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W E L C O M E ADDRESS 

On behalf of Polish organisers of the Joint Seminar Poland-Japan on 
Micromachining I would like to welcome our Japanese friends. 

Prof T. Hirano - the director of the Micromachine Centre and the head of 
the Japanese delegation and the initiator of this seminar. 

Prof. M. Wada - a long time adviser for the minister of Economy in Poland 
and all members of the Japanese delegation and our guests from Japan. 

I would like to welcome also our Polish guests: 
- Dr M. Matczyński - vice president of the Technical Sciences Division of the 

Polish Academy of Sciences, 
- Prof. W. Torbicz - president of the Polish Sensor Society, 
- Prof. St. Nowak - from the Committee for Scientific Research and Univestity 

of Mining and Metallurgy, Kraków, 
- Prof. K. Badźmirowski - director of the Institute of Industrial Electronics, who 

is hosting us in his Institute, 
- Dr Z. Łuczyński - director of the Institute of Electronic Materials Technology, 
- Dr P. Dumania - deputy director of the Institute of Electron Technology, 
- Dr M. Daszkiewicz - director of the Institute of Applied Optics, 
- Dr Cz. Kiliszek - director of the Institute of Vacuum Technology, 
and all Polish participants of the Seminar. 

But in particular I would like to welcome Minister Jerzy Frąckowiak - Sec-
retary of State in the Committee for Scientific Research who was so kind to ac-
cept to open officially our seminar. The Committee for Scientific Research plays 
an essential role in financing all Scientific Research in Poland performed in Uni-
versities, Institutes of the Polish Academy of Science and other Institutes depending 
upon different Ministries. 

The Committee is also coordinating Scientific Cooperation with other coun-
tries and Minister J. Frąckowiak personally is very active in establishing closer 
links between scientists from Poland and other countries. 1 would like to express 
my gratitude for cosponsoring this seminar. 

The seminar is the first meeting between Japanese and Polish scientists in the 
rapidly developing area of micromachining, but not the first contact between our 
scientists. Our friend Prof M. Wada can confirm that several Japanese delega-
tions visited our laboratories and recognised that the areas of special common 
interest are optoelectronics, new materials and computer engineering. These con-
tacts were not limited to visits of delegations from scienfific and industrial com-
munities. Let's take as an example our institute whose activity is concentrated in 
the area of optoelectronics, new materials for optoelectronics, electronics and mi-
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crosystems. We spoke with Prof. S. Nakamura from Nishia Corporation, about 
cooperation in our works in the area of "blue electronics". Prof M. Kopcewicz 
(from ITME) is participating in a NEDO Project in the area of new magnetic 
materials, one of our young scientists received a Japanese scholarship and we 
expect a strong Japanese participation in the Workshop on "New Materials for 
Electronics" which we are organising in autumn 2000. 

We fully acknowledge the importance of the new area of micromachining, 
which we tend to call in Europe "microsystems" and many of us participate, in 
the European Network of Excellence Nexus in which I have the pleasure to co-
ordinate the activities in Central and Eastern Europe. This new area of microma-
chining found in Poland its place in areas of research and teaching but has not yet 
reached the industry. 

We hope that this seminar will give us the opportunity not only to be famil-
iarised with your scientific achievements, which are among the best in the world, 
but also to learn how to implement these results into an industrial activity. There-
fore, with a great interest we will listen to your presentations this morning and 
we will try to describe, what is done is this area in the leading institutions in Po-
land. We hope that after these presentations, a discussion about common inter-
ests and possibilities of cooperation will be a good starting point for some com-
mon research or industrial activities. 

Prof. DSc. (E.Eng.) Andrzej Jelenski 
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FUTURE PROSPECTS OF MICROMACHINES 

T. Hirano' 

Micromachine is expected to be a Japanese industrial base in the 21 st. century. The 
reason is it would create a new technological paradigm, which presents solutions to 
current human problems and, at the same time, presents fresh opportunities for a new 
human life and also new industries. 

1. TECHNOLOGICAL TREND 

1.1. The history 

The most prominent technological impact on human life appeared in the 
Industrial Revolution which took place in England in the 18th century. During 
this period a string of inventions, e.g. James Watt's steam engine was bom. 

As many of the technological innovations during the Industrial Revolution 
were related to machine technology, such as power-generating machines, mech-
anization of processes, and the development of new processing methods, the 
industrial revolution is also known as the machine revolution. 

After the Industrial Revolution and up to the early 20th century, the next 
generation of technological innovations occurred in the petroleum, automobile, 
electricity, chemical industries, etc., and this was followed in the mid-twentieth 
century by another group of technological innovations in the areas on nuclear 
energy, electronics and computers which have continued to the present day. 

Micromachine, Center 
http://www,iijnet.org.jp./MMC 

http://rcin.org.pl



T. H i r a n o 

Today, the information network has developed on a global scale and the infor-
mation flows so fast and massively. And also information technology has been 
utilized widely to make industry more efficient and make daily lives more 
joyftil. IT Revolution is a tag of this area. 

1.2. The emerging trend 

Present research trend in the most technologies, i.e. biotechnology, material 
technology, microelectronics looks like heading for the micro environment. In 
machine technology, gigantization had been dominant until quite recently. It is 
far behind other technology research in the micro environment. 

The government initiated support for micromachine technology R&D in 
1991. A main concern at that time was how to catch up with the micronization 
trend. 

The initiative also reflected emerging needs to implement research on ma-
chine micronization. On the industrial front, power plant and manufacturing 
facilities have become so complex that the technologies which can be used in 
the confined spaces for maintenance have become indispensable. Another ex-
ample is downsizing manufacturing facilities for small products to reduce ener-
gy consumption and manufacturing space. 

In our daily lives, health care has become increasingly important in order to 
achieve quality of life (QOL). Minimum-invasive diagnosis and surgery which 
minimize pain and reduce recovery time has become main issue. Smaller med-
ical equipments could be useful. 

On the precision machining front, machine technology has developed into 
mechatronics through integration with electronics over the past twenty years. 
Although there has not been any basic innovation on the machine technology 
side, the electronics side has progressed so fast toward micro-electronics. It 
may be the imbalance between these two technologies that underlies the move 
toward micromachine. 

Furthermore, following developments in precision machining technology, it 
has now become possible to manufacture miniaturized components which we 
had never used before. 

These changes on the fronts have contributed toward triggering "microni-
zation" of machine and subsequently government R&D project. 

