance with truncated cone
model is weaker, it is easily accomplished the target drag force because its base drag force has
smaller value compared to blunt body. In this case, the effective time, for which the effect of
the energy deposition on a blunt body lasts, is a key parameter to know what shape of a body
is suitable for obtaining a lower drag.

Sakai [8] reported that the effective time is evaluated during the interaction of the low density
core created by a single laser pulse using an Nd:YAG laser with the bow shock wave over a
bluntbody. The evaluated effective time on a flat-faced cylinder is longer than on a hemisphere
under the same energy deposition condition. The longer effective time for the flat-faced
cylinder is due to the fact that the recirculation zone with vortices, which are produced due to
baroclinic interaction, keeps for longer time in the forebody region. This behavior results in
the reduction of the drag for a longer period. He also presented that the modulated drag for
the flat-faced cylinder is nearly the same with that for the hemisphere and that the drag value
is higher than that for a sharp cone with the same base diameter. It should be noted that the
efficiencies for the flat-faced cylinder are typically higher than for the hemisphere under the
same energy deposition condition. Thus, itis believed that a flat-faced geometry has a potential
advantage to be used in the drag reduction with energy deposition.

[nput power

- g No input

power

>

Energy saving

Power gain

» Energy loss

Drag

Base drag of cone
model

Figure 1. Trade-off in truncated cone model for improving the drag reduction performance.

Sakai [9] then proposed to employ a truncated cone and estimated its drag reduction per-
formance using computational fluid dynamics method with Euler equations. In accordance
with his results, while the magnitude of drag force is reduced with front face area of truncat-
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ed cone model decreasing, the efficiency of energy deposition is higher as the front face area
is increased. A quasi-steady state flowfield over truncated conical geometry is established
with the higher repetitive frequency of pulse energy, typically higher than 50 kHz. In the
quasi-steady state flowfield, recirculation zone composed of several vortices makes a virtual
spike in front of the truncated cone body.
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(a) Schematic diagram
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Figure 2. Schematic and photographs of experimental apparatus.
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Figure 3. Schematic of laser optics system

2.2. Apparatus

Overall experimental apparatus is the same as of used in Ref. 6. The experimental facility
comprises of a supersonic wind tunnel, laser optic system and diagnostic system. While the
supersonic wind tunnel is operating, measurement system of stagnation pressure, drag force
and visualization system is operated. Figure 2 shows the schematic and photographs of
apparatus including the supersonic wind tunnel. Window diameter for visualization is 90mm.
Drag reduction performance with constant pulse energy is estimated as a function of laser
frequency. Nd:YVQO, is used only to deposit the repetitive pulse energy. In our laser optic
system (Figure 3), laser frequency can be applied up to 50 kHz under allowable pulse energy,
E, is 7.2 m]. Laser pulses up to 8 kHz is deposited with E=5.0 m].

The drag force is measured by using force balance system introduced in Ref. 5 (Figure 4). The
flowfiled over the model is visualized via schlieren system including two 300-mm-dia. concave
mirrors and a circular knife edge. In a single run of the wind tunnel one hundred frames of
schlieren images are captured into a high-speed framing camera (Shimadzu HPV-1) with a
framing interval of 4 ps, 1/4 of which is an exposure period. To measure the time-dependent
stagnation pressure, a piezoelectric pressure transducer (H112A21, PCB Inc., rise time of 1 ps,
sensitivity of 7.015mV/Pa) is flush-mounted at head of the model.
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The data acquisition system is shown in Figure 5.
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(b) Example of calibration output

Figure 4. Drag measurement system and example of calibration.
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Figure 5. Data acquisition system.

2.3. Drag reduction performance of flat-faced truncated cone model

First, the drag reduction performance with flat-faced truncated conical body is investigated.
Figures 6 shows the schematic illustration of truncated cone models used in the experiments.
The base diameter of body, 4, is 20 mm. The front face diameter is defined as d;. The diameter
ratio, d¢/d, is varied from 1.0 (cylinder model) to O(cone model) with half apex angle of 15
degree. The stagnation pressure is measured only on 3-types (d;/ 4=1.0, 0.75 and 0.5) flat-faced
truncated con model, because diameter of pressure transducer, 5.56 mm, is comparable to the

nose dimension.
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Figure 6. Truncated cone models for improving the drag reduction performance.

d/d E[mJ] f[kHz] Shape of front face
1.0 5.0 10~80
0.75 5.0 10~80
0.75 7.2 10~50
0.5 5.0 10~80 Flat face
0.5 7.2 10~50
0 5.0 10~80
0 7.2 10~50
0.5 5.0 10~80
0.5 7.2 10~50
Concave face
0.5 5.0 10~80
0.5 7.2 10~50

Table 1. Experimental conditions.
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Figure 7. Shock layer without laser pulses.

Experimental conditions are shown in Table 1. Drag reduction performance with constant
pulse energy is estimated as a function of laser frequency. In our laser optic system, laser
frequency can be applied up to 50 kHz under allowable pulse energy, E, is 7.2 m]. On the other
hand, laser pulses up to 80 kHz is deposited with E=5.0 m].

For the absence of laser pulses, the shock layer over the truncated cone model is compared
with a different d; / d value in Figure 7. Although all of shock layer have bow shock shape
except for the case of the conical model(d; / 4 = 0.0), those shock stand-off distances are
decreased with decreasing front face area; shock stand-off distance is 0.45 d for d; / d = 1.0,
0.31d for d; / d = 0.75 and 0.25d for d;/ d = 0.5.

Figures 8 presents schlieren images with laser pulse energy depositions (=80 kHz, E=5.0 m]).
With energy depositions, the effective apex angle of distorted shock layer becomes smaller
with di/d increasing. In particular, shock layer shape of d; / =1.0 is similar to oblique shock. As
the residence time of vortex rings is longer, the virtual spike composed of several vortices
becomes more sharply. For the d; / d=0.0, the baroclinical vortex ring is not observed because
laser-heated gas interacts with attached oblique shock wave.
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The effective residence time of vortex ring [10, 11] can be seen from stagnation pressure
histories in Figure 9. With d;/ d=1.0, pulse-to-pulse interaction is significant at =10 kHz. Hence,
stagnation pressure history shows the almost quasi-steady state behavior. However, stagna-
tion pressure decrement caused by vortex ring can be found for d; / d = 0.75. In the case of d; /
d=0.5, stagnation pressure is almost recovered into the former state, and then affected by blast
wave. Even if pulse-to-pulse interaction is somewhat occurred, the effect on stagnation
pressure is very weak.

Figure 10 shows examples of the time variation of the drag. Figures 11 and 12 show the drag
reduction performance of flat-faced truncated cone model as a function of f. When the pulse
energy of 5.0 m] is deposited, drag force almost linearly reduces with f. For d; / d=1.0, AD/D,
is obtained up to 21%, and the efficiency of energy deposition is nearly constant value of about
7. Under the same condition, amount of drag reduction and efficiency of energy deposition
are decreased with decreasing of d; / d. With E=5.0m], propulsion energy saving is not realized
if d; / d is smaller than 0.5.

Y ek

@ di/d=10 (b) di/d=0.75

©) di/d=05 d) di/d=0.0

Figure 8. Instantaneous schlieren images at f= 80kHz, E=5.0mJ.
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Figure 9. Stagnation pressure histories, f=10kHz, E=5.0mJ.
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Figure 11. Efficiency of energy deposition of flat-faced truncated cone model, E=5.0mJ/pulse.
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Figure 12. Variation of drag coefficient with d¢/d, £=5.0mJ/pulse.

The drag coefficient, Cp, is plotted against f in Figure 12. As repetitive laser frequency is
increased, the drag coefficient is decreased. Without energy depositions, drag coefficient of d;/
d=1.01is 1.8. Although the drag coefficient of d; / d=1.0 is decreased down to 1.46 with =80 kHz
and E=5.0 m], that is still higher than the base drag(=0.55) of conical model(d; / d=0.0).

2.4. Drag reduction performance of concave-faced truncated cone model

In order to improve the drag reduction performance, experimental studies are conducted on
concave-faced truncated cone models with d;/ d=0.5 as seen in Figure 13. The radius curvatures
of front face are R/d=0.5 and 1.0, respectively. All of truncated cone models have same length,
and location of depositing pulse energy is 2d ahead of the model.

Figure 13. Schematic diagram of concave-faced truncated cone model with d;/d = 0.5.
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Figure 14. Power gain of concave-faced truncated cone model, d;/d=0.50, E=5.0mJ/pulse.

From the above results, it was concluded that drag reduction performance of truncated cone
become poor since the effective residence time of vortices become shorter with d;/ d decreasing.
Therefore, concave-faced truncated cone shape is considered to improve the drag reduction
performance of truncated cone in this section. Truncated cone model with d; / 4=0.5 is used,
and radius curvature (R/d) of concave face is varied from 0.5 to 1.0.

Figure 14 presents the effect of concave radius curvature on the drag reduction performance.
Itis interesting that AD/D, with concave-faced truncated cone becomes higher comparing with
flat-faced truncated cone. AD/D, is increased with R/d=1.0 for E=5.0m] and =80 kHz. As shown
in Figure 10, the efficiency of energy deposition is slightly enhanced with concave-faced
truncated cone. This implies that concave-faced truncated cone is useful to improve the drag
reduction performance. From these results, it is confirmed that drag coefficient of concave-
faced truncated cone is slightly decreased. In the case of R/d=0.5, drag reduction performance
is almost same with one of R/d=1.0. However, drag coefficient of R/d=0.5 becomes higher than
that of R/d=1.0 because small radius curvature leads to increase of base drag force.

2.5. Summary of this chapter

Although a blunt body shape brings the better drag reduction performance due to energy
depositions, a truncated cone shape has considerable advantage to satisfy the necessary
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conditions in actual application of energy deposition scheme; the magnitude of drag force
should be lower than the base drag force of a sharp conical body and the efficiency of energy
depositions should be higher than unity. From these demands, drag reduction performance
over truncated cone model was experimentally estimated.

In the experiments, a truncated cone model with half angle of 15 degree is used. The diameter
ratio of flat-faced truncated cone is varied from 1.0 to 0.0. From the present results on flat-faced
truncated cone, the effective residence time of vortices resulted by laser-heated gases interac-
tion with shock wave plays an important role in drag reduction performance of truncated cone
model. In order to improve the drag reduction performance of the truncated cones, the drag
reduction performance of a concave-faced truncated cone model is evaluated. In the concave-
faced truncated cone experiments, the radius curvature of concave face is varied from 0.5 to
1.0 with diameter ratio of 0.5. From the comparison with flat-faced truncated cone, the concave-
faced truncated cone has more effective drag reduction performance.

3. Conclusion

As is demonstrated in this chapter, micro-nano technology is applicable also to mechanical
manipulation in the temporal manner. An example of micro-nano-second mechanics is
demonstrated by repetitively depositing nano-second laser pulses over a supersonic object.
These short period energy deposition induce nonlinear flow mechanics, thereby improving
the supersonic aerodynamics performance. It follows from these results that mico-nano
technology should refer to spatiotemporal mechatronics, which will lead to further techno-
logical advancements.
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Chapter 14

Hydroxyapatite Coating on Titanium Implants Using
Hydroprocessing and Evaluation of Their
Osteoconductivity

Kensuke Kuroda and Masazumi Okido

1. Introduction

Titanium (Ti) and its alloys are used as artificial joints and teeth roots in orthopedic and dental
settings because they have the advantage that their mechanical properties are closer to those
of bone than are those of stainless steel or cobalt-chromium alloys. However, the difference
in mechanical properties between Ti and natural bone leads to negative effects, such as stress
shielding. To mitigate these effects, many new Ti alloys have been developed for hard tissue
implants, with a focus on controlling the alloy element and its content, phase, and other
characteristics.

When implants do not undergo surface modification to enhance the osteoconductivity, it takes
a relatively long time to fix the metallic implant to bone such that it is stable. There are many
approaches for improving the osteoconductivity of Ti and its alloys. These approaches can be
classified into the following two techniques: (1) bioactive compounds that accelerate bone
formation are coated on metallic implants, and (2) a rough surface at the macro-level is formed
on the metallic implants, and the ingrowth of bone results in anchorage of the implants. These
techniques have achieved a certain level of success, and the surface-modified implants have
been used clinically. However, there are still weaknesses with the coating that need resolution,
as well as unclear points regarding the effect of the surface properties on the osteoconductivity.
Since hydroprocessing can be used to prepare the coating on complex-shaped substrates with
complex topography, which many implants have, we focus on the use of hydroprocessing in
many techniques for coating the bioactive compound, especially hydroxyapatite (HAp), and
expound on the characteristics of the techniques and issues. Moreover, we describe in detail
the evaluation of the osteoconductivity of implants coated with HAp, using in vivo testing in
rat tibiae.

I NT Ec H © 2013 Kuroda and Okido; 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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2. HAp coating

HAp (Ca;o(PO,)s(OH),), which is the main inorganic component in the mammal bone or tooth
[1], has attracted attention as a surface-coating compound because of its high osteoconductiv-
ity. Many pyro methods of forming HAp and other calcium phosphate coatings on metallic
substrates have been reported (e.g., plasma spraying [2, 3], sol-gel method [4,5], electron beam
sputtering method [6], and ion beam sputtering method [7]). However, all have weak points
in relation to coating with HAp on complex-shaped implants. Plasma spraying remains the
most commonly used technique for HAp coating on a Ti or Ti alloy substrate in the fabrication
of artificial joint replacements [1] and in endosseous dental implants [2]. On the other hand,
many hydro coating techniques (e.g., cathodic electrolysis method [8-10], electrophoretic
method [11, 12], and thermal substrate method [13-18]) have been proposed as approaches to
forming thin film coatings on metallic substrates. The cathodic electrolysis and thermal
substrate methods are single-step coating techniques in an aqueous solution, and they coat the
HAp directly from the solution. The electrophoretic method is omitted from this review
because it uses HAp formed by other methods in advance, despite the hydroprocessing.
Therefore, in this paper, we describe the cathodic electrolysis and thermal substrate methods.

2.1. Theory of HAp coating using hydroprocessing

It is known that the solubility of HAp in an aqueous solution decreases with increasing
temperature and that the relationship between the HAp solubility product, Ksp/(mol dm=)?,
and the temperature, T/K, is given by [19]:

logKyp, = — 8219.41 /T - 1.6657 — 0.098215T. (1)

Therefore, heating an aqueous solution containing Ca** and PO,*" ions results in the precipi-
tation of calcium phosphates, such as HAp, in the solution.

The ionic product of HAp, Kjp/(mol L™)?, is expressed as follows:
5 3
Kp = |Ca* |[[PO,” [|OH"|, 2)

where [X] indicates the molar concentration (mol L™) of ionic species X. The increase in [Ca*']
or [PO,*] content or pH value in the solution initiates the precipitation of HAp because K
achieves Kgp. Moreover, [PO,*] increases with increasing pH value (Figure 1). Therefore, the
increase in pH directly accelerates the precipitation of HAp, which indirectly increases the
[PO,*] content.

Figure 2 shows the solubility curves of various compounds on a calcium orthophosphate [19];
as shown, there are many compounds other than HAp. This figure indicates that CaHPO,
(DCPA) is the most stable compound at pH <5, with HAp the most stable at pH > 5. Therefore,
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HAp can be easily obtained in a solution where pH > 5 and where the ion content and
temperature are controlled. However, HAp cannot precipitate in the pH < 5 solution, and
hydroprocessing using the precipitation phenomenon in the aqueous solution cannot give -
Ca,;(PO,), (B-TCP), a bioactive compound.

o
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o

Content, log (C H,pO,¢»/mol L)
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Calcium content, log (C,/ mol L1)

Figure 2. Solubility curves of calcium orthophosphoric compounds at 37 °C, depending on pH in aqueous solution.
HAp: hydroxyapatite (Ca;o(PO,)s(OH),), TCP: calcium phosphate (Ca;(PO,),), OCP: octacalcium phosphate (CagH,(PO,),
5H,0), DCPA: dicalcium phospate anhydrous (CaHPO,), DCPD: dicalcium phospate dihydrate (CaHPO, 2H,0).



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

2.2. Thermal substrate method in aqueous solution [13]

This process involves passing an alternating current through a metallic sample immersed in
an aqueous solution. The immersed metallic sample heats up to more than 100 °C by Joule
heating, even though the hydroprocessing occurs at atmospheric pressure (Figure 3). There-
fore, this method can produce the special reaction conditions (>100 °C in an aqueous solution)
by not using the pressure vessel.

Thermo-meter AC power supply @
\\ Powerstat
- ‘ } 1 Ammeter

TC supporter

Thermocouple
Copper lead rod

(coated with epoxy resin)

Cooling tube

Solution (0.2 dm?)

L= 4 Pyrex beaker

Ti sample (in vivo)
(62x5 mm)

Ti sample (in vitro)
(t0.3 mm)

Figure 3. Experimental apparatus for HAp coating.

When the thermal substrate method in an aqueous solution is used, the fact that the solubility
of HAp decreases with increasing temperature means that HAp precipitation occurs only on
the substrate. It is important to coat HAp while controlling the concentration of the solute and
the pH value of the solution and temperature, because they affect the degree of supersaturation
of HAp in the solution (Egs (1) and (2)). Figure 4 (a)-(d) shows the change in the surface
morphology of the samples coated with HAp under controlled pH and temperature, whose
foctors determined the degree of the supersaturation with respect to HAp [14, 15, 17, 18]. The
precipitate at pH =4.0 (Figure 4 (a)) appeared to pile up like bricks and was identified as DCPA,
which is a stable compound. On the other hand, in the solution at pH = 8.0, the precipitate was
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Figure 4. SEM photographs of the surface of the samples treated by various methods.

composed of HAp (Figure 4 (b)-(d)). From the EDX analysis, the molar ratio of calcium to
phosphorous (Ca/P) of HAp was 1.41-1.43. This shows the coated HAp was calcium deficient.
The pH dependence of the solubility of the calcium phosphate compounds explains why the
precipitate changed with increasing pH of the solution, i.e., the solubility curves of DCPA and
HAp cross at approximately pH = 5 for various compounds of calcium phosphate [19]. The
surface morphology of the precipitated HAp strongly depends on coating temperature: low
temperature (40 °C) gave net-like HAp (Figure 4 (b)); high temperature (140 °C) gave needle-
like HAp (Figure 4 (d)); and mid temperature (60 °C) gave plate-like HAp (Figure 4 (c)). That
is, by using hydroprocessing, we can control the crystalline form, which could not have been
achieved using traditional methods. Figure 5 shows the scanning electron microscopy (SEM)
photographs of the HAp-coated samples on porous Ti alloy surfaces formed by sintering
Ti6Al4V particles (ca. 100 um in diameter) on cpTi substrates [16]. Heating at 100 °C for 15
min. ina pH="7 solution led to HAp precipitation over the entire surface of the Ti6 Al4V sintered
particles (on both front and back faces) and on the base cpTi substrate of the experimental
samples. In particular, it was found that HAp precipitate was also detected at the sinter neck
regions of adjacent particles and on the base substrate, while the original open-pored geometry
was maintained. Therefore, this method can be used to apply the HAp coating to a substrate
with complex topography.
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Figure 5. and/or cross-sectional views of the samples with surface roughness. (a)-(c) beads-sintered porous samples
(as sintered), (d)(e) HAp coated on beads-sintered porous samples (thermal substrate method, 0.7 mM CaCl,+0.3 mM
Ca(H,PO,),, pH 7, 100 °C, 15 min.).

Biological apatite in natural bone does not appear in the form of pure HAp and it contains a
considerable amount of carbonate ions [20] (about 7.4 mass% with respect to total bone and
11.4 mass% with respect to the inorganic component in natural bone [21]). Carbonate apatite
(CO5-Ap), which replaces PO,* and/or OH" ions with CO,* ions, is similar to the inorganic
component of bone, and it seems to be a more promising bioactive material than stoichiometric
HAp, because CO;-Ap has greater solubility than pure HAp [20]. In addition, it has been
reported that CaCO; displays bioactivity, such as cell compatibility and hard tissue compati-
bility [22, 23]; that is, CO,* is expected to influence biological reactivity and osteoconductive
properties. It is also well known that the solubility of CaCOj; in an aqueous solution decreases
with increasing temperature [24]. In the solution, when CO;* ions are added, CO;-Ap or CO5—
Ap/CaCO; composite films are easily obtained on a substrate. Typical SEM photographs of the
surface of the samples are shown in Figure 4 (e)—(f), coated in the pH = 8 solution with <0.5
mM NaHCO; added at 140 °C for a period of 15 min., and after the steam autoclaving treatment
(5 mass% CO; in this film) [25, 26]. The precipitates coated from the solution with >0.5 mM
NaHCO; added contained CO;~Ap and CaCO; at all temperatures, and the X-ray diffraction
spectra showed a mixture of calcite, vaterite, and aragonite. The crystalline form of CO;-Ap
was changed, depending on the added NaHCO; content, as well as coating temperature. In
particular, adding a significant amount of NaHCO; (>5 mM) brought about sphere-like-shaped
CO;-Ap (Figure 4 (f)) in the 140 °C coating. In CO5;-Ap films, FT-IR analysis revealed that
CO;* was substituted for PO, (Type B CO;—Ap) in advance, which was similar to biological
apatite [27], and adding more CO,* to the solution gave the substitution for OH™ (Type A).
Therefore, in the samples with <0.5 mM NaHCO,; added, Type B CO;—Ap was obtained, and
in the samples with >5 mM NaHCO; added (i.e., having the binary phase of CO;—Ap/CaCO;),
Type AB CO;-Ap was formed.
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Natural bone contains CO;~Ap and a considerable amount of organic components, such as
collagen (about 23 mass% [21]). Itis known that the hybrid organic—inorganic structure initiates
pliable bone. Some researchers have reported the preparation of nanocomposites of HAp/
collagen and HAp/gelatin [28-30], as natural bone is considered a nanocomposite of mineral
and proteins. Moreover, immobilization of collagen on implants displays a tighter fixation
with the surrounding tissue, since the collagen behaves as an adhesive protein with cells
because of the amino groups in the collagen molecules [31, 32]. From the viewpoint of
osteoconductivity, we expected that preparing the HAp/collagen composite coating would be
a more promising approach than using an individual coating of either CO,—Ap or HAp. In the
solution to which acid-soluble collagen is added, HAp/collagen or HAp/gelatin composite
films are easily obtained on a substrate, depending on coating temperature. In general, as
mammalian collagen rapidly denatures to gelatin at >45 °C, HAp/collagen composite can be
obtained at <40 °C and HAp/gelatin composite at >50 °C. Figure 4 (g)-(h) shows the surface of
the samples coated in the pH = 8 solution with 72 mg L™ collagen, derived from calf, at 140 °C
and 40 °C (10-15mass% collagen or gelatin in the film) [33]. The surface morphologies of HAp/
collagen and HAp/gelatin significantly depend on the coating temperature and are not affected
by whether the composite film contains collagen or gelatin. That is, collagen and gelatin have
only a small effect on the HAp crystal growth of the adsorption onto HAp. Hydroprocessing
can be used to form HAp/collagen and HAp/gelatin composite films, which could not be
formed using high-temperature processing, and the content of collagen and gelatin in the films
can be controlled up to 60 mass%.

2.3. Cathodic electrolysis in aqueous solution [8-10]

In the electrochemical technique, a redox reaction produces supersaturation of OH ions near
the electrode in the aqueous solution containing Ca* and PO,>" in the same manner as in the
thermal substrate method. This local effect induces heterogeneous nucleation on the metal
substrate serving as the electrode. The addition of hydrogen peroxide to the solution prevents
H, gas generation at the cathodic electrode and promotes nucleation and growth of the HAp
coating. Adding H,O, to electrolytes enhances the formation of OH" ions at the solution—
electrode interface at a lower cathodic potential, as described in the following reaction (3) [10]:

H,0,+2e = 20H". 3)

In this method, the surface morphology of the precipitated HAp greatly depends on coating
temperature [34] in the same manner as in the thermal substrate method. The effect of
temperature on the surface morphology of coated samples is shown in Figure 4 (i)—(j). The
HAp crystals had a similar shape to those formed using the thermal substrate method,
although the size of HAp crystals differed between the cathodic electrolysis and the thermal
substrate methods. The molar ratio (Ca/P) of HAp was almost same as that using the thermal
substrate method. The coatings at >100 °C were conducted in the pressure vessel. When using
the electrolysis solution, to which CO,* or collagen are added, CO;-Ap, HAp/collagen, or
HAp/gelatin composite films are formed on a substrate, depending on coating temperature.
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3. Evaluation of osteoconductivity

The evaluation methods for the bioactivity of the implants are classified into in vitro and in
vivo methods. In this review, the in vivo evaluation method is described. In in vivo evaluation,
many types of animals at different ages were used in various studies, and different researchers
used a different implanted part of the animals. Moreover, a unified quantification criterion has
not yet been established, and the criteria used in various studies are not compatible with one
another. Therefore, we use the bone-implant contact ratio, Ry ;, as an osteoconductive index
based on the observation of body tissue on the implants. Bone-implant contact was determined
by linear measurement of direct bone contact with the implant surface. The sum of the length
of the bone formation on the implant surface was measured and expressed as a percentage of
the total implant length (bone-implant contact ratio) in the cancellous bone and the cortical
bone parts [17, 18, 25, 26, 33].

sum of the length of the part of bone formation on the implant surface y

R, (%)= 100
51 (%) total implant length (4)
(A-1) (B-1) (C-1 D-1) (E) (A-2) (B-2) (C-2)
n=66 5 66 6 64 5 65 46 4 4 6 6 5 66 4 4 66 5 4 5
%0 — 06, — L I — ——— 2
@ AE R | 1 1 I o
5 * ; ; ] ik
60 B U i H - H i

(2)

in natural bone

“

Bone-Implant contact ratio, Ry (%)
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Total CO, content in the coating, C.o;/ mass%  Collagen or gelatin content in the coating, C_,F/mass%

Figure 6. Bone-implant contact ratio, Ry, for the various surface coated samples (rat's tibia, 14 days). *p < 0.05, (1)
cortical bone part, (2) cancellous bone part. (A) needle-like, (B) plate-like, (C) net-like, (D) spherical-like, (E) as-polished
Ti. [0 Hap M CO5Ap (A-1, B-1, C-1) or HAp/gel. composite (A-2, B-2) B CO;Ap/CaCO; composite (A-1, B-1, C-1, D-1) or
HAp/col. composite (C-2)
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Figure 6 shows the bone-implant contact ratios, Rg ;, of the samples coated under the various
conditions mentioned above and classified based on the following four surface morphologies:
(A) needle-like, (B) plate-like, (C) net-like, and (D) sphere-like. The samples are then compared
with the control implant ((E) noncoated Ti). In Fig. 6, the samples are distinguished according
to color based on whether or not the coating contained CaCO; and collagen or gelatin (white:
HAp; gray: CO;—Ap or HAp/gelatin; black: CO;-Ap/CaCO; or HAp/collagen). The R value
of HAp-coated samples (white bar) is the same as or higher than that of the as-polished one
(E). In particular, Ry in the cancellous bone part is highest in the sample coated with the
needle-like HAp (A-1). The influence of the different surface morphologies on Ry ; is apparent
[17,18]. A small amount of CO; included in CO;—Ap does not influence osteoconductivity, and
an increased amount of CO; (>15 mass%CQO;), including that in CO;~Ap/CaCQO,, has anegative
effect on (black bar in (A-1), (B-1), (C-1), and (D-1)) [25, 26]. The Rg; value of HAp/gelatin-
coated samples is the same as that of HAp (gray and white bars in (A-2) and (B-2)), and we
did not find a positive effect of the addition to HAp on the osteoconductivity, or any negative
effects within the limit of gelatin content used. In the HAp/collagen films (C-2), osteoconduc-
tivity was improved, and maximum Ry ; was obtained when the collagen content was the same
as that in natural bone. The addition of too much collagen, exceeding that amount of collagen
content in natural bone, inhibited the improvement of the osteoconductivity [33].