The National Project is a driving force toward a technological paradigm of 
micromachine. It is in the last year of the ten year project and seeking technol-
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ogies to build up micromachines as a system. So far R&D has been generating 
promises one after another. 

2. CHARACTERISTICS OF MICROMACHINE TECHNOLOGY 

The National Project is not sufficient to realize the paradigm. Besides it, a 
variety of efforts are essential because of micromachine characteristics. It is 
summarized in four points. 

First, multidisciplinary aspect. The technologies required for the manufac-
turing of micromachine extend into various fields including mechanics, elec-
tronics, chemistry, biotechnology, material, and so on. It is a completely new 
and multidisciplinary set. Micromachine technology encompasses a variety of 
device technology, including MEMS and MST, of course. 

Fig.l. Techno-tree of micromachine. 
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Second, wide applications of micromachine are foreseen in future. Today, 
the machines in the macro environment are used in every area of human 
activity. In the same way, the use of micromachines has potential wide applica-
tions in industry, society and everyday life. 

Third, there are various phenomena in the micro environment to be clari-
fied in terms of science and engineering. These are totally different phenomena 
from the macro environment. For example, in the macro environment inertia 
force is great and friction and viscosity are not important. In the micro envi-
ronment, friction and viscosity are relatively greater than inertia. 

Fourth, micromachine technologies are at the very early stage. Present 
research is mainly centered on fundamental technologies common to various 
micromachine systems. Still, we can anticipate many new technological seeds. 

3. PROMOTING APPROACH 

Considering the unique characteristics, a best-suited promoting approach is 
required to effectively advance micromachine technologies toward a paradigm. 

Most important is to generate new technologies. Japanese government has 
already initiated National R&D Project. Academic research into microscience 
and microengineering is also essential. 

Next is how to integrate traditional different knowledge bases and manu-
facture a multidisciplinary micromachine as a system. This integration ranges 
from research to commercial products. 

Third issue is related to application. The characteristic of micromachines is 
seeds-oriented. Applications are assumed to extend to every area of human 
activities, but the primary needs in micromachine technology arise from actual 
users necessity. Users will develop applications by looking at the technologies 
when they become available, so that dissemination of technological information 
is crucial. However, since human beings have not experienced such technolo-
gies in a confined space, it is also effective to actively seek for applications, 
through the development of ideas by mixing needs and seeds. 

It will take considerable time to establish a new technological paradigm of 
micromachine. It is necessary to create a scheme through which the next gen-
eration will continue these technological advancement. 
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4. NATIONAL R&D PROJECT ON MICROMACHINE 
TECHNOLOGY 

This project aims at establishing a technological paradigm of micromachine. 
This paradigm is multidisciplinary and in particular, R&D is focused mainly on 
mechanisms, an area which has not moved much towards micro scale. 

The Project which began in 1991 is a ten year plan divided into two five 
year phases. The estimated cost is approximately 25 billion yen. 

The project will be implemented by three research institutes - the Mechan-
ical Engineering Laboratory, the National Research Laboratory of Metrology, 
and the Electrotechnical Laboratory - under the auspices of the Agency of 
Industrial Science and Technology, as well as 26 organizations and companies 
of Micromachines Center, commissioned by the New Energy Development 
Organization (NEDO) under the overall supervision of the Agency of Industri-
al Science and Technology. 

The first five years was aimed at the search for elemental technologies. In 
order to do this, a micromachine system which might by used in the future was 
envisaged, and R&D was carried out by extracting the elemental technologies 
based on the concept of three systems: a maintenance system for power gener-
ating facilities, medical application system and a microfactory system. 

After completion of the first phase and its interim assessment, the Project 
has entered the second phase in which systematization technologies to build 
micromachine itself as a system are main subjects. There are the variety of 
systematization technologies to be developed. So, the Project is proceeding to 
build four experimental micromachines solely for the development of those 
technologies. 

First one is a wireless micromachine which is operated in the tube (Fig. 2). 
Main objectives of this research are how to supply energy, how to communi-
cate with the machine because of "wireless". The experiment will be done with 
the size of 10 mm diameter. 

Second is a chain-type micromachine which consists of numerous homoge-
neous module micromachines (Fig. 3). All modules shares energy and data 
through cooperative action. This moves in the free space. Main researches 
focus on these features of the micromachine. The size of an experimental 
module is 1 cm\ 
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Tubes 
Fig. 2. Experimental wireless 
micromachine for inspection 
on inner surface of tubes. 

I ^̂ tllĈ l(ll>̂ <lô  I 

Fig. 3. Experimental 
chain-type microma-
chine for inspection 
on outer surface of 
tubes. 

Fig. 4. Experimental catheter-
type micromachine for repair 
in narrow complex areas. 
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Fig. 5. Experimental micromachining and assembling system. 

Third one is a catheter-type micromachine which is somewhat free of ener-
gy supply limitation (Fig. 4). The feature of this machine is work capability. In 
this experimental system, welding in the narrow space will be performed. The 
size is 8 mm diameter. 

Fourth is "Microfactory" in which micromachining and assembling can be 
done (Fig. 5). This concept has never been defined ever before, so research 
and development was started with developing the concept. The size of experi-
mental system will be desk - top and work space is 1 cm\ 

5. MMC ACTIVITIES 

Besides the National Project, Micromachine Center (MMC) has been im-
plementing various measures since it was established in 1992. 

MMC activities are grouped into five pillars as follows: 
Research Invesfigation — National R&D Project, Future outlook (economi-

cal, industrial, technological). Grant 
Home page (http://www.iijnet.orjp/MMCn, Pub-
lications 
Symposium, Exhibition, Overseas seminar 
Publication of Technical Report on Terminology 
and Measurement method. International Forum 
Children's drawing contest, Educational video 

Infonnation — 

Exchange — 
Standardization — 

Promotion — 
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6. FUTURE PROSPECT 

MMC, through its activities, found five crucial points to overcome for 
successful micromachine fiiture. 

6.1 Commercialization 

Currently technological initiatives are full-fledged and experimental micro-
machine systems will be demonstrated in the year 2000 as the results of the 
National Project. Still, it takes considerable time for new industries to emerge. 
However, even before that, the elemental technologies might be utilized in the 
current commercial products. MMC's study (Fig. 6) suggests that the current 
market scale for micromachine in Japan would be approximately 419 billion 
yen, 3.5 billion US dollars. And it is estimated this will reach about 6,040 
billion yen, 50.3 billion US dollars in the year 2015. And the market which 
competes with current products could grow 2,092 billion yen in the year 2010, 
by five times. 