4. Conclusion

The inside of the human body is equivalent to a water environment at room temperature, since
the water content in the body is about 60%. It is thought that hydroformed HAp has greater
osteoconductivity than HAp synthesized using pyroprocessing, because synthesized HAp in
the aqueous solution at neutral pH and room temperature is similar to that formed in the body.
In addition, titanium dioxide, TiO,, which does not exist in the human body, is a remarkable
compound with respect to its osteoconductivity. It is important to research and improve the
osteoconductivity of substances such as HAp, TiO,, and CaTiO;. However, we need to pay
attention to the properties of their compounds, such as surface roughness [35], crystallinity,
and corrosivity, all of which influence osteoconductivity. Furthermore, the evaluation criterion
for osteoconductivity has not been adequately established.

The development of implants with high functionality is an important problem that urgently
needs to be solved, instead of merely making progress in medical technology. It is thought that
nothing can compete with such implants in the progress and development of the individual
technology. We hope that these important problems can be solved using the combination of
the discovery of new bioactive compounds (organic and inorganic) and their coating techni-
ques, alloy designs for the implants, and/or the growth of related surrounding techniques for
them.
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Chapter 15

System Integration of
a Novel Cell Interrogation Platform

Masaru Takeuchi, Gauvain Haulot and
Chih-Ming Ho

1. Introduction

Microfluidics [1, 2] becomes the backbone technology for bio-medical diagnoses and thera-
peutics due to the length scale matching between cells and fluidic devices. The micro-electro-
mechanical-system (MEMS) based molecular sensors have reached the sensitivity of detecting
a few nucleic acid molecules and several pg/ml of proteins [3, 4]. During the last decade,
integration of microfluidic devices into a system for interacting with cellular system becomes
possible and greatly advances the capability of controlling the cell fates.

While the number of microfluidic devices increasing with the desired functionalities of the
microfluidic system, large number of interconnections are not just difficult to manufacture and
can be a major road block. The Optoelectronic Reconfigurable Microchannel (OERM) [5] has
basically alleviated the difficult design and fabrication problem. OERM is a new technology
providing light-controlled creation, annihilation and reconfiguration of microchannels within
seconds. A light pattern is projected on a reconfigurable chip resulting in the formation of a
corresponding microchannel network through a low power optoelectronic effect. When the
light pattern is modified, the microchannel network reconfigures accordingly. Manufacturing
and reconfiguration of microchannels have been demonstrated in ice, frozen cyclohexane,
frozen DMSO and frozen hexadecane. As a consequence, it is expected that the technology can
be used with many more materials with reasonable freezing point and latent heat of fusion.
Hexadecane is immiscible with water and is widely used in microfluidic emulsions. Its use as
a reconfiguration template paves the way towards aqueous droplet manipulation on the
platform. Fabrication and reconfiguration happen in seconds.

The re-configurability by defreezing and refreezing fluid certainly provide an innovative way
of greatly simplifying the interconnect problem. On the other hand, most cells need to be in
fluids above frozen point for proper physiological functions. For example, human cells need

I NT Ec H © 2013 Takeuchi 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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tobe in 37°C environment. Therefore, an additional microfluidic system operated at 37°C needs
to be designed and integrated seamlessly with the OERM system for accomplishing the
biological studies. In this article, we will introduce the design and manufacturing methods of
the two-temperature fluidic interrogative platform.

2. Opto-electro-reconfigurable-microchannel (OERM)

The first issue with designing OERM are the processes of melting and freezing channels of
micron size. The problem of phase transition belongs to the Stefan problem category. It
involves amoving boundary that represents the phase change location [6]. Such problems have
been extensively studied [7]. Their resolution is often strenuous and requires numerical
methods [8, 9]. It is beyond the scope of this chapter. Nevertheless, phase transition can still
be investigated without the need of a complete solution. Phase transition mainly affects the
time-dependence of the temperature profiles. It has, however, an indirect impact on the steady
state that stems from the difference between water and ice thermal conductivities. It creates a
discontinuity in the temperature gradient. More precisely, the first law of thermodynamics
imposes that the heat flux J(x, t) be continuous. The boundary conditions at the water/ice
interface located in x,(t) with water and ice respectively on the left and right side of the

interface.are then u(x,(t)) = 0 andk ou (xb(t))—k ou (xg(t)). As a result, at steady state, the

water dx “NMee dx

temperature profile in the ice region is:

for x €[xo., L Jul(x)=u_(x)= kIf(L -x)+ T T.is the temperature at x =L and symbolizes

the cooler’s temperature.

If a heat flux J=1.2*10*W/cm? calculated to impose T = 0°C in x = 100pm is used, the interface
will be at x= x,=100um: the microchannel is still 100um deep at steady state. Nonethe-

less, the temperature gradient in the liquid region is higher since the heat conductivity is
lower. The steady state solution for x €[x.,, L ]is easily derived, and the complete steady

state solution is:

J

water

Ul ()= (%po - ) if x €[0, x¢.

ul ()= (L -x)+ T ifx € [, L]

Essentially, the temperature gradient is higher in the liquid region. It leads to higher temper-
atures than in the case where only ice is considered. For instance it leads to a steady state

temperature in x = 0 of value T =1."(0)=2.8°C=276K

Transient State. The influence of phase transition on the transient state is now addressed. The
temperature and heat flux solution of the heat conduction problem are plotted (see Figure 1)
to give more insight on the physics that take place. It can be seen that the temperature reaches
the melting point after 0.8s. Up to that point a single phase solution to the heat conduction



System Integration of a Novel Cell Interrogation Platform

problem is accurate since no phase transition occurs. Figure 1 illustrates that the temperature
and heat flux profile when melting begins are already close to steady state. In particular, heat
flux is almost constant, which is detrimental to melting. An approximate calculation of the
melting time can be performed based on those curves. Since the melting region is small, the
problem can be linearized for a first-order approximation. The heat used for melting the 100pum
region then results from the difference between the heat flux entering the region and the heat
flux leaving the region. The heat flux J entering at x = 0 is constant and has been calculated
previously. The heat flux exiting the region at x =100 ym and t = 0.8s is inferred from the single
phase heat conduction problem solution. Their difference equals 280W/m?. With H the water
enthalpy of fusion per unit volume, H = 3.32*10°].m?, and 1 the length of the melting zone, 1 =
100um, the first-order approximation for the melting time is:

, HI )
Tinelting = T - J (x =100um, t=0.8s) =119s =2min
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Figure 1. Evolution of temperature and heat flux profiles in the first 5s after heating starts.

Unfortunately, 7 is much longer than the characteristic transient times calculated

melting
previously. Because meanwhile the temperature profile will evolve towards homongeneiza-
tion of the heat flux, it entails that the real melting time will probably be longer. At this point,
for better understanding and assessment of the problem, more qualitative insight is required.
When melting starts, it creates an interface at the melting temperature that gradually pro-
gresses towards its steady state location. The speed of this progression is determined by the
coupling of the latent heat of fusion and the derivative of the heat flux across the interface.
Because the latent heat is much higher than the heat capacity, phase transition is a much slower
process than the increase of temperature. It also imposes a fixed temperature. As a result, phase
transition thwarts the heat flux homogenization process of heat conduction across the melting
interface. The characteristic transient time for an ice region of Imm and a water region of 100pum
donot depend on the heat flux and are respectively 7 ;,,=0.4s and 7 ,,=0.03s. When comparing

’

tO Tpppsing, it Seems a reasonable assumption to consider that steady state is reached in a
negligible time with regard to melting, both in the liquid region and the ice region. If the
interface is represented by a small interval, the heat flux difference across such interval can be
assessed. As a consequence, it turns out that the overall melting time can be calculated rather
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precisely using the following method. The overall melting region can be discretized in small
intervals that each correspond to a value d(t). For each d(t), the steady state profiles in the
water and in the ice regions are estimated. The temperature in the liquid region will be

described as uwater(x t)= ] (d( ) - x) while the temperature in the ice region will be

u(x, )=T 757 - T Consequently the inward heat flux is ] while the outward heat flux is

1([’ C [ H
Jout(d(£))=T—7¢7- It entails that the melting time for each interval is 67 W, where ¢

is the size on an interval. Since the interface progression slows down, the interval can be
discretized more finely near the steady state position. Here, ¢ =10um on the first 80um, then
e=1um from x = 80pum to x = 99um and finally ¢ =100nmfrom x = 99um to x = 100pm. The
overall time calculated through this method gives an estimate of the melting duration of a
100pum channel with a precision of 100nm. It gives

=Y 61 =181s=3min

meltmg

is added to the

transient time, namely 2s, it becomes the time that a 100um channel needs to reach stability

The movement of the solid liquid interface is plotted in Figure 2. When Tmeltmg

with a precision of a hundred nanometers. The times to melt smaller regions with the same
heat flux are also noteworthy, even thought the steady state melted region will still be a
hundred micrometers long. For instance 50um are melted in 18s, while 10um are melted in 3s.
Besides, 90um and 99um are reached respectively in 56s and 106s. Interestingly, the first

approximation 7 =119s was not that far-fetched in comparison. Moreover, it means that

meltzng
two third of the time are spent melting the last 10pm. Varying the heat flux could therefore
shorten melting times tremendously. For instance a high heat flux can first be used to reach
the desired size in a short time; it can then be decreased to the value corresponding to the
steady state related to that size.

Interface location x00) (m)

0 50 100 150 200
Time (s)

Figure 2. Evolution of the location of the water/ice interface with time.
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Finally the case of freezing is also noteworthy. Microchannel freezing indeed happens at the
very beginning of the cooling process: the temperature reaches 0°C within 0.1s. As a result, the
temperature profile in the ice still imposes a high heat flux through Fourier's law while the
heat flux at x = 0 is now zero. Since phase transition blocks the temperature evolution in the
ice by fixing the temperature at the freezing point, freezing occurs at a heat flux value close to
the highest one in the device: J. The freezing time can therefore be evaluated as 7 ;,=0.4s.

Steady state will be reached two seconds later according to the last section, hence after about
2.5s. The times required to melt a microchannel and freeze a microchannel have very different
values; this is due to their timing within the transient state. Melting happens at the end, when
the derivative of the heat fluxis already close to zero: little heat is available for phase transition.
On the contrary freezing occurs at the very beginning of the transient phase and thus benefits
from high heat flux derivatives: freezing times are short. This observation bolsters the strategy
for fast melting described hereinbefore that consists in using a high heat flux at the beginning,
and to decrease its value when the desired microchannel size is obtained. Indeed, melting will
start earlier in the transient phase providing higher heat flux gradients for phase transition.
Those higher heat flux gradients concentrate across the interface when heat flux homogenizes
in the liquid and solid zones. Besides, by reducing heat flux abruptly, the slow convergence
of the interface to its steady state position is skipped. Therefore, since varying the heat flux
offers schemes for fast melting, this analysis tends to prove that fast reconfiguration can be
achieved. Additionally, it clearly proves that melted microchannels will be stable. Finally, the
question of flows has not yet been addressed. A fluid entering a channel will thermally interact
with its environment. It will probably have a higher temperature and could cause the channel
shapes to vary. Nevertheless, since the transient time for small volumes is very short this issue
can probably be easily addressed. It should not be a major concern.

Theoretical models and simulations have proven the feasibility of microchannel reconfigura-
tion by local melting. Preliminary experiments were also performed that corroborated the
analysis and demonstrated liquid transport in such channels. They involved patterned metal
electrodes that would locally thaw ice by resistive heating. Further work has characterized
determined the output power of the phenomenon used in OERM, optoelectronic heating [10].
Building on those findings, we dealt with the complete platform for optoelectronic reconfig-
urable microchannels, the OERM platform. OERM consist in locally melting microchannels in
a frozen working media with light patterns. Since it is a reversible process, microchannels can
reconfigure when the actuating patterns change. Figure 3 illustrates this principle. The
previous paragraphs have reported the power needed for such task: direct melting by
illumination would require high power light sources. There are great advantages to low-power
light for parallel manipulation, flexibility, and device integration. OERM thus rely on a
transduction mechanism where low-power light is converted into high-power heat; it is
achieved via optoelectronics and Joule effect. Therefore, such technology is built on the
synergetic harnessing of several physical phenomena: light transmission, transduction of light
into electrical currents, conversion of electrical currents into heat, melting, and micro flows:
hence the complexity of the OERM platform. At its core lies a photoconductive material.
Because of its high light absorption and very low thermal conductivity compared to other
photoconductive materials such as crystalline silicon, hydrogenated amorphous silicon has
proved the best candidate.
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Figure 3. OERM principle: microchannel reconfiguration controlled by light patterns. 1) Working media is frozen. 2) A
first light pattern is displayed, which creates a corresponding microchannel; through external pumping green particles
(channel end, left-hand side of image) and purple particles (channel first branch, right-hand side of image) flow
through. 3) A second light pattern is displayed; the microchannel reconfigures accordingly, and the purple particles
(end of new channel) are directed towards another outlet.

OERM is a new microfluidic platform that can provide incomparable flexibility in the planar
manipulation of bio-molecules in microchannels. Thanks to this new technology any micro-
fluidic network can be manufactured and reconfigured within seconds. It will be used on the
plasmonic sensor platform for cell, drug and sensing probe delivery (cf. Figure 5).

A schematic overview of the optoelectronic reconfigurable microchannel platform is shown
in Figure 4. An optoelectronic chip is fabricated by successively depositing on a glass substrate
a transparent conductive layer made of indium tin oxide (ITO), a photoconductive layer made
of hydrogenated amorphous silicon (a-Si:H), and a highly reflective conductive layer made of
titanium, platinum and silver or gold. A liquid layer is laid upon the optoelectronic chip and
is confined between the chip and a cover slip. The system is placed on a transparent cooler to
freeze the liquid. A voltage bias is then applied between the two conductive layers of the
optoelectronic chip resulting in a constant electric field across the photoconductive layer. A
light pattern is projected on the optoelectronic chip through the transparent cooler. It is
absorbed by the photoconductive layer (a-Si:H). In the dark parts of the light pattern a-Si:H
behaves as an insulator, hence no electrical current flows across it. On the contrary in the bright
parts of the light pattern local currents flow across a-Si:H. Those currents thus create local Joule
heating. This process is called optoelectronic heating and is schematically represented (cf.
Figure 4). Setting the local Joule heating to the right power triggers local melting in the frozen
liquid, thus forming microchannels corresponding to the light pattern. When light stops
shining on a microchannel, local Joule heating stops and the fluid in the microchannel freezes
thus closing the microchannel. If the light pattern has reconfigured, other microchannels will
open in other locations on the chip. Flows can be produced in the microchannel network using
an external pumping system so other phases or particles can be manipulated in the network.
The melted liquid is kept as the main phase to allow the melted microchannels to freeze back
when light patterns disappear or reconfigure.

The key novel feature of this technology is that the light pattern can be changed at will, hence
making the microfluidic network reconfigure instantaneously. This potentially allows for any
dynamic two-dimensional design of the microchannel network. The projected pattern is
controlled by a computer, which entails that not only can the light pattern be pre-programmed,
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but also it can evolve on its own thanks to a feedback control loop. This is a real breakthrough
for microfluidics and offers a whole new range of possible applications.

Last year a first version of the optoelectronic chip was manufactured that led to the first
demonstrations of local melting controlled by low-power light images. The set-up consisting
of the electrical controls, the cooling system and the optical projection system was assembled
and optimized. It paved the way to this year’s accomplishments.
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Figure 4. Working principle of OERM
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Figure 5. OERM integrated with plamsonic sensor platform

305



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

3. Cell interrogation platform

OERM is being integrated in a biosensing platform. The platform’s objective is to achieve
effective drug screening at the single cell level. The platform has mainly two parts as shown
in Figure 5: one is reconfigurable delivery and the other is cell interrogation. In the reconfig-
urable delivery area, cells, drugs and molecules are prepared and supplied to the cell inter-
rogation area by the reconfigurable microchannel. In the cell interrogation area, cells area
attached on the substrate and plasmonic sensors are placed around cells to detect bio-markers
from cells under drug stimulation.

To realize the platform, two different temperature conditions have to be realized in the
platform. The reconfigurable delivery needs low temperature condition to keep working
materials frozen. On the other hand, a high temperature condition (e.g. 37 °C) has to be kept
in the cell interrogation part to keep cells alive. It is also important to supply drugs from
reconfigurable microchannel. The flow from the reconfigurable microchannel has to be
controlled to supply drugs to cells efficiently. This section presents mainly these two issues:

temperature control and flow control for the cell interrogation platform.

3.1. Temperature control

In the cell interrogation platform, water (or culture media) is used as a working media of the
reconfigurable microchannel for cell transportation. It is important to realize the temperature
on the reconfigurable area below 0 °C to keep ice. On the other hand, temperature has to be
kept at 37 °C to culture cells in the cell interrogation area. Thermoelectric devices are used to

realize these two temperature conditions in the small platform.

Atfirst, two thermoelectric devices area were used to check whether these devices can maintain
desired temperatures. Thermoelectric devices are widely used to control temperature below
0 °Cin a small area such as a few square millimeters [11, 12]. Thermoelectric devices have also
been integrated in microfluidic devices to control temperature for microvalves operation [13],
making ice in a microchannel [14], and DNA analysis [15]. Figure 6 shows the experimental
setup of the thermoelectric devices. The thermoelectric cooler has a heat sink and a fan on the
warm side to cool down the warm side and achieve low temperature on the cold side. A glass
slide was placed on the thermoelectric devices to check the temperature on the substrate. The
temperature on the glass substrate was measured by an infrared thermometer. 8 points as
shown in Figure 6 were measured in this experiment. In the experiment, 12 V and 2.3 V were
applied to the thermoelectric cooler and heater respectively. Table 1 shows the results. On the
cooler, the temperature was below 0 °C and frosts grew on the cooler and the glass substrate.
On the heater, the temperature showed around 37 °C. The results indicate that the thermo-

electric devices can be used to control temperature on the cell interrogation platform.
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Thermoelectric cooler Thermoelectric heater

Figure 6. Experimental setup for temperature measurement on the thermoelectric devices

Measurement point Temperature [oC]

1 12
2 1

3 -6
4 -4
5 9

6 30
7 38
8 36

Table 1. Temperature measurement on the thermoelectric devices

The temperature variation has to be small to form uniform microchannels in the reconfigura-
ble area. To check the temperature distributions on the platform, the simulation was conduct-
ed using a finite element analysis method. At first, the platform was directly put on the two
thermoelectriccoolers to check the temperature uniformity on the platformin this simple setting.
Figure 7 (a) shows the constructed model. Two thermoelectric coolers are placed with some
distance to project light patterns onto the platform in between the coolers. The platform is made
of glass, and the thermoelectric coolers and room temperature are set to -5 °C and 20 -C
respectively. The thermal conductivity of the glass substrate was set to 0.74 W/(m K) in the
simulation. The simulation result is shown in Figure 7 (b). In this condition, the temperature
variation on the glass substrate is large and the temperature cannot maintain below 0 -C in the
reconfigurable area. In this experimental setup, ice cannotbe formed on the reconfigurable area.



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

Max: 4.811 ['C]

& Reconfigurable area (53 5 mm) ®) : \“ 4
Glass substrate (42 % 30 1 mm) . 4 3
1
. 0
-1
-2
-3
Thermoelectric coolers -4
Min: -5.0852 rcl

Figure 7. Simulation results when the platform is directly placed on the two thermoelectric cooler (a) A schematic of
constructed model for the simulation (b) Simulation result.

Torealize low temperature (below 0 °C) and small variation of the temperature on the platform,
an aluminium plate was placed in between the thermoelectric coolers and the platform. Figure
8 (a) shows the constructed model. The aluminium has high thermal conductivity (225 W/(m
K)). The aluminium plate can be cooled by the thermoelectric coolers precisely and fast. The
aluminium plate has a7 mm x 7 mm square hole to project light images from underneath onto
the reconfigurable area. The platform can be cooled strongly because the bottom face of the
platform can be attached to the aluminium plate outside of the reconfigurable area. As shown
in Figure 8 (b) and (c), the temperature in the reconfigurable area was maintained below 0 -C
and the temperature variation was less than 0.7 °C. This result indicates that the aluminium
plate is effective for cooling.

For practical uses of this cooling system, condensation of the vapour is one of the significant
problems. Light patterns from the DMD device come from underneath of the reconfigurable
area. If there is condensation water on the platform, the light pattern is refracted by the
condensation and the light pattern is changed. To prevent condensation on the platform, an
acrylicbar is placed on the path of the light pattern from the DMD device to the reconfigurable
area. Acrylic materials have low thermal conductivity (0.19 W/(m K)) and it is considered that
the bottom face of the acrylic bar can be maintained close to the room temperature even if the
top faceisunder 0 "C provided that the acrylic bar is long enough. In the simulation, the acrylic
bar is placed in and under the hole of aluminium plate as shown in Figure 9 (a). The height of
the acrylic bar was set on 35 mm.

Figure 9 (b) and (c) shows the simulation results. The temperature in the reconfigurable area
is kept under 0 °C and the temperature variation decreased to less than 0.3 °C. On the other
hand, the bottom face of the acrylic bar is more than 18 "C. The results show that the uniform
low temperature in the reconfigure area can be realized and condensation under the recon-
figurable area can be prevented by putting the acrylic bar under the reconfigurable area.
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A thermoelectric heater is added in the model to realize cell interrogation area in the platform.
Fig. 10 (a) shows the constructed model. the thermoelectric heater and coolers are set on 37 "C
and -5 "C respectively. The distance between the coolers and heater were set on 10 mm.
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Figure 10. Simulation results when the thermoelectric coolers and heater are integrated for the platform. (a) A sche-
matic of constructed model (b) Simulation result (c) Temperature variation in the reconfigurable area (temperature on
the red line in (b))

The simulation results shows that the reconfigurable area is kept under 0 °C even if the heater
is added.

3.2. Flow control

To realize the cell interrogation platform as shown in Figure 5, cells, drugs and molecules for
cell interrogation have to be supplied from reconfigurable delivery area. To supply cells and
drugs to the cell interrogation area efficiently, the spread angle of the flow from the reconfig-
urable area has to be small. To check the relationship in between the flow rate and the spread
angle, a polydimetylsiloxane (PDMS) microchannel was used. The cross-sectional shape of the
microchannel is about 200 umx=100 um. In the experiment, flow rate was changed from 700 pl/
min to 1000 pl/min by a syringe pump. To check the spread angle, blue dyed water flowed out
from the microchannel and the outlet of the microchannel was observed under a microscope.

Figure 11 shows the experimental results. Blue-dyed water flowed out from the PDMS
microchannel to the open space. The spread angle decreased when the flow rate increased,
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which reached 5 * when the flow rate was set on 1000 ul/min. It is considered that the spread
angle is small enough to supply cells and drugs to the target position in the platform.

To check the spread of cells by discharging from the microchannel, RAW 264.7 macrophage
cells were used. Cell analysis has been achieved in microfluidic devices previously [16]. The
glass substrate was coated by poly-L-lysine to attach cells on the substrate before experiment
[18]. Polylysine is commonly used to improve cell adhesion on substrates and can be used to
make arrays of cells and hydrogels for biological application [18, 19]. In the experiment, the
cells were discharged from the microchannel in 5 minutes by the flow rate of 1000 pl/min.
Figure 12 shows the experimental result. The cells were discharged from the microchannel and
spread on the substrate. The spread angle of cells was large compared to the flow experiment
as shown in Figure 3.7. When the syringe pump was stopped, the flow was not suddenly
stopped but gradually slowed down. During the slowdown of the flow speed, the cells were
spread throughout the substrate. It is expected that the cells not attached to the substrate can
be flush out by a solution without cells when the patterning of the substrate is conducted to
attach cells partially before experiment.

Figure 11. Observation results of spread angle when the flow rate was changed from 700 to 1000 pl/min.
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Figure 12. Discharge of macrophages from the microchannel

4. Conclusion

This chapter shows theoretical analysis about phase transition in the OERM device and an
application for a biosensing platform. The OERM platform is currently being integrated within
a cell interrogation platform. Temperature and flow control are conducted to realize the
platform. The platform will realize sensing protocols automatically for lab-on-the-chip
analysis applied to disease therapies.
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Chapter 16

Transferrin-Toxin Conjugates for Cancer

Daniel T. Kamei

Abstract

For several years, researchers have targeted receptors overexpressed on cancer cells to improve
the selectivity of toxic anticancer agents. In addition to conjugating the toxin to an antibody
for such a receptor, the natural ligand for the overexpressed receptor has also been used as a
protein-based drug delivery vehicle. The therapeutic efficacy of such ligand-drug molecular
conjugates, however, may be limited, since they naturally follow the intracellular trafficking
pathways of the endogenous ligands, which have certainly not been optimized by nature for
drug delivery efficacy. Accordingly, novel design criteria may be identified for these ligands
through an understanding of their intracellular trafficking pathways. This short review briefly
describes the transferrin ligand/transferrin receptor system, where intracellular trafficking
considerations have led to improvements in the therapeutic efficacy of transferrin-toxin
molecular conjugates.

1. Introduction

Cancer is the second leading cause of death in the United States [1, 2]. Unfortunately, current
treatments involve invasive surgery followed by nonspecific radiation and chemotherapy that
harm both healthy and cancer cells. Accordingly, much research has been dedicated to
improving the tumor selectivity of chemotherapy treatments. Since the early 1980s, many
receptors were found to have increased expression in cancer cells compared to their normal
counterparts. These include transferrin receptor, interleukin-13 receptor, and growth factor
receptors [3-7]. These receptors have been investigated for several years as cancer-selective
targets for therapeutic purposes.

An understanding of the trafficking pathway of the natural ligand can lead to novel design
criteria for engineering the ligand to be a more effective drug carrier [8-12]. This short review
focuses on transferrin ligand-toxin molecular conjugates with particular emphasis given to the

I NT Ec H © 2013 Kamei; licensee InTech. This is an open access article distributed under the terms of the Creative
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intracellular trafficking properties of the ligand. Moreover, although transferrin has been
conjugated to liposomes [13] and nanoparticles [14] to enhance their targeting to cancer cells,
they are not included in this review, since the intracellular trafficking properties of these drug
delivery vehicles can vary from that of the ligand alone due to the large differences in size.

Human serum transferrin (Tf) has been investigated for several years as a targeting agent due
to the overexpression of its receptor on cancer cells. Tf has a molecular weight of approximately
80 kDa and is responsible for transporting free iron from the circulation to cells. Each Tf
molecule has the capability to bind to two ferric (Fe*) ions, one in the N-terminal lobe (N-lobe)
and the other in the C-terminal lobe (C-lobe). Each lobe binds to a ferricion with an equilibrium
dissociation constant (Kp) of approximately 102 M [15, 16]. This iron-bound Tf, or holo-Tf,
then binds to its cell-surface receptor (TfR). After binding, The Tf/TfR complex is internalized,
and holo-Tf delivers its iron to the cell, promoting cellular growth and proliferation [17]. Since
cancer cells require more iron to sustain their rapid proliferation, they have been found to
overexpress TfR, and this high expression level of TfR has been exploited to achieve selective
targeting of anticancer agents to cancer cells.