MARKET SIZE USSBilWm 

l+Sc«fWrto; / j 
/ 

/ «Sonaiiô  / / 
A 

0-J ^ ^ ^ RaplaoeiTMnI 

(USS Billion) 

Mailcet 1997 2010 2015 

ReplacwTient(R) 3.50 17.44 3017 

New Market 

Scenario 1 0 00 1.61 787 

New Market Scenario 2 0.00 3.83 12.30 New Market 

scenarios 000 18.15 20.17 

Total 

Scenario 1 350 1905 38 03 

Total Scenario 2 3.50 21.27 42 47 Total 

scenarios 3 50 35 59 50.34 

M >7 2000 2006 2010 2015 

Fig. 6. Japanese future market of micromachine. 

6.2 Needs realization 

MMC is studying the future application of micromachine as a system, but 
does not have many definite applications. As the history of the technological 
progress suggests, new technology changed a way of life and also a sense of 
value. The new generation will emerge with new values toward technologies 
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and a way of life, so that they would develop applications as seen in the 
children's drawings (Fig. 7). 

7 
•EXPERIENCING BALL S EYE" 

MICROMACHINE MACHINE TO RESTORE ART OBJECTS ECO - MONITOR "GE - NOMI" 

Fig. 7. Children's drawings. 

6.3 Continuation 

In Japan, children have some good opportunities to learn micromachine. In 
a school textbook (Fig. 8), micromachine is picked-up in teaching a logical 
thought and development of an idea. Approximately a quarter of million school 
children at the fourth grade of elementary school are involved every year. 

TT l(t-3i »«« 
l i ' f ^ a ' 

I I C ML 
"Japanese Language" "Dreann in Micromachine" 

Fig. 8. Micromachine in a textbook. 
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More aggressive measure is children's drawing contest in MMC. Over four 
thousand pictures have been collected in the past four years. The pictures 
contain fresh ideas of micromachine applications. 

6.4 Worldwide awareness 

A research society tends to be deaf to the outside. It might not be the case 
in the Micromachine. The Micromachine Summit (Fig. 9) has been expanded to 
15 member countries/regions. Foreign media are interested and made reports. 
(Fig. 10). Research on micromachine has been spreading around the world. A 
coming question is whether it is necessary to put together these efforts into a 
single structure for close exchange. The Micromachine Summit may be a start 
point to it. 

Fig. 9. Micromachine summit. 
Mar. 13-15, 1995. Fig.lO. TIME Dec. 2, 1996. 

6.5 Next technological tasks 

The current National R&D project aims at development of common, fun-
damental technologies necessary to build micromachine system. The technolo-
gies have been emphasized more on mechanism and electronics. 

In the next phase of development, more multidisciplinary approach will be 
taken with chemistry, biotechnology, material science, etc. 

Furthermore, the wide dissemination of micromachine technology needs 
scientific and technological knowledge base in the micro environment. 
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7. CONCLUSION 

Micromachine Technology would be applied widely in future human activi-
ties and enhance the quality of life (OOL). It has been under development since 
a decade ago. It already produced new devices. But it is still a long way to 
reach completion of Micromachine Technology Paradigm. 

International cooperation in research and development and competition in 
the market may contribute to fiarther progress of Micromachine Technology. 
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MEDICAL APPLICATIONS OF MICROMACHINES 

Ryo Ota' 

In the medical field, there are great needs for sophisticated and less-invasive pro-
cedures. If we can realize the inspection and treatment devices much smaller by the 
micromachine technology, it would produce significant benefits for society as a 
whole in the form of saved lives, shorter hospital stays, and the prevention of com-
plication. We are committed to the development of micromachine technologies to 
meet these requirements. As an example, we are developing the elemental technolo-
gy for realizing a diagnostic and therapeutic microcatheter for cerebral blood vessel. 
We will present micro-tactile sensors for transmitting tactile information from the 
inner wall of the tubing or body cavity to the catheter to ensure safe and positive 
guidance. And we will also present the other technologies which constitute the mi-
crocatheter. 

1. INTRODUCTION 

Recently medicine and its related technologies have developed from simple 
and barbaric treatment to early diagnosis and minimal invasive techniques for 
the quality of life after treatment, as follows: 

1. As the diagnosis has become increasingly sophisticated, it is now possible 
to treat an affliction at an eariier stage, thereby reducing the primary effect and 
the need for rigorous therapy. 

2. With the identification of morphological and functional aberrations in-
side the body, the need for treatment without trauma to surrounding healthy 
tissue has increased. Consequently minimal invasive surgery (MIS), also called 
endoscopic surgery, is gaining increased acceptance as a powerful technique benefi-
cial to the patient's integrity, time of recovery and cost for assistance. And the 

' Olympus Optical Co., LTD, Research Department 
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precise delivery of very specific drugs in small volumes will serve as the mini-
mal invasive technique. 

3. Quality of life would be dramatically improved if the body ftinctions 
affected by the treatment or diseased could be replaced. Artificial organs or 
some medical equipment is very useful for the improvement of the patient's 
quality of life. 

Toward these trends of medical field, micromachine is an appreciable tech-
nology and has a number of advantages to offer: 

1. Reduction of size to reduce traumas in use, 
2. Functional integration for in-situ inspections and treatments, 
3. Reduction of power consumption to improve heat generation, and to 

lengthen dwelling or usage time, 
and so forth. 
Concerning the importance of this new technology, Agency of Industrial 

Since and Technology (MITI) has been running a project entitled "Microma-
chine Technology". And we are developing the elemental technology for real-
izing a diagnostic and therapeutic microcatheter for cerebral blood vessel [1]. 
We chose for a development target "diagnostic and therapeutic microcatheter 
for cerebral blood vessel " for its wide range of application, novelty, and 
difficulty. Cerebrovascular diagnosis and treatment offer many opportunities 
for fatal complications. The microcatheter will possess high dexterity at the tip 
and all along its length, and also incorporate some of sensors and micro devices 
for diagnosis and treatment at the tip of catheter. 