2. Intracellular trafficking

The intracellular trafficking pathway of Tf and its receptor has been studied for several years
and has been reviewed in many journals [18-20]. After holo-Tf binds to TfR on the surface of
cells with nanomolar affinity (K ~ 10° M), the Tf/TfR complex is internalized as part of an
endocytic vesicle. The endosome then matures and acidifies to a pH between 5 and 6 [21],
causing iron to be released from Tf. Once iron is released, it is reduced to the ferrous (Fe*)
form due to the presence of oxidoreductases in the endosome. A divalent metal transporter
then shuttles Fe?* into the cytosol. The iron-free Tf/TfR complex recycles back to the cell surface,
and since iron-free Tf (apo-Tf) has a low binding affinity for TfR at the near neutral pH of the
cell surface, apo-Tf quickly dissociates from the cell-surface receptor. This entire cycle of the
Tf/T1R trafficking pathway lasts only about 5 minutes [22].

While the rapid recycling of Tf contributes to the efficient transport of iron, it also limits the
ability of the ligand to deliver its payload. Accordingly, drug delivery efficacy may be
improved through a better understanding of the kinetics involved in the intracellular traffick-
ing pathway of Tf [23]. Through in vitro experiments and mathematical modeling, Murphy
and coworkers previously demonstrated that monoclonal anti-transferrin receptor antibodies
would be more effective drug delivery vehicles if they associated with cells for a greater period
of time [24-26]. In other words, this increased cellular association would lead to an increase in
the exposure of cancer cells to the conjugated drug. Instead of investigating antibodies for TfR,
the Kamei laboratory studied the Tf ligand itself. Specifically, by deriving and analyzing a
mathematical model for Tf/TfR trafficking, Kamei and coworkers identified a novel design
criterion for engineering Tf to enhance its drug delivery efficacy [8-10], as discussed below.
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3. Transferrin-diphtheria toxin conjugates

Diphtheria toxin (DT) is a protein toxin secreted by Corynebacterium diphtheria. DT acts by
inhibiting protein synthesis through inactivation of elongation factor 2 (EF-2) [27]. Tf conju-
gated to a mutant of DT, known as CRM107, has been effective against malignant gliomas [28].
The mutation in CRM107 significantly inhibits the binding of the toxin to its native receptor,
a heparin-binding epidermal growth factor-like growth factor precursor, thereby reducing the
nonspecific toxicity of Tf-CRM107 [29]. Youle and Oldfield’s group performed in vivo studies
using Tf-CRM107 on solid human gliomas in the flanks of nude mice, and observed increased
cytotoxicity exerted by the conjugate. The success of Tf-CRM107 eventually led to phase III
clinical trials, which were unfortunately canceled in late 2006 following the results of a
conditional power analysis suggesting that its efficacy would not significantly improve upon
the current standard-of-care treatments.

As mentioned above, Tf recycles very rapidly, and this short duration inside the cell can limit
the ability of Tf to deliver its cytotoxic payload. Therefore, to identify new approaches to
improving the efficacy of Tf-CRM107, Kamei and coworkers used mass action kinetics to
derive a mathematical model of the Tf/TfR trafficking pathway. Analysis of the model helped
determine that, by reducing or inhibiting the iron release rate of Tf within the endosome, its
drug delivery efficacy would be significantly improved [8]. In this scenario, iron would be
retained by Tf upon recycling to the cell surface and the conjugate would be reinternalized to
participate in another cycle of trafficking due to the preserved high affinity of holo-Tf for TfR,
increasing its cellular association. The drug delivery efficacy of Tf can therefore be improved,
since a single Tf-drug conjugate would undergo multiple trafficking cycles, thereby increasing
the probability of delivering the drug. Kamei and coworkers engineered two Tf variants that
satisfied the molecular level design criterion using site-directed mutagenesis [9]. These Tf
mutants were conjugated to DT and were shown to be more effective than wild-type Tf in
delivering DT in vitro to U87 and U251 human glioma cell lines [10]. Furthermore, Kamei and
coworkers performed in vivo experiments, and demonstrated that both mutant Tf-DT conju-
gates were more effective than their wild-type counterpart in shrinking glioma tumors on the
flanks of mice [10]. Studies are currently being performed with these mutant Tf molecules
conjugated to CRM107.

4. Concluding remarks

Ligand-toxin molecular conjugates for cancer have been studied for several years. Though
these conjugates have demonstrated some success, not many have obtained FDA approval for
the treatment of cancer. The general lack of FDA-approved ligand-toxin conjugates may be
attributed to the physiological behavior of the targeting ligand. Although ligands can effec-
tively target cancer cells via their cell-surface receptors, they will follow the ligand’s physio-
logical pathway once bound to receptors. For instance, the rapid recycling rate of Tf which
aids in iron delivery can restrict the ability to deliver a conjugated toxin [8]. Through quanti-
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tative experiments and modeling, a more thorough understanding of the intracellular traf-

ficking properties of various ligands can be achieved. The Kamei laboratory has used this

approach to find an innovative approach to manipulating the Tf trafficking pathway for the

advancement of Tf-based cancer therapeutics [8, 9]. This example demonstrates that a systems

analysis of intracellular trafficking properties can result in the engineering of effective

targeting agents to cancers.
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Chapter 17

Tissue Engineering and
Regenerative Medicine for Bone Regeneration

Hideharu Hibi and Minoru Ueda

1. Introduction

The terms tissue engineering and regenerative medicine originally described the concepts for
producing tissue in vitro and in vivo, respectively. However, the goal of both approaches is to
promote healing and tissue regeneration and function more predictably, more quickly, and
less invasively than allowed by previous techniques. Regardless of these concepts, successful
outcomes depend on the strategic employment of elements for tissue regeneration and may
lead to the development of alternative techniques to whole organ and tissue transplantation
for diseased, failed, or malfunctioning organs. Our research projects, including those intro-
duced in chapter 8, range over autologous stem cells, intelligent scaffolds, and various cell
signaling pathways with regard to tissue engineering and regenerative medicine, from basic
principles to clinical applications. This chapter presents a landscape of tissue engineering and
regenerative medicine for bone regeneration.

2. Principles of tissue regeneration

Tissue regeneration requires 3 key elements: 1) cells that are harvested and dissociated from
the donor tissue, 2) scaffold substrates as biomaterials in which cells are attached and cultured
resulting in the implantation at the desired site of the functioning tissue, and 3) cell signals
that promote or prevent cell adhesion, proliferation, migration, and differentiation by upre-
gulating or downregulating the synthesis of proteins, growth factors, and receptors (Figure
1). Combined with these 3 key elements at different rates, timings, and so on, the clinical
strategy of tissue regeneration mainly comprises cell transplantation, implantation of bioarti-
ficial tissue constructs, and chemical induction of regeneration from tissue at the site of injury.
According to the nature of the target tissue and the extent of the damage to be repaired, the
treatment strategy needs to be modified. For bone tissue regeneration, mesenchymal cell
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transplantation and osteogenic chemical induction are preferred for small tissue deficiencies,
while bioartificial mineral construct implantation is considered suitable for large deficiencies.

Cell

Figure 1. Elements required for tissue regeneration

3. Research projects

The following research projects are introduced in the present chapter: 1) clinical research on
tissue-engineered osteogenic material (TEOM), 2) regulation of cell signaling pathways, 3) cell
transplantation for improving bone quality, and 4) TEOM for promoting bone formation.

3.1. Clinical research on TEOM

TEOM, ie, injectable tissue-engineered bone, is a gel comprising in vitro expanded autologous
bone marrow stromal cells (BMSCs) and platelet-rich plasma (PRP). Alpha granules in the
platelets release various growth factors and the plasma forms a fibrin network, which serves
as cell scaffold. Translational researches on TEOM have produced positive data and TEOM is
considered a promising material for bone formation [1-4]. Yamada et al. reported a clinical
study on injectable tissue-engineered bone for maxillary sinus floor augmentation and
simultaneous placement of dental implants (Figure 2). Their study included 16 sinus augmen-
tations in 12 patients whose alveolar crest bone height was 2 to 10 mm. All 41 dental implants
installed were clinically stable at the time of second-stage surgery. Radiography at 2 years after
implant installation showed increased mineralized tissue (mean, 8.8 + 1.6 mm) compared with
the preoperative bone height, and neither adverse effects nor remarkable bone absorption were
seen in the 2- to 6-year follow-up periods. These results support the feasibility of using
injectable tissue-engineered bone for successful bone formation and dental implants.
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Figure 2. Treatment procedures with tissue-engineered bone A: Preoperative view. B: Magnified view of dental im-
plants placed into the area of maxillary sinus floor augmentation and dental implant thread exposure. C: Tissue-engi-
neered bone injection. D: Magnified view during second-stage surgery at 6 months after implant placement. The
exposed thread is surrounded by newly formed bone (white arrow). The green arrow indicates the line of bone biop-
sy. E: Provisional prosthesis. F: Micrograph of the regenerated bone area (x4); right-upper panel (x20). G: Orthopanto-
mogram taken immediately after first-stage surgery. Line of substratum of the maxillary sinus mucosa (arrow). H:
Orthopantomogram taken at 6 months after first-stage surgery. Line of maxillary sinus mucosa after sinus augmenta-
tion (arrow). The left lower panel is a computed tomography (CT) image indicating radiodensity. (From [1]. Reprinted
with permission).
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3.2. Regulation of cell signaling pathways

Improvements in cell culture efficiency may contribute to a shorter treatment time and
decrease its cost. Katagiri et al. examined the cultivation process for human mesenchymal stem
cells (MSCs) by regulating the Wnt signaling pathway [5]. Wnt signaling was activated and
inhibited with LiCl and secreted frizzled-related protein-3 (sFRP-3), respectively. Human
MSCs were examined for proliferation (cell counting and BrdU assays), osteogenic differen-
tiation (alizarin red staining), and osteogenic gene expression on days 7 and 14 after induction
(reverse-transcription polymerase chain reaction [RT-PCR] and quantitative real-time RT-PCR
analyses). Cell counting and BrdU assays showed higher proliferation rate of LiCl-treated
MSCs than of untreated MSCs. Alizarin red staining showed that sFRP-3-treated MSCs
mineralized earlier (on day 7) than untreated MSCs (Figure 3). Both RT-PCR analyses (on days
7 and 14) demonstrated that sFRP-3-treated MSCs expressed higher levels of the alkaline
phosphatase gene than untreated MSCs. These results suggest that regulation of the Wnt
signaling pathway contributes to cell proliferation and osteogenic differentiation of MSCs. This
study implies that effective and efficient bone regeneration technologies can be developed by
regulating the Wnt signaling pathway.
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Figure 3. Alizarin red staining of sFRP-3-treated human mesenchymal stem cells (MSCs) during osteogenic differentia-
tion A: During osteogenic induction of MSCs, more mineralization occurred in MSCs treated with secreted frizzled-
related protein-3 (sFRP-3) than in untreated MSCs on days 7 and 14. B: Phase-contrast macroscopic views (x40). (From
[5]. Reprinted with permission).
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3.3. Cell transplantation for improving bone quality