2. ACTIVE BENDING CATHETER & MICRO TACTILE SENSOR 

CuiTent system for steering of catheter or endoscope work with mechanical 
connections between surgical instrument and surgeons. They cannot touch the 
lesions and sense with their fingers for diagnosis purposes. They control the 
catheter with feeling the forces/torque and pressure when they are operating 
the catheter. If the catheter will become thinner and will be used in ductile 
spaces, it must be more difficult to control the catheter. Therefore, we have 
been developing the active bending catheter and microtactile sensor. 

A conventional endoscope has the bending mechanism with tendon-wire. 
And it is utilized to manipulate the bending mechanism. In this case, however, 
the length of insertion tube is very long, or a shape of pass to which an endo-
scope is inserted is complicated, bending is not sufficiently formed because 
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friction increases. We developed a catheter with built-in SMA (Shape Memory 
Alloy) at its distal to solve the above problem. (Fig. 1) [2] SMA wires are placed 
along with the axis, deviated from the central axis of the catheter. Three micro 
sensors (strain sensors) are mounted on the tip of the catheter, detecting a 
contact pressure of the vessel wall and forcing the catheter to bend so as to 
avoid its contact with vessel wall (Fig.2). The catheter has a channel inside of it 
to insert an ultra-thin fiberscope or a guide wire. By using this catheter, pan-
creas duct or bile duct can be accessible to an endoscope, and also observation 
or treatment can be performed with remote control. The outer diameter of the 
catheter is 1.5 mm, the inner diameter of the channel to which ultra-thin 
fiberscope can be inserted is 0.6 mm. 

Fig.l. Active bending catheter. Fig.2. Micro tactile sensor. 

3. MICRO TACTILE SENSOR USING PIEZOELECTRIC 
RESONATOR 

Needless to say, palpation is important in diagnosis . Physicians, however, 
cannot directly touch a tissue to obtain a tactual sense with the endoscopic 
diagnosis. To measure the stiffness of biological tissue, we developed a micro 
tactile sensor probe that can be inserted to the channel of the endoscope. 

We have studied a smaller size tactile sensor using piezoelectric resonator 
with energy trapped electrodes [3]. This sensor has a simple structure with a 
few elements and high Qm as shown in Fig. 3. 

Live tissues are known to show viscoelastic property which is expressed as 
an electrical equivalent circuit consisting of an inductance and a resistance in 
series. When a viscoelastic object contacts onto the piezoelectric resonator of 
tactile sensor, the resonant frequency of the resonator changes due to,the 
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viscoelastic characteristics change. Therefore, the piezoelectric resonator hav-
ing high Qm is required for the tactile sensor. Fig. 4 shows Colpitts circuit 
including the equivalent circuit of the piezoelectric resonator and a viscoelastic 
object. Fig. 5 shows the experimental results. The frequency change depends 
on the compliance of the test piece. 

«2.4 
Rezoeicctric 
resonator Wire 

Fig.3. Photograph and structure of the micro tactilc sensor, 

in order to improve the tactile sensor probe system for the practical use, 

Coefficient of elasticity = f (.A f A v ) 
Coefficient of viscosity = g I^Af.Av) 

AV : A t- A 0 
Af - fO 

Amplitude change 
Frequency change 

V . 

Fig.4. Schematic circuit and output signals. 
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Fig.5. Relation between E" of elasticity- coefficient and Av. 

we have to optimize the structure of the sensor and the electric circuit. 

4. CONCLUSION 

We have presented some of micromachine technologies which constitute 
the microcatheter. In medical field, micromachine technologies is very attrac-
tive, and must be developed widely. However, the micromachine of today has 
some of drawbacks. For instance, it has low power output, difficulty of energy 
supply, and so forth. 

Therefore, for the present, it is important for us to apply the micromachine 
technology to the field where we can avoid these drawbacks. 

We also have to develop to realize mufti-functional devices (rather than 
from single-functional devices), smaller size device, and develop new technolo-
gy which is peculiar to medicine, such as a disinfection resistant technology and 
bio-compatible material for catheter coating. 
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THE MICROFACTORY IN JAPANESE NATIONAL R&D 
PROJECT 

Tatsuaki Ataka', Kazuyoshi Furuta' 

We have been developing an experimental microfactory system in R&D project of 
Industrial Science and Technology Frontier (ISTF) of MITI. The aims of this project 
are to investigate technological possibility of "microfactory" and to make clear the 
problems to be solved in realizing it. The microfactory system consists of three units; 
processing, assembling and conveyance unit, in the same way as present manufactur-
ing system. The system will be about the size of a desktop and can handle small parts 
several grams in weight. Two different ways to reduce the size of the system have 
been pursued and the system will be achieved in 2000. 

1. INTRODUCTION 

Up to the present days we have not paid great attention to the imbalance 
between the size of manufacturing system and that of products manufactured 
by it. The ratio of the size of manufacturing system to that of products remark-
ably becomes large as the products become small. For example, in watch man-
ufacturing many of parts are of the size below I mm and are of the weight less 
than several milligrams. On the other hand, the length of the system line is 
about 40 m and the weight of a robot in the line is about 250 kg, as in Fig. 1 
showing an automatic assembling system for watch wrapping. High speed, high 
accuracy, high reliability, and other features are required for manufacturing 
systems and these are considered one of the main origins that make systems 
large compared with the size of products manufactured. 

Here comes another thinking way about a manufacturing system ; Are 
there other possible kinds of production styles to remarkably reduce the size of 
it? By a small manufacturing system with new kinds of production styles, we 

' Seiko Instruments Inc., Corporate R&D, 
e-mail: tatsuaki.ataka@ sii.co.jp kazuyoshi.furuta@sii.co.jp 
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will be able to realize various styles of manufacturing, such as front shop 
manufacturing, mobile manufacturing in a vehicle. 

Fig.l. The automatic assembling system for wrapping of watches. 

In this paper we describe the R&D situation of the experimental microfac-
tory system in national project of A//T/, the project about which started in 
1994. 

2. THE EXPERIMENTAL MICROFACTORY SYSTEM 

Fig.2 shows the image of the experimental microfactory system consisting 
of three units; processing, assembling and conveyance unit. The specifications 
of the system are described in Table 1. 

Consider manufacturing a gear train which includes gears sub-millimeter in 
diameter. Some of them are firstly made in the processing unit and are trans-
ported to the assembling unit by the conveyance devices to be assembled by 
micro-arms. Some other parts can be provided from the part-supply station to 
the unit. 
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Fig.2. The image of the experimental microfactory system. 

Table 1. The specification of the microfactory system. 