Low bone quality is a risk factor for successful osseointegration, a prerequisite for dental
implants, and typically occurs in osteoporosis. Osteoporosis is a systemic skeletal disease
leading to fragile bones with decreased microstructures due to the postmenopausal decrease
in estrogen secretion. Okamoto et al. investigated whether BMSCs can promote bone healing
around titanium implants in rat osteoporosis models [6]. Sprague-Dawley rats were divided
into 3 groups: the first group in which the ovaries were removed (OVX group), the second
group in which a sham surgery was performed (SHAM group), and the third group in which
BMSCs were transplanted to an OVX group (OVX-BMSCs group) (Figure 4). In the OVX-
BMSCs group, 1 x 10° BMSCs were transplanted into the femur with implant. Each value of
the bone-to-implant contact and the bone area of each cortical bone and cancellous bone were
obtained histomorphometrically. Bone density was measured over 500 pm distally and
proximally from the implants. Each ratio of bone-to-implant contact, bone area, and bone
density in the OVX-BMSCs group was significantly higher than those of the OVX group as
compared to the cancellous bone. BMSC transplantation therapy improved local bone healing
in the cancellous bone surrounding implants and also significantly improved bone binding
with implants.
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Figure 4. Experimental design (left) and histological evaluation of the distal femur at 28 and 56 days after implanta-
tion (right) A-F: Micrographs of the distal femur at 28 days after implantation. A and D: SHAM; B and E: OVX (ovaries
had been removed); C and F: OVX-BMSCs (ovaries had been removed and bone marrow stromal cells had been trans-
planted), (toluidine blue stain, A-C x1.25, bar = 1.1 mm; D-F x10, bar = 200 um). In the cortical bone area, most of the
implant surface was in direct contact with newly generated bones, and the thread was widely filled with bone tissues
in all groups. No remarkable difference was observed among the groups. Slightly more osteogenesis was observed in
the OVX-BMSCs group than in the OVX group. The osteogenetic area was remarkably smaller in the OVX group than
in the SHAM group outside the thread. In addition, osteogenesis was observed at a higher rate in the OVX-BMSCs
group than in the OVX group outside the thread. G-L: Micrographs of the distal femur at 56 days after implantation. G
and J: SHAM; H and K: OVX; | and L: OVX-BMSCs, (toluidine blue stain, G-1 x1.25, bar = 1.1 mm; J-L x10, bar = 200 pm).
In the cortical bone area, the area on the implant surface that was in contact with newly generated bones was greater
than that observed at 28 days, and the amount of bone tissue inside the thread had increased in all groups. In the
cancellous bone area, the amount of bone that was in contact with the implant surface had increased in all groups.
There was no remarkable difference between the SHAM group and the OVX-BMSCs group. In the OVX-BMSCs group,
trabecular structures were observed, presenting as web-like pattern. (From [6]. Reprinted with permission).
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Figure 5. Two-step transport distraction osteogenesis (DO) for the posterior body and ramus of the mandible A: Man-
dible with recurrent ameloblastoma. Computed tomography (CT) revealed a multilocular radiolucent area in the ra-
mus and posterior body of the mandible. B: Custom-made distraction device with an artificial condyle on the patient’s
stereolithographic model. Locking plates and screws enabled supraperiosteal fixation of the transport segment. C: Su-
praperiosteal fixation of the distraction device. A short buccal periosteal flap of the transport segment was reposi-
tioned and sutured to cover the vertical osteotomy line. The transport segment was fixed with locking plates and
screws supraperiosteally. D: Regenerated posterior mandibular body. Eight months after distraction, CT showed that
the newly formed 50-mm-long bone in the distraction gap (arrowheads) progressed to continuous buccal and lingual
cortical surfaces. E: Secondary vertical DO for reconstructing the ascending ramus. A short buccal periosteal flap of the
secondary transport segment was repositioned and sutured to cover the horizontal osteotomy line. The transport seg-
ment was fixed with another distraction device positioned supraperiosteally. F: Another transport segment. Immedi-
ately after surgery, CT showed fixation of the secondary transport segment with the distraction device. G:
Regenerated ascending ramus. Nine months after the secondary distraction, CT showed that newly formed bone in
the distraction gap progressed to continuous buccal and lingual cortical surfaces of the ramus. H: Device removal and
mandibular reconstruction. CT showed that the regenerated ramus was connected to the preserved condylar segment
with a lag screw and plate. I: Regenerated mandibular body containing implants. CT showed 3 screw-type implants
installed in the right second premolar and molar regions with a buccal veneer bone graft fixed with 2 screws. J: Recon-
structed mandible and osseointegrated implants for occlusal function. CT showed that the mandibular angle was ad-
justed with osteotomy and screw fixation in the angle region. K: Provisional implant-supported prosthesis on the
reconstructed mandible. The ridge supporting the implants was surrounded by the attached mucosa, the buccal part
of which originated from the palatal mucosa. (From [8]. Reprinted with permission).
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3.4. TEOM for promoting bone formation

Distraction osteogenesis (DO) is considered in vivo tissue engineering and is a technique that
provides autologous and predictable bone formation. Hibi & Ueda developed an internal
device with which they were able to reconstruct a mandibular segmental bony defect of more
than 10 cm [7,8]. (Figure 5).

DO is a useful technique for reconstructing bony defects without performing grafting proce-
dures; however, it requires a long treatment time that includes latent, lengthening, and
consolidation periods. To shorten these periods, attempts of applying tissue engineering
technologies for DO have been made [9, 10]. Kinoshita et al. investigated whether locally
injected TEOM can promote bone regeneration in a rabbit high-rate DO model (Figure 6).
Bilateral osteotomies were performed in the maxilla; distraction devices were activated at a
rate of 2.0 mm once daily for 4 days after a 5-day latency period. Twelve rabbits were divided
into 2 groups. At the end of distraction, the experimental group of rabbits received an injection
of TEOM into the distracted tissue on one side, whereas saline solution was injected into the
distracted tissue on the contralateral side (as internal control). An additional control group
received an injection of PRP or saline solution into the distracted tissue in the same way as the
experimental group. The distraction regenerates were assessed by radiological and histomor-
phometric analyses. The radiodensity of the distraction gap injected with TEOM was signifi-
cantly higher than that injected with PRP or saline solution at 2, 3, and 4 weeks postdistraction.
The histomorphometric analysis also showed that both new bone zone and bony content in
the distraction gap injected with TEOM were significantly increased when compared with PRP
or saline solution. These results demonstrated that the distraction gap injected with TEOM
showed significant new bone formation. Therefore, injections of TEOM may be able to
compensate for insufficient distraction gaps.

Latency Sl | Dhstraction $il | Consobilation
Zeremesl

Figure 6. Experimental design (left) and radiographic view of the distracted maxilla (right) A: Two weeks after tissue-
engineered osteogenic material (TEOM) injection. B: Four weeks after TEOM injection. C: Two weeks after injection of
saline solution. D: Four weeks after saline solution injection. E: Two weeks after platelet-rich plasma (PRP) injection. F:
Four weeks after PRP injection. G: Two weeks after injection of saline solution. H: Four weeks after injection of saline
solution. (From [9]. Reprinted with permission).
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4. Conclusion and future perspective

The research projects presented in this chapter and chapter 8 cover autologous stem cells,
intelligent scaffolds, and various cell signaling pathways with regard to tissue engineering
and regenerative medicine, from basic principles to clinical applications. Future research
should further clarify the importance of functions and mutual relationships of this triad on
various levels. In addition to the elements of this triad, efficient tissue regeneration and
maintenance of the regenerated tissue require sufficient blood supply and mechanical stress,
respectively (Figure 7). These additional elements have been also approached in our ongoing
research projects; all combined will produce dramatic advances in our ability to regenerate
bony tissues, multilaterally improve the quality of life for all, and provide brighter future
perspectives in the field of tissue engineering and regenerative medicine.

Blood Supply 4 Mechanical Stress

Figure 7. Elements required for efficient tissue regeneration and maintenance of the regenerated tissue
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Chapter 18

MEMS Sensors and Their Applications

Mitsuhiro Shikida

1. Introduction

Micro-electro-mechanical systems (MEMS) technology has opened the doorway to miniatur-
izing and integrating various mechanical and electrical components on the same chip. The
principal fabrication technologies for producing MEMS devices, such as anisotropic wet
etching for single crystal silicon, sacrificial etching for producing mechanical elements, and
anodic bonding for the packaging, were invented in the 1960s. These technologies have been
used for producing various miniaturized sensors from the 1970s onwards. Silicon diaphragm
structures produced by anisotropic wet etching are used as sensing elements for pressure
sensors. An ion sensitive field-effective-transistor was developed as a chemical sensor. MEMS
sensors started to be integrated on silicon wafers in the middle of the 1970s. A pressure sensor
and its electrical circuits are integrated on the same silicon wafer in order to reduce the parasitic
capacitance and footprint. During this time, a miniaturized gas chromatograph for use in
aerospace was fabricated on a 2-inch silicon wafer; it integrated a column, valve seat, and
sensing heater. Moreover, a mass-flow controller driven by piezo-electric actuators for
precisely regulating gas flow in a pipe was developed in the late 1980s. Since the 1990s, MEMS
technologies have spread to many different fields, and these days there are miniaturized
sensors, for example, for acceleration, gyroscopic, flow, infrared, and tactile sensors.

1.1. Attractive features of MEMS sensors

MEMS technologies can produce miniaturized sensors a few mm in size that offer the following
very useful features for industry.

1. Lower costs: MEMS sensors are normally produced in batches like semiconductor chips;
as a result, they offer lower fabrication costs.

2. High space and time resolution: MEMS sensors are typically measure less than a few mm.
This means they can have very small footprints, which in turn raises the spatial resolution.
The volume reduction afforded by them can be used to increase the time resolution of

I NT Ec H © 2013 Shikida; licensee InTech. This is an open access article distributed under the terms of the Creative
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thermal sensor applications. This is because the heat capacity decreases as the sensor
volume decreases.

Small parasitic capacitance and dead space: MEMS sensors can be integrated with
electrical circuits on the same silicon wafer, and thus, one can reduce the parasitic
capacitance in the sensing circuit. MEMS technologies can integrate different components,
for example, sensors and actuators, on the same wafer to build up the system, and thus,
they make it possible to reduce the dead space in the system.

2D analysis: MEMS sensors can be integrated on silicon wafer in the form of an array, and
thus, one can analyze the distribution of the physical quantities, for example, pressure
and force, acting on a plane with high spatial resolution.

1.2. Difficulties in developing MEMS sensors

Despite the above-mentioned advantages, MEMS sensors face a number of difficulties in

regard to their continued development.

1.

Large capital investment: The MEMS technologies, especially in those used in the
fabrication process, are based on semiconductor technologies that have been developed
for producing 3D microstructures from silicon wafers. A large amount of capital invest-
ment is generally required in the fabrication of MEMS sensors.

Variations in the fabrication process: MEMS sensors typically have cantilever, diaphragm,
or comb structures. They are suspended and actuated to detect physical quantities. Many
technologies are required for producing such structures.

a. Sacrificial etching is used to make movable elements on a silicon wafer. Parts of the
deposited layers are selectively etched away. This etching is normally done by
isotropic wet etching, and it is especially used to produce comb-drive actuators.
Sticking between the released movable element and the substrate underneath it is
sometimes a problem, but it can be solved by using a specialized drying method and
thin film deposition.

b. Anisotropic wet etching is used to produce diaphragm and cantilever structures. The
micro-structures are formed by orientation-dependent etching of single crystal
silicon.

¢. Dry etchingisnormally used to make comb-drive actuators. To produce the designed
structure precisely, one has to overcome loading and notch effects.

d. Variation in packaging is an issue since each MEMS sensor requires an order-made
packaging process. For instance, tactile force and flow velocity sensors have to be
exposed to their environment in order to detect physical and chemical quantities of
interest. On the other hand, acceleration and gyro sensors are completely encapsu-
lated in a shell structure. The pressure inside the shell is kept at a vacuum level in
order to increase the Q-factor at the resonant frequency.
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e. Compatibility of specialized fabrication processes, such those described in (a) to (c),
with semiconductor electrical circuit fabrication processes has to be carefully
considered when MEMS sensors are to be integrated with electrical circuits.

3. Multi-disciplinary know-how: MEMS sensors’ development requires multi-physics
knowledge. For example, developers of acceleration sensors need a thorough knowledge
of the following areas:

a. Mechanics for designing an adequate deformation vs. force relation and ensuring
reliability,

b. Vibration analysis for designing the resonant frequency of the device,

c.  Electrical circuit analysis for designing the sensing circuits and electrical properties
(capacitance and resistance) of the sensing structures, and

d. Fabrication technology for producing the sensors.

The multi-physics approach is taken because the above points are related to each
other.

4. Scaling effects: The sizes of structural elements such as cantilevers and diaphragms are
on the order of 10 micrometers. Such a level of miniaturization means that forces that are
proportional to the area of the structural element dominate the motion of the sensor. Other
forces, such as magnetic and inertial forces which are proportional to the volume of
elements, are greatly reduced as a result of miniaturization. The effects of the electrostatic
force and surface tension have to be carefully considered when designing MEMS sensors.

1.3. Applications of MEMS sensors

MEMS technologies have a wide variety of applications, and there are many types (examples
are shown in Table 1). In the following sections, tactile sensors for human interfaces and flow
sensors for air-conditioning systems and medical applications will be focused.

2. Tactile sensors for human interfaces

The single crystal silicon is often used as a MEMS material because it is a high-quality
semiconductor with excellent mechanical properties [1]. It is said that the yield strength of
silicon is comparable to that of stainless steel. Silicon sensors for gyroscopes and for measuring
pressure, acceleration, flow, and inclination have already been commercialized and are being
used in the automotive and information industries [2-5]. Silicon has also been used to make
miniaturized tactile sensors as interface devices in robotic automation systems since in the
middle of the 1980s. Various tactile sensors based on silicon MEMS technologies have been
developed [6-9]. In particular, Takao et al. integrated a tactile sensor with a CMOS device on
the same chip [10]. Moreover, Shikida et al. proposed to integrate an actuator mechanism onto
a tactile sensor as means of measuring the hardness of objects [11-13].
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Name Detection principle Application

Pressure sensor Capacitance, Piezo-resistance Automotive (fuel, tire)
Medical care (Blood pressure)

Acceleration sensor Capacitance, Piezo-resistance Automotive .
Information (Projector)

Communication (Portable phone)
Amusement

Gyro sensor Capacitance Automotjive
Information (Video camera)

Tactile sensor Capacitance, Piezo-resistance Communication (Robot systems)
Flow sensor Heat transfer Automotive E!‘uel} .
Production (Gas control in system)

Medical equipment

Shear stress sensor Heat transfer, Optical, Capacitance Air-plane
IR sensor Diode, Thermoelectric power Automotive
Chemical sensor FET, Resonance Biochemical

Table 1. MEMS sensor applications

MEMS sensors are being used to study human activity by embedding them in clothes and
everyday consumer products. Silicon tactile sensors have high space and time resolutions.
However, it is difficult to make them wearable because silicon is so brittle. To overcome this
problem, MEMS researchers have started using resin materials to fabricate flexible sensor
structures [14-17]. Notably, Konishi et al. and N. Chen et al. devised knitted structures for
electrical wiring [18, 19]. These structures have advantages whereby they can fit on arbitrary
bendable surfaces. Shikida et al. proposed an artificial hollow fiber as a MEMS material to
implement a tactile sensing function on a fabric and developed a tactile sensor by weaving
together fibers [20-23]. They studied the unit’s ability to detect force, cross-talk, etc., by
applying concentrated loads to it.

The following sections focus on silicon-based and fabric tactile sensors.