Total size :desktop, about 50x50x50 cm' 

Function :Processing, Assembling, Conveyance, Pumping of 
Solution, Environment recognition, Holding and 
Adhesive spreading 

Working area :1 cm 
Object size :<10 mm 
Object weight < 2 g 

Two approaches can be considered here as methods to miniaturize the 
manufacturing system. One is to develop new manufacturing method applicable 
to miniaturization. The other is to reduce the size of the instruments them-
selves in a conventional manufacturing system. Both approaches have been 
investigated in R&D of the experimental microfactory system : the first is for 
processing and conveyance unit and the second for assembling unit. The fea-
tures of each of the units are described below. 
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2..1. P rocess ing unit 

In the processing unit, the micro-gears are processed in way of the electro-
chemical machining. This unit is consist of electrochemical machining device, 
micro-pump and the recognition device. 

The electrochemical machining method is used in this unit. The photograph 
of the electrochemical machining device is shown in Fig. 3. The device has a 
probe, a sample and a reference electrode are put in electrolytic solution, and 
they are connected to a potentiostat. When a voltage is applied between a 
probe tip and sample surface in the state of non-contact and closely, etching or 
deposition is occurred according to direction of the applied voltage. The meth-
od is suitable to reduction of the system size, because of reasons as follows: 

a) Both etching and deposition are possible only by changing the direction 
of applied voltage. 

b) The material is supplied from atmosphere in deposition processing. 
c) The vacuum system, which becomes the factor of the enlargement of the 

device, is not necessary. 
d) Various metals can be processed, by exchanging the processing solution. 

Fig.3. The electrochemical machining device. 

The target of the resolution is 20 micron processing area is 5 x 5 mm- by 
using precise stage and the depth of processing is more than 300 microns: Fig. 4 
shows the photograph of the gear pattern on Cr substrate by this method. 
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Fig.4. The gear pattern by the electrochemical machining. 

2.2. Assembling unit 

The assembhng unit is composed of 2 micro-arms, precise stage, and several 
working tools. We have been trying to reduce system size by miniaturizing 
component's size with keeping the style of conventional assembling system. Fig. 
5 shows a micro-arm. The size of a arm is 100 mm. As the arm has 7 degrees of 
freedom by using 7 ultrasonic micro-motors, it can move flexibly and the 
resolution of actuating is about 20 micron. The maximum of parts weights is 2 
g. There are two kinds of holding devices and adhesive device as working tools 
in the unit. It is necessity that these devices must be light and they must not 
occur vibration not to disturb micro-arm's motion. So, one of the holding 
device is a vacuum chuck with a scrolled typed pump. The other holding device 
is a electro-magnetic chuck. It is used to hold magnetic materials. The adhesive 
device is made of Si and glass. The weight of the device is about 2.5 g (include 
the connector). The device is driven by laser-light and the minimum volume of 
pumping is about 0.5 nl. Therefore, it can coat adhesion on narrow area. It is 
very important that a stage is driven precisely to assemble micro-parts. The 
micro-servo-actuator has been developed to drive the assembling stage precise-
ly. And the actuator is used to position a recognition device. The actuator has 
resolution of 0.5 (im in positioning. The recognition device is used for investi-
gation of the assembled parts in narrow space. The device has image guide and 
it can swing the tip driven by SMA actuator. 
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Fig. 5. The micro-ami. 

2 .3 . C o n v e y a n c e u n i t 

The conveyance unit is constructed by micro-actuator array. The size of a 
inicro-actuator is about I mmv The actuators are electromagnet, and each 
actuator can be operated individually. Therefore, the two-dimension convey-
ance can be accomplished if individual actuator is controlled properly. Perma-
nent magnet was used for a inover to carry the parts of products. The CCD 
monitor that is put over the unit takes a shape image of the mover, the position 
of the mover is calculated by the image reader and the mover is conveyed by 
continues driving of each actuators. As the mover is round shape and a part is 
put on the center of the mover, the relative position between the part and edge 
of the mover doesn't change even if the mover is rotated. Therefore, the part 
can be positioned precisely at the positioning wall, which is placed at the end 
point of carrying. The maximum carrying inass is expected to be I g and the 
maximum canying velocity is expected to be 30 mm per second. Fig 6 shows 
conveyance unit. The prototype device has 12800(40 x 40 x 8) actuators. The 
size of the unit is about 160 x 160 inin^ The actuator is covered by polyimide 
film to slide a mover. 
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Fig.6. The conveyance unit. 

3. CONCLUSION 

We have been developing the microfactory system in R&D project of MITI. 
The experimental system, which consists of processing unit, assembling unit 
and conveyance unit, will be achieved in fiscal 2000. Until now, we have 
confirmed by prototype devices and simulations that each device performs its 
function in the system. Through this project we will investigate technological 
possibility of "Microfactory" and will make clear the problems to be solved in 
realizing it. 
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MULTIPLE DISTRIBUTED MICROMACHINE SYSTEM 

Koji Namura 

Using micromachine technology, we have developed the second prototype of a mul-
tiple distributed micromachine system. The developed micromachine is the world's 
smallest machine (width: 9 mm, length: 5 mm, height: 6.5 mm, weight: 0.52 g) that can 
travel in both the horizontal and vertical directions. This paper gives an overview 
of the prototype and its travel and connection/disconnection performance. The fol-
lowing conclusions were obtained: (I) The developed micromachine is able to trav-
el freely on a horizontal plane. (2) Ten connected micromachines can move verti-
cally around a small tube. (3) Automatic connection and disconnection are realized 
by newly developed microconnectors. 

1. INTRODUCTION 

Three micromachine systems for the maintenance of power plants have 
been developed in the second stage of MITl's micromachine project, which 
started in 1996. One of these systems employs chain-type micromachines for 
the inspection of the outer surfaces of tube banks. The micromachine must be 
small enough to enable it to travel through the narrow spaces between the tubes 
in the system. Therefore, it is difficult to equip it with many functions. On the 
other hand, it must also be able to cover a certain working area and have a 
range of functions in order for it to achieve meaningful tasks. To solve these 
conflicts, a multiple distributed micromachine system has been proposed [1]. In 
this system the necessary functions are distributed between many microma-
chines (component micromachines) and the task is carried out cooperatively by 
the micromachines which gather and are connected to each other at the desired 
place. The second prototype of the system was developed using micromachine 
technology. This paper gives an overview of the prototype and its travel and 
connection/disconnection performance. 

Mitsubishi Electric Corporation Manager. Mechanical Systems Department Advanced 
Technology R&D Center 
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2. SYSTEM OVERVIEW 

In order to verify the concept of the chain-type micromachine system, a 
platform for the system has been developed (Fig. 1). The system includes such 
key requirements as movement in narrow spaces, automatic connection and 
disconnection, and vertical movement of multiple connected micromachines 
around a tube. The system has tube banks 22 mm in diameter and narrow 
spaces (10 mm) between tubes. Therefore, the size of the component microma-
chines should be less than 10 mm. The system has been designed to connect 
ten 9 mm wide component micromachines with a connector on each side. 

Fig. 1. Schematic view of the system. 

A new structure composed of functional blocks was proposed for easy 
assembly. The component micromachine consists of 4 functional devices, a 
driving device, a traveling device, microconnectors and the flaw detection 
device shown in Fig. 2. Each device also has fianctions of frame and body. 
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Microconnector Flaw detection device 

Traveling device Driving device 

Fig. 2. Component micromachine structure. 

3. OUTLINE OF PROTOTYPE 

The newly developed micromachine prototype consists of 2 driving devic-
es, 2 traveling devices, 2 microconnectors, and a flaw detection device (Fig. 3). 
It is 9 mm in width, 5 mm in length, 6.5 mm in height, and its weight is 0.52 g. 

The driving device is a radial-gap cored electromagnetic motor. It consists of 
a stator with 50-tum coils fabricated using high-aspect layering technology and 
a rotor with a permanent magnet. It is 1.6 mm in diameter and 2 mm in length 
and rotates at 40,000 rpm. Its external appearance is shown in Fig. 4. 

Fig. 3. Prototype of component micromachine. 

35 http://rcin.org.pl



Koji Namura 

Fig. 4. Driving device. 

The traveling device has a micro-scale reducer [2] and 3 magnetic wheels 
(Fig. 5). Fig. 6 shows a photograph of the assembled planetary gear system. It is 
1.5 mm in width, 5 mm in length, 5 mm in height. Since a high reduction ratio 
(1/201) and compactness are important, a 3K-type mechanical paradox plane-
tary gear system fabricated by micro electro-discharge machining {EDM) was 
chosen. 

Fig. 5. Traveling device. Fig. 6. Planetary gear system. 
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The microconnectors [3] establish mechanical and electrical connections 
with adjacent component micromachines. They are approximately 2.5 mm in 
diameter and 2 mm thick, and each connector automatically joins and separates 
when it is given external commands. The microconnector has a new structure, 
in which the terminals are supported by a spiral spring and a pemianent magnet 
is actuated by an electromagnet, shown in Fig. 7. A guide, tapered and cantile-
ver terminals were fabricated by deep X-ray lithography. The permanent mag-
nets allow the microconnectors to remain connected without an energy supply. 

AI..Oj iiihstjrate 

SpiraJ $i>ring 
Tapered 
tíímiinaj Caulilíxti lenrnnal 

Fig . 7. Microconnectors. 

The flaw detection device is located on the top of the traveling devices and 
the microconnectors are mounted on it. However, a flaw detection sensor was 
not installed in the prototype. 

4. BASIC PERFORMANCE 

To test the traveling performance, a component micromachine was driven 
on a horizontal plane. The component micromachine's movement was evaluat-
ed by measuring the positions of two marks on top of the component microma-
chine by a camera system. Fig. 8 shows an example of the trajectories drawn by 
the component micromachine. Fig. 9 shows the radius of turn as a function of 
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the difference in rotational speed between the wheels on both sides. These 
figures indicate that the component micromachine is able to travel freely on a 
horizontal plane, although this was said to be difficult for wheel-driven micro-
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Fig. 8. Trajectory of micromachine. 
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Fig. 9. Relationship between difference wheel rotational speed and Radius of turn. 
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machines. This was achieved because the magnetic attraction between the mag-
netic wheels and the plane provides strong traction. 

To examine the connected movement, ten component micromachines, three 
of them driving micromachines with driving devices and the others connecting 

. Wires 

^ ^ ^ ^ Driving micromachine 

Connecting micromachine 

Fig. to. Machine arrangement. 

a) Lower state b) Upper state. 

Fig. 11. Connected movement. 
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micromachines without driving devices Fig. 10, were connected and were driv-
en vertically around a small tube. Fig. 11 indicates the connected movement. 

To examine the connection/disconnection operations, a model was fabricat-
ed in which three component micromachines were connected with two pairs of 
microconnectors. It was established that by energizing the electromagnets, they 
could automatically be connected and disconnected and that when they were 

(a) Disconnected state (b) Excited state (c) Connected state 

Fig. 12. Movements of microconnectors. 

connected, they could be energized via the microconnectors. Fig. 12 shows 
enlarged views of the microconnector's movements when they are connected. 

5. CONCLUSION 

The structures, specifications, fabrication methods and fiinctions of the de-
vices used in component micromachines has been described. The component 
micromachines were tested regarding their movement and connection/discon-
nection operations. The following results were obtained: (1) The developed 
micromachine is able to travel freely on a horizontal plane. (2) Ten connected 
micromachines can move vertically around a small tube. (3) Automatic connec-
tion and disconnection are realized by newly developed microconnectors. 

The next task is to improve the performance of the component microma-
chines. The aim is to complete a prototype system by the end of this year in 
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which ten connected component micromachines can detect flaws while moving 
vertically around a small tube. 
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IN-PIPE WIRELESS INSPECTION MICROMACHINE 

Nobuaki Kawahara ' 

We have been developing an In-Pipe Inspection Micromachine for inspection on 
the inner surface of thermoconduction tubes of power plants, in the Collaboration with 
DENSO, Toshiba and SANYO under the project. The machine consists of several 
devices, CCD camera for inspection, actuator for locomotion, communication circuit 
for control, microwave antenna and photovoltaic device for energy supply and com-
munication, and so forth. Through the project, the technologies of the component 
devices and the system have been developed. Several prominent results were also 
obtained on the both technologies. As for the device technologies, the component 
devices have been miniaturized and integrated. As for the systematization technol-
ogies, the functions, simulation, packaging and assembling of the system have been 
studied. 

1. INTRODUCTION 

CCD Camera Device 15W a -7V 

Locomotive Device 

Electrostatic Actuator . . 
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ Antenna 90V 

Control Circuit 
3- RF Module 

Photovoltaic Device 

Fig.l. System image of wireless micromachine for inspection on inner surface of tubes. 