2.1. Si-based tactile sensors

A schematic view of a magnetically driven tactile sensor is shown in Figure 1. It consists of a
diaphragm with a mesa at the center, piezo-resistive strain sensors for detecting the displace-
ment of the diaphragm at the periphery, a permanent magnet on the backside of the dia-
phragm, and a flat coil. The magnetic actuation system is formed by pairing the permanent
magnet and the flat coil, and the sensing diaphragm is driven up and down by the magnetic
force generated by this actuation system. The sensor is used in two different modes, as shown
in Figure 2.
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Figure 1. Magnetically driven Si-based tactile sensor. Republished with permission of IOP Published Ltd from Ref. [13].
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Quasi-static mode

In this mode of operation, the tactile sensor detects two physical quantities, the contact force
and the elasticity of the contacted object. The values are measured when the forces working
on the object and the actuating magnetic force are in equilibrium. The detection principle is as
follows. The mesa structure on the diaphragm moves only one direction in this mode. When
the mesas on the diaphragm of the tactile sensor arrays come into contact with the object, some
of the mesa structures are pushed inward by the bumpy surface of the object (Figure 2(a)). The
contact force is detected by piezo-resistive strain sensors measuring the deflection of the
diaphragm. The force distribution and a 2D surface image of the object can be generated by
using an array of sensors. After the contact force detection, the contacting mesas are driven
against the object by the magnetic actuation system to measure the hardness of the object. As
a result, the contacting regions are deformed in a way that depends on the elasticity of the
object. Thus, one can calculate the elasticity of the object by using the relationship between the
displacement of the diaphragm and the applied force, which is measured quasi-statically.

Vibration mode

In this mode, the mesa structure is alternately driven up and down at the resonance frequency
of the diaphragm. The sensor can estimate the elastic and damping coefficients of the object in
contact. Each sensing diaphragm is vibrated at the resonant frequency by magnetic force, as
shown in Figure 2(b). Sensor outputs, such as the amplitude of the diaphragm, resonant
frequency, and phase shift, change in accordance with the mechanical properties of the
contacted object. The lumped parameter circuit model of this sensor system and the formulas
for the resonant frequency and Q-factor are shown in Figure 2(b-3). The resonant frequency
and Q-factor depend on the elastic coefficient and equivalent mass of the object (see the
formulas). The equivalent mass, m,, depends on the vibration amplitude, which is controlled
with the measurements. The detection procedure depends on the magnitude of difference
between the device mass m,, and object mass m,, as follows:

1. m,<<my

In this case, the vibrating mass of the sample is much less than that of the mesa with the
diaphragm. The mass of the mesa and diaphragm dominates the total mass in vibration; thus,
one can estimate elastic- and damping- coefficients of the contacted object with the following
procedure.

a. Elastic coefficient K

The resonant frequency depends only on the elastic coefficient of the object, and it increases
as the elastic coefficient K; increases, as shown in Formula 1. Thus, one can calculate K, of the
contacted object simply by measuring the change in the resonant frequency.

b. Damping coefficient C,

The Q-factor of the vibrating diaphragm structure depends on the elastic and damping
coefficients (K, and C,), as shown in Formula 2. Thus, one can estimate C, of the contacted object
from the Q-factor and K..
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2. m,is not negligible compared to m,

In this case, the sample’s equivalent mass is not negligible compared to that of the mesa with
diaphragm. Thus, the resonance characteristics, such as the resonant frequency and the Q-
factor, depend on the equivalent mass and the elastic coefficient of the contacted object. The
following procedure is used to estimate physical quantities.

a. Elastic coefficient K,

Both operation modes are required to estimate K, and the equivalent mass m, of the object.
First, the sensor precisely detects the elastic coefficient of the object using quasi-static mode.
Then, the equivalent mass of the object is estimated from the elastic coefficient of the object
and resonant frequency obtained in vibration mode.

b. Damping coefficient C,
C, of the contacted object is estimated from K|, m,, and the Q-factor.

The fabrication process and the sensor characteristics driven by the two means of actuation
are described in the references [11-13].

2.2. Fabric tactile sensors

Figure 3(a) shows the applications of fabric tactile sensors. These sensors can be used for
monitoring the force distribution at human interfaces. A schematic view and operation
principle are shown in Figures 3(b)-(d). An artificial hollow fiber is made from a single elastic
hollow fiber covered with metal and insulation layers. The sensor is fabricated by weaving the
artificial hollow fibers in a reticular pattern. The applied normal load is detected by measuring
the change in capacitance between the warp and weft fibers at their intersection point. When
a normal load is applied to an intersection point of the fabric tactile sensor, the resulting
deformation increases the contact area between the warp and weft fibers. Thus, the capacitance
between them increases as the applied load increases. The fabric tactile sensor is therefore able
to detect the normal load by measuring this capacitance change. This fabric tactile sensor has
the following advantages.

1. Tactile sensing at arbitrary surface

The fabric sensor can fit on any surface, and it can perform tactile sensing by weaving the fibers
as if they were cloth.

2.  Wearable sensors

Wearable tactile sensors can be made by directly weaving artificial hollow fibers into clothes,
gloves, and shoes, or by patching them to these items.

3. Detecting 2D contact-force distributions

The sensor can detect the 2D normal-load distribution by sequentially measuring the capaci-
tance changes at all intersection points. The resolution of the 2D normal-force distribution is
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Figure 3. Fabric tactile sensor and its applications. Republished with permission of IOP Published Ltd from Ref. [21].

determined by the grid spacing between the warp and weft fibers, and it is easily adjusted for
any purpose by combining the artificial hollow fibers with cotton yarn.

4. Tactile sensing over a large surface area

Silicon-based MEMS sensors have limited area coverage, because they use a small silicon wafer
as a substrate. However, fabric tactile sensors consist of fibers; therefore, they can be made as
big as needed for the application.

A large rectangular fabric tactile sensor was fabricated by weaving together hollow fibers,
brass wires, and conventional cotton yarn (0.3 mm in diameter). The fabric sensor during the
weaving process is shown in the right of Fig. 4(a). Figure 4(b) shows one of the produced fabric
tactile sensors. The sensor measures 87.5 mm x 52.0 mm, and its sensing points are arranged
in a 4 x 4 array. The pitch of detection points is 7.0 mm horizontally and vertically.

JAVRRTRERNE I|llllmmu‘|
J TR RARAITITI

Arnf'ma! hollow f'bers

Brass wires

(a) Handloom used in process of fabric tactile sensor. (b) Fabricated rectangular shaped fabric tactile sensor
(size: 87.5 x 52.0 mm).

Figure 4. Fabrication of fabric tactile sensor. Republished with permission of The Institute of Engineering and Technol-
ogy from Ref. [23].



MEMS Sensors and Their Applications

% %ts
) S BTN
O _“ - - SIS
\‘::“::‘ “Q&\ @?‘:‘\ P ‘;;\
&.\ “““"“_‘ " 3 9 “" Q!‘p“l ““\'{{\\“‘
ci‘r,,“ p \"‘““l 5 6 \{o\“ e T, » NN 1
"y, 30 () B s
‘f’fﬁi\pu 1 2“"\'\:'\'5\ o 5 Aniﬁc"al hollow fibers
_ 1.1 5_r o ]0.7)2 o
c =
- S 3 |0.700 s
i A 2
= : I3 0668 2
EE 5 o8 | =
23 £ Zg 0.636 &
68 73] RE ‘ 7}
A5 z 10.604
= 28 910
A 56 fioers
3 \oW
gy €D 1 2 (icied ot
Tra, At
(a) Square plate (size: 20 x 20 mm, force: 2925 mN). (b) Two different weight of square block

(left: 269 g, right: 187 g, size: 24.2 x 24.2 mm).

Figure 5. Applied force and shape detection using a fabric tactile sensor. Republished with permission of The Institute
of Engineering and Technology from Ref. [23].

A fabric tactile sensor measuring 180.0 mm x 56.0 mm was evaluated as to its shape detection
capability. The unit had a 4 x 10 array of sensing points (total number: 40). The number of the
warp wires and weft fibers varied from A to D and 1 to 10, respectively. Thus, the intersection
points were each labeled with a letter and number combination (see Fig. 5). The pitch of the
detection points was 18.0 mm horizontally and 14.0 mm vertically. Figure 5 shows how the
applied pressure and the object’s shape are detected. A square plate measuring 20 mm x 20
mm was placed on the sensor (the area from B3 to B4 and from C3 to C4), and a force of 2925
mN was applied to it (Figure 5(a)). Two different metal weights were placed on the sensor
(Figure 5(b)). A heavy weight of 269 g and a light weight of 187 g were directly placed on the
area from B3 to B4 and from C3 to C4 and the area from B7 to B8 and from C7 to C8. Both
weights were the same size, i.e., 24.2 mm x 24.2 mm. The fabric sensor successfully detected
the two-dimensional shape of the contacted objects.

3. Flow sensors and their applications

MEMS flow sensors fabricated on Si wafers have a long history, and various types have been
developed. C. Liu et al. developed a thermal type of flow sensor to detect shear stress [24]. ].
Zhe et al. used a micro-machined cantilever structure for measuring shear stress from the flow
[25]. Si-MEMS flow sensors have excellent space and time resolutions, and they are used in
semiconductor equipment and in automobiles for controlling gas flows precisely. Addition-
ally, Unnikrishan et al. developed a MEMS-on-tube assembly to simplify the packaging
process [26]. They integrated Si-MEMS devices directly on a glass tube, which is compatible
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with a Swagelok® connector, by fusion bonding. These and other Si-based flow sensors are
summarized in the references [27, 28]. The sensors are assembled onto a rigid flat board in the
packaging process, to compensate for the brittleness of the Si material. This means these
sensors are difficult to put on curved surfaces.

Improved flexibility is the key to making MEMS sensors suitable for a larger range of appli-
cations, and this can be accomplished by using resin materials as a substrate. Zhu et al.
fabricated a flow senor directly on a flexible printed circuit board with electrical circuits, and
mounted it onto the curved surface of a wing to control an aircraft [29]. Ma et al., produced a
flexible flow sensor made of polyimide film for detecting the dynamic wave flows in a water
channel [30]. For medical applications, Li et al., used Kapton film as a substrate, and they
integrated pressure, temperature, glucose, and oxygen sensors on it for blood analysis [31].
Naito et al. fabricated a flow sensor on a flexible 7.5-um-thick polyimide film and produced a
miniaturized on-wall in-tube flow sensor [32]. They used it to fabricate a catheter flow sensor
for measuring aspirated- and inspired-air characteristics [33, 34]. Recently, flow sensors have
been used to control air supplies precisely in large scale air-conditioning network systems for
the purpose of reducing wasted energy.

3.1. Thermal flow sensors

Three principles, thermal anemometry, calorimetric flow sensing, and time-of-flight sensing,
are used in thermal flow sensing. Thermal anemometry, i.e., hot-wire anemometry, detects the
tlow rate by its cooling effect on a heated element. A calorimetric flow sensor, on the other
hand, uses a heater and two sensing elements; the heater is placed between the two sensing
elements, and the flow is detected from the difference in heating effects at the two sensing
elements. The time-of-flight method uses the travelling time of a thermal pulse from the heater
to the sensing element for detecting flow. The methods are explained in detail in the references
[27, 28]. Hot-wire anemometry flow sensors are widely used because they can measure high
flow rates and have the simplest structure.

3.1.1. Hot-wire anemometry

Hot-wire anemometry uses the cooling effect of forced convection to detect changes in flow.
When a heated wire is placed in a flow, the equilibrium temperature at the wire depends on
the amount of convection in the fluid. On the other hand, the electrical resistance of the wire
generally depends on its temperature, and it can be expressed as,

R,=R,-[1+a-(T,-T,)] (1)

where R; and R,, are the electrical resistances of the wire at temperature T; and T,, and « is the
temperature coefficient of resistance (TCR). Flow changes are detected from changes in the
electrical resistance of the wire. Therefore, in practice, this method requires a large and stable
TCR value.
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As stated above, the hot-wire method detects a flow by measuring the heat it dissipates to the
fluid by forced convection. The relationship between the dissipated power Q and flow velocity
U in a low Reynolds number flow is given by King’s law [35]:

Q=(a+BU")(T,-T,) )

where A, B, and n are constants depending on the geometry of the wire element. T, and T, are
the temperatures of the wire and in the fluid, respectively. If the wire were infinitely long, n
would be 0.5. However, n differs form 0.5 in actual wires of finite length.

Two different operations are commonly used for heating the wire electrically. One is constant
voltage, or current mode. The flow rate is calculated from the change in electrical resistance,
and this method has the advantage of needing only relatively simple electrical circuits.
However, it has a drawback in that it is difficult to shorten the response time. To improve the
response of the sensing wire, another mode, i.e., constant temperature (CT), is frequently used
in flow rate measurements. In this mode, the temperature of the wire is kept constant by using
a feedback circuit to shorten the response time, and the flow rate is calculated from the feedback
voltage. CT mode is normally used in practice. The electrical energy supplied to the hot wire
in CT mode is equal to the power dissipated from the wire to the fluid. As a result, equation
(2) is modified as follows:

V; .
R—’;:(A+Bll )-(1,-T,) 3)

where V), and R, are the voltage difference and electrical resistance at the wire, respectively.
Here, the square of the voltage at the wire is proportional to the n-th power of the flow velocity.

3.1.2. On-wall in-tube flexible thermal flow sensors

The most common hot-wire anemometers are placed in the center of flow channel structures.
Thus, the devices detect the flow rate through the center of a tube. This measurement method
has the following drawbacks.

1. Requirement of large inlet length

The flow velocity at the center of tube depends on the flow conditions. For example, the flow
distribution in the tube depends on the distance from the entrance. Thus, the sensor has to be
placed in the hydraulically fully developed flow region to obtain a constant value. This means
that it needs to be a certain distance from the tube entrance.

2. Requirement of position accuracy

The sensor output depends on the radial position in the tube, because of the flow rate distri-
bution. This is true even in a fully developed flow.
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3. Difficulty of measuring flow rates in curved tubes

The flow velocity distribution changes depending on the curvature radius and angle of the
tube and on the distance from the end of the curved region. Thus, the sensor cannot output a
constant value in a curved tube because the velocity distribution is asymmetric in the radial
direction.