' Denso Corporation 500-1, Research Laboratories, Minamiyama, Komenoki, Nisshin, Aichi 
470-0111, JAPAN, e-mail:nkawaha@rlab.denso.co.jp 
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As a prototype of the system, we developed a wired in-pipe inspection 
micromachine which moves in a curved pipe and detects cracks in the pipe [1]. 
With a diameter of 5.8 mm and an overall length of 20 mm, it fits inside 8 mm 
piping, and is inertia-driven [2] while searching for cracks in pipe walls using an 
eddy current sensor. Through the development of the prototype micromachine, 
problems unique to micro technology were identified. The biggest problem was 
wiring for the power supply and signal monitoring, which is described in detail 
in our previous paper [3]. Therefore, we started the development of a wireless 
in-pipe inspection micromachine shown in Fig. 1. 

The machine consists of CCD camera for inspection, actuator for locomo-
tion, communication circuit for control, microwave antenna and photovoltaic 
device for energy supply. The machine moves in a curved pipe at 20 mm/sec 
by the actuator, inspects the inside of the pipe and transmit the observation data 
to a host computer. The required power of 650 mW is provided from the 
outside via microwaves and light. Although the system will be completed in 
2001, the R&D current status of the component devices and the systematization 
are discussed in this paper. 

2. DEVICE TECHNOLOGIES 

2.1. CCD micro camera 

The CCD camera has a mirror with an electrostatic actuator and a motor. 
When the mirror is pushed up, the camera takes the picture ahead. When the 
mirror is pushed down to 45 degree and rotated, the camera takes the pictures 
of surrounding pipe in detail. The CCD micro camera having 100.000 pixels 
consists of four technological fields of development [4]: sight adjusting mecha-
nism of focusing and mirror rotation, designing micro CCD module for wire-
less transmission, three dimensional packaging of LSI's and discrete elements, 
and glass press molding method of micro lens. So far all the technologies have 
been integrated to achieve 9.2 mm diameter CCD micro camera. On the top of 
this camera adjusting mechanism electrostatic actuators of three degrees of 
freedom are mounted. Aspherical catadioptric lens of 3 mm diameter as a 
focusing mechanism inside is formed altogether with its cylinder by glass press 
molding method, to realize better optical characteristics after trimmed by FIB. 
Through this lens images are captured with CCD, its signals are processed by 
three dimensional packaged LSI block of 4.4 x 5.2 x 11.5 mm. 
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2.2. Locomotive mechanism 

We have developed a new actuator whose displacement is larger compared 
with the piezoelectric stacked actuator [7], This mechanism enlarges the dis-
placement of the actuator but reduces the generating force. Therefore, the 
actuator has multi-layered structure, which controls the generating force by 
the layer number. 

2.3. Control circuit 

The control circuit consists of a voltage regulator and a voltage monitor, a 
system control gate-array and a drive circuit of the locomotive mechanism. The 
voltage monitor detects the output voltage of the RF module and sends the data 
to the gate array. The gate-array converts the data to digital and send it to the 
RF module. 

The gate-array also generates a timing signal to generate the saw-toothed 
wave voltage for the locomotion. The timing signal controls the direction and 
the speed of the robot according to the host command. The gate-array controls 
the CCD and it's sight adjusting mechanism of focusing and mirror rotation. The 
gate-array also converts the data of the CCD to digital and sends it to the RF 
module. 

The drive circuit generates a saw-toothed wave voltage from DC voltage 
supplied from the voltage regulator. In order to make the circuit compact, we 
developed a simple drive circuit [6]. The circuit consists of four analog switch-
es, two resistors, and the PZT actuator used as a capacitor. In this circuit, the 
combination of the PZT actuator and resistors works as CR circuit to generate 
the saw-toothed wave voltage. The gate array controls switches, and generates 
forward and backward voltage. 

2.4. RF module 

The RF module, as shown in Fig. 2, consists of a stacked patch antenna, two 
rectifying circuits, a communication circuit and a photovoltaic device formed on 
the antenna. The antenna receives two frequencies of microwaves and isolates 
them. The rectifying circuit converts the microwave for energy supply (22 GHz) 
into direct current. The communication circuit receives the host command and 
answers the voltage condition of the robot and the image data of the CCD. 
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Fig. 2. RF module (Right) and It's components: (a) Micro patch antenna; (b) Rectifying circu-
it; (c) Communication circuit. 

2.5. Photovoltaic device 

In order to supply enough energy to drive the specific devices in the exper-
imental wireless inspection microsystem, it is necessary to increase the output 
power and voltage per unit area because the available area and shape are 
restricted to the system's optimum design. 

Accordingly, We use a high intensity laser as a light source and the tandem 
structure of unit cells in an integrated type photovoltaic device. Each cells in the 
tandem structure has to be designed to match the top cell's current with bottom 
cell's current under penetrated monochromatic light incident through the top 
cells. By using theoretical analysis, the optimum design of the tandem photovol-
taic cells for a laser of 532 nm wavelength was achieved. Consequently, the 
maximum output power has been improved about 180% compared with 
that under white light illumination. 

3. SYSTEMATIZATION TECHNOLOGIES 

3.1. Packaging 

Packaging is inevitable for the microrobot, because the size of the robot is 
limited by the diameter of the pipe, 10 mm. And total weight of the microrobot 
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should be light, because the power of the micro locomotive mechanism is 
limited. We have used three different packaging technologies in photovoltaic 
device, CCD camera device and control circuit. In the packaging in photovolta-
ic device, three-dimensional micro-wiring method utilizing a dual wavelength 
laser CVD was applied. In the packaging in CCD camera, three dimensionally 
packaged LSI blocks are connected by MID. As for the packaging in control 
circuit, to make the control circuit compact, we used a flip chip assembly for the 
gate array and other eight LSIs. The gate array is made of 0.35 microns CMOS: 
the pad pitch is 120 microns and the pad size is 88 microns, which is shown in 
Fig. 3. Small stud bumps whose diameters are approximately 50 microns are 
formed on the each pad of the bare chips. The bumps are bonded on a fine 
pitch 6-layered printing circuit board (PCB) by using an anisotropic conducting 
paste {ACPJ. The ACP is composed of heat-hardening resin and many conduc-
tive particles. One of the advantages of the ACP is that the contacts between 
bumps and PCB are done by heating with low stress. The chips are precisely 
aligned, mounted and heated on the PCB by a chip bonding machine. 