To overcome these problems, a wall-mounted in-tube thermal flexible sensor able to measure
the flow rate under both hydraulically developing and fully developed conditions was
developed [36, 37]. The sensor consists of a ring-shaped heater element on a flexible polyimide
film (Figure 6), and it is fabricated on a polyimide film substrate and mounted on the inner
wall surface of the tube to form a ring-shaped sensor structure.

Glass tube Polyimide film
(Inner diameter: 3mm) (25 pm thickness)

e e

Micro heater

Figure 6. On-wall in-tube thermal flow sensor. Republished with permission of IOP Published Ltd from Ref. [36].

The advantages of the sensor are as follows.
1. It can measure flows in hydraulically developing regions

The flow develops in the direction from the inner wall surface to the center of the tube. The
flow rate near the inner wall surface becomes steady first. Thus, this sensor can measure the
flow even if the flow is not fully developed in all regions in the tube, because it measures the
flow rate only near the inner wall. This means that the sensor can measure even in the
hydraulically developing region of the tube, which shortens the distance from the entrance
required by the sensor.

2. It can measure axially asymmetric flows.

The output signal from the sensor is insensitive to the velocity distribution in the tube, because
ring-shaped sensing structure averages out the flow distribution. This means the sensor
outputs a steady value even if the velocity distribution is not axial symmetric.

The on-wall in-tube flow sensor is described in the references [36, 37]. The following sections
describe two of its applications.
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3.2. Flow sensors for air-conditioning networks

Air conditioning systems are located outside of buildings and they deliver treated air to rooms
through a network of ducts. These ducts usually have complicated configurations and a
number of bends because they have to go inside a limited amount empty space between the
beams of the building’s ceiling. To reduce wasted energy, the air supplied to each room has
to be controlled at an ideal sensing point near the outlet port. This means the flow rate must
to be precisely measured downstream of the bent duct.

Tomeasure the flow rate downstream of a bent duct, the following points have to be considered
in the sensor’s development.

1. The flow velocity distribution in the tube is expressed as a quadratic function. This means
that the flow velocity reaches a maximum at the duct’s center and a minimum at the inside
surface of the duct. Thus, to reduce the air flow resistance of the sensor itself, the sensor
has to be put on the inside surface of the duct, and its thickness has to be minimized as
much as possible.

2. The flow sensor structure has to be flexible in order to fit on the rounded inside surface
of the duct.

3. The air flow downstream of a bent duct is complicated because of the secondary flow
caused by the bend. This means that it is difficult to measure the flow rate by using a
single-point measurement. To overcome this problem, a number of sensors have to be
attached to the inside surface, and their outputs should be averaged to reduce the effect
of the secondary flow.

A patch-type flexible flow sensor was developed as a way to control the air supply precisely
in large-scale air-conditioning network systems. The sensor is based on polyimide film, and it
was fabricated by photolithography and thin-film deposition. First, the photoresist was
patterned by photolithography, and Au/Cr film was deposited by sputtering. The metal was
then patterned by selectively removing the photoresist (lift-off process). The Au and Cr
thicknesses were 250 nm and 10 nm, respectively. Figure 7(a) shows flexible film sensors
fabricated on a 3-inch wafer. Each sensor measures 10 mm x 10 mm. A flexible printed circuit
was used for the electrical connection. The sensor was placed on the printed circuit, and it was
bonded to the board by adhesive. The electrical connection was manually made with silver
paste. The electrical contact area was covered with adhesive to increase its mechanical strength.
To form a cavity for thermal isolation, the sensor was placed on a silicone rubber sheet with a
5.0 mm x 5.0 mm hole in it, and the sensor was fixed to the sheet with adhesive polyimide film.
The rubber sheet was 0.5-mm thick. Figure 7(b) shows an assembled flexible flow sensor.

In an experimental evaluation, four flexible flow sensors were attached at an angle of 90° to
the inside surface of an 8-inch duct, and the outputs from them were averaged. The relationship
between the output and flow rate obeyed King’s equation for flows of from 0 to 3000 m*h.
The averaged sensor outputs depended on the distance of the sensor from the bend of the duct,
and their values were slightly higher than those obtained in a straight duct. A conversion factor,
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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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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.
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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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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.

Acknowledgements

The research was supported by the Centre of Excellence (COE) for Education and Research on
Micro-Nano Mechatronics and a Grant-in-Aid for Scientific Research (B) No. 23310091 from
the Ministry of Education, Culture, Sports, Science and Technology (MEXT), Japan.

Author details

Mitsuhiro Shikida

Department of Micro-Nano Systems Engineering, Nagoya University, Nagoya, Japan

References

[1] Petersen K. E. Silicon as a mechanical material. Proceedings of the IEEE 1982;70(5)
420-457.

[2] Muller R. S, Howe R. T, Senturia S. D, Smith R. L., White R. M. Microsensor. USA:
IEEE PRESS; 1990.



[10]

[11]

[12]

[13]

[14]

[15]

MEMS Sensors and Their Applications

Yamasaki H., editor. Handbook of sensors and actuators — Intelligent sensors (vol. 3).
The Netherlands: Elsevier Science B. V.; 1996. 3.

Ristic L. Sensor technology and devices. USA: Artech House, Inc.; 1994.

Maluf N. An introduction to microelectromechanical systems engineering. USA: Ar-
tech House, Inc.; 2000.

Chu Z, Sarro P. M, Middlehoek S. Silicon three-axial tactile sensor, In: Technical Di-
gest of The 8th International Conference on Solid-State Sensors and Actuators, June
1995, Stockholm, Sweden; 1995.

Kane B. ], Cutkosky M. R, Kovacs G. T. A. A traction stress sensor array for use in
high-resolution robotic tactile imaging. Journal of microelectromechanical systems
2000;9(4) 425-434.

Kasten K, Amelung ], Mokwa W. CMOS-compatible capacitive high temperature
pressure sensors. Sensors and Actuators A: Physical 2000;85(1-3) 147-152.

KimK, Lee K. R, Kim Y. K, Lee D. S, Cho N. K, Kim W. H, Park K. B, Park H. D, Park
Y. K, Kim J. H, Pak J. J. 3-axes flexible tactile sensor fabricated by Si micromachining
and packaging technology. In: Proceedings of IEEE MEMS'06. January 2006, Istanbul,
Turkey; 2006.

Takao H, Yawata M, Sawada K, Ishida M. A robust and sensitive silicon-MEMS tac-
tile-imager with scratch resistant surface and over-range protection. Technical Digest
of The 14th International Conference on Solid-State Sensors, Actuators and Microsys-
tems. June 2007, Lyon, France; 2007.

Shikida M, Shimizu T, Sato K, Itoigawa K. Active tactile sensor for detecting contact
force and hardness of an object. Sensors and Actuators A: Physical 2003;103(1-2)
213-218.

Hasegawa Y, Shimizu T, Miyaji T, Shikida M, Sasaki H, Sato K, Itoigawa K. A micro-
machined active tactile sensor for hardness detection. Sensors and Actuators A :
Physical 2004;114(2-3) 141-146.

Hasegawa Y, Shikida M, Sasaki H, Sato K, Itoigawa K. An active tactile sensor for de-
tecting mechanical characteristics of contacted objects. Journal of micromechanics
and microengineering 2006;16(8) 1625-1632.

Engel ], Chen ], Liu C. Development of polyimide flexible tactile sensor skin. Journal
of micromechanics and microengineering 2003;13(3) 359-366.

Kim S-H, Engel ], Liu C, Jones D. L. Texture classification using a polymer-based
MEMS tactile sensor. Journal of micromechanics and microengineering 2005;15(5)
912-920.

349



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

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Lee H-K, Chang S-1, Yoon E. A flexible polymer tactile sensor: Fabrication and modu-
lar expandability for large area deployment. Journal of microelectromechanical sys-
tems 2006;15(6) 1681-1686.

Hwang E-S, Seo J-H, Kim Y-]. A polymer-based flexible tactile sensor for both normal
and shear load detections and its application for robotics. Journal of microelectrome-
chanical systems 2007;16(3) 556-563.

Konishi S, Maeda H, Ezaki T, Kawato M, Asajima S, Makikawa M. A selective stimu-
lation of nerve bundles using a flexible multielectrode. In: Technical Digest of The

10th International Conference on Solid-State Sensors and Actuators. June 1999, Sen-
dai, Japan; 1999.

Chen N, Engel ], Pandya S, Liu C. Flexible skin with two-axis bending capability
made using weaving by-lithography fabrication method. In: Proceedings of IEEE
MEMS'06, January, 2006, Istanbul, Turkey; 2006.

Hasegawa Y, Shikida M, Ogura D, Sato K. Glove type of wearable tactile sensor pro-
duced by artificial hollow fiber. In: Technical Digest of The 14th International Confer-
ence on Solid-State Sensors, Actuators and Microsystems. June 2007, Lyon, France;
2007.

Hasegawa Y, Shikida M, Ogura D, Suzuki Y, Sato K. Fabrication of a wearable fabric
tactile sensor produced by artificial hollow fiber. Journal of micromechanics and mi-
croengineering 2008;18(8) 085014 .

Kita G, Suzuki Y, Shikida M, Sato K. Fabric tactile sensor composed of ball-shaped
umbonal fiber for detecting normal and lateral force. Micro & Nano Letters 2010;5(4)
211-214.

Kita G, Shikida M, Suzuki Y, Tsuji Y, Sato K. Large-sized fabric tactile sensors for de-
tecting contacted objects. Micro & Nano Letters 2010;5(6) 389-392.

Liu C, Huang J-B, Zhu Z, Jiand F, Tung S, Tai Y-C, Ho C-M. A micromachined flow
shear-stress sensor based on thermal transfer principle. Journal of Microelectrome-
chanical systems 1999;8(1) pp. 90-99.

Zhe ], Midi V, Farmer Jr K. R. A microfabricated wall shear-stress sensor with capaci-
tative sensing. Journal of Microelectromechanical systems 2005;14(1) 167-175.

Unnikrishnan S, Jansen H. V, Berenschot J. W, Mogulkoc B, Elwenspoek M. C.
MEMS within a Swagelok®: a new platform for microfluidic devices. Lab on a Chip
2009;9(13) 1966-1969.

Gianchandani Y, Tabata O, Zappe H. Comprehensive MEMS, Elsevier Science B. V.
2008.

Elwenspoek M, Wiegerink R. Mechanical microsensors. Germany, Springer; 2001.



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

MEMS Sensors and Their Applications

Zhu R, Liu P, Liu X. D, Zhang F. X, Zhou Z. Y. A low-cost flexible hot-film sensor
system for flow sensing and its application to aircraft. Technical Digest IEEE Micro
Electro Mechanical Systems Conference. January 2009, Sorrento, Italy; 2009.

Ma B, Ren ], Deng ], Yuan W. Flexible thermal sensor array on PI film substrate for
underwater applications. In: Technical Digest IEEE Micro Electro Mechanical Sys-
tems Conference. ] anuary 2010, Hong Kong; 2010.

Li C, Wu P-M, Jung W, Ahn C. H, Shutter L. A, Narayan R. K. A novel lab-on-a-tube
for multimodal monitoring of patients with traumatic brain injury. In: Technical di-

gest of The 15th International Conference on Solid-State Sensors and Actuators. June
2009, Denver, USA; 2009.

Naito J, Shikida M, Hirota M, Tan Z, Sato K. Miniaturization of on-wall in-tube flexi-
ble thermal flow sensor using heat shrinkable tube. In: Technical Digest IEEE Micro
Electro Mechanical Systems Conference. January 2008, Tucson, USA; 2008.

Yokota T, Naito J, Shikida M, Kawabe T, Hayashi Y, Sato K. Catheter type of flow
sensor for trans-bronchial measurement for lung functions. Technical digest of The

15th International Conference on Solid-State Sensors and Actuators. June, 2009, Den-
ver, USA; 2009.

Shikida M, Naito ], Yokota T, Kawabe T, Hayashi Y, Sato K. A Catheter-type Flow
Sensor for Measurement of Aspirated- and Inspired-air Characteristics in Bronchial
Region. Journal of Micromechnics and Microengineering 2009;19(10) 105027

King L. V. On the Convection of Heat from Small Cylinders in a Stream of Fluid: De-
termination of the Convection Constants of Small Platinum Wires with Applications
to Hot-Wire Anemometry. Philosophical Transactions of the Royal Society of Lon-
don. Series A, Containing Papers of a Mathematical or Physical Character
1914;90(622) 563-570.

Tan Z, Shikida M, Hirota M, Sato K, Iwasaki T, Iriye Y. Experimental and theoretical
study of an on-wall in-tube flexible thermal sensor. Journal of Micromechnics and
Microengineering 2007;17(4) 679-686.

Tan Z, Shikida M, Hirota M, Xing Y, Sato K, Iwasaki T, Iriye Y. Characteristics of on-
wall in-tube thermal flow sensor under radially asymmetric flow condition. Sensors
and Actuators A 2007;138(1) 87-96.

Yoshikawa K, Iwai S, Shikida M, Sato K. Attached-type flexible flow sensor for air
conditioning network. Technical digest of The 16th International Conference on Sol-
id-State Sensors and Actuators. June 2011, Beijing, China; 2011.

Shikida M, Yokota T, Kawabe T, Funaki T, Matsushima M, Iwai S, Matsunaga N, Sa-
to K. Characteristics of an optomized catheter-type thermal flow sensor for measur-
ing reciprocating airflows in bronchial pathways. Journal of Micromechnics and
Microengineering 2010;20(12) 125030.

351



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

[40] Shikida M, Yokota T, Naito J, Sato K. Fabrication of a stent-type thermal flow sensor
for measuring nasal respiration. Journal of Micromechnics and Microengineering
2010;20(5) 055029.



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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