2nim 100/i nn 

Fig. 3. Gate array (0.35 ^m CMOS) and 50 ^m stud bumps formed on the pads. 

3.2. Developed proto-type systems 

We are now developing the advanced wireless in-pipe inspection system 
shown in Fig. 1. In our previous work, we developed a wireless energy supply 
method utilizing microwave [5]. We also developed a 15 mm diameter in-pipe 
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locomotive mechanism whose power was supplied from outside by microwave 
[6], 

As proto-types of the system, we have developed three different systems. 
One of the systems is shown in Fig. 4, as called A-type. The system consists of 
the locomotive mechanism, the control circuit and the RF module. The A-type 
moves in the pipe of 10 mm diameter, receives the commands from the host, 
transmits the voltage data of the RF module to the host and receives microwave 
energy from the host. 

Fig. 4. Developed proto system: type-A. 

ACKNOWLEDGMENTS 

A part of this work was performed under the management of the Microma-
chine Center as the Industrial Science and Technology Frontier Program (LSTF), 
Research and Development of Micromachine Technology of MITl, supported 
by New Energy and Industrial Technology Development Organization (NEDO). 

REFERENCES 

[1] Idogaki T., Kanayama H.. Ohya N., Suwki H.. Hattori T.: Characteristics of piezoelectric lo-
comotive mechanism for an in-pipe micro inspection machine. Proceedings of the 6th In-
ternational Symposium on Micro Machine and Human Science, IEEE, 1995, 193-198, 

4 7 http://rcin.org.pl



Nobuaki Kawahara 

[2] Higuchi T., Watanabe M., Kondou K.: Precise positioner utilizing rapid deformations of a 
piezoelectric element. JSPE-54-11, 1988, 2107-2112 

[3] Kawahara N.: Experiment wireless micromachine for inspection on inner surface of tubes. 
Proceedings of the 5th International Micromachine Symposium, 1999, 151-160 

[4] Yamada H., Togasaki T., Terui T., Kimura M., Ooi K., Sudo H.: Advanced three-dimensional 
assembly technology for high density CCD micro-camera system module. Proceedings of 
the 5th International Micromachine Symposium, 1999, 179-184 

[5] Shibata T., Sasaya T., Kawahara N.: Microwave energy supply system for in-pipe microma-
chine. Proceedings of the 1998 International Symposium on Micromechatronics and Hu-
man Science, 1998, 237-242, IEEE 

[6] Sasaya T., Shibata T., Kawahara N.: In-pipe wireless micro robot. Transducers '99 Digest of 
Technical Papers , 2, 1999, 1058-1061 

[7] Kawakita S., Isogai T., Ohya N., Kawahara N.: Multi-layered piezoelectric bimorph actua-
tor. Proceedings of the 1997 International Symposium on Micromechatronics and Human 
Science, 1997, 73-78, IEEE 

4 8 http://rcin.org.pl



P L ISSN 0 2 0 9 - 0 0 5 8 M A T E R I A Ł Y E L E K T R O N I C Z N E T. 29 - 2001 NR 1/2 

MICROMACHINED SILICON SENSORS 

Hideto Iwaoka' 

This paper reviews novel silicon micromachining technology and sensors developed 
in Yokogawa Electric Corporation. Two types of pressure sensors are described: a 
highly stable and accurate resonant sensor fabricated using special vacuum encapsu-
lation technology; and an integrated pressure sensor with twin diaphragms and mi-
cro over-range protection structures. Also described are silicon bolometers and mi-
cro variable infrared filters for infrared spectroscopy of gas analyses and silicon mi-
croforce sensors. 

1. INTRODUCTION 

Yokogawa found potential uses for silicon micromachining technology in 
the mass production of low-cost yet high-performance silicon sensors and start-
ed to develop such sensors at the end of 1980 in response to advancements in 
the silicon micromachining technology used in the electronic IC process. The 
first product from this development project was a high-precision resonant sili-
con pressure sensor, which was rolled out onto the market in 1992 as a series 
of industrial deferential pressure transmitters under the name of DPharp. Con-
ventional transmitters employing piezo resistive pressure sensors are still being 
produced. Yokogawa is now adopting the silicon micromachining technology 
for next generation of pressure sensors, and optical micromachining sensors 
and actuators for infrared spectroscopy application. 

Yokogawa Electric Corporation. Micromachining Laboratory. Corporate R&D Center, 
e-mail: hideto_iwaoka@yokogawa.co.jp 
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2. PRESSURE SENSORS 

2.1. High stability and accuracy of resonant pressure sensors 

Differential pressure transmitters are field instruments widely used for mea-
suring flow rates, pressures, liquid levels and so on. Highly stable and accurate 
resonant pressure sensors were developed for use in differential pressure trans-
mitters. Fig. 1 shows a resonant pressure sensor excited electromagnetically 

Electiic terminal -7 
Magnetic neld 

Fig. 1. Structure of silicon resonant pressure sensor (left), and, cross-sectional view of a reso-
nator and a vacuum cavity chamber fabricated on the silicon diaphragm. 

and an SEM cross-sectional view of a resonator [1-2], The resonator consists 
of H-shaped dual bridges that are connected to each other at their centers and 
vacuum-sealed inside the same H-shaped microcavity on the surface of a dia-
phragm. The resonator vibrates in a vacuum environment independent of the 
external fluid. As the resonator and microcavity are extremely small, the sen-
sor can detect at a higher sensitivity the deformation of the diaphragm due to 
the applied pressure as well as withstand a higher pressure. One of the bridges 
is an excitation bridge and the other is a detection bridge. The resonator is 
excited by the Lorenz force caused by an external magnetic bias field and an 
alternating current applied to the excitation bridge. Fig. 2 shows the fabrication 
process. The resonator is formed of single-crystal silicon. The resonator and 
substrate are isolated by p/n junctions. The resonator is made of heavily doped 
p-type silicon, and the other areas of n-type silicon. At the vacuum sealing 
stage, the wafers are put in a silicon epitaxial growth reactor to grow n-type 
silicon over the wafer. Hydrogen carrier gas, which remains in the microcavity 
after sealing, is released by diffiising it through the silicon crystal in a high-
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temperature purified nitrogen furnace. The cavity pressure after the hydrogen 
is removed falls below 1 Pa. This pressure sensor shows a long-term stability as 
high as ±0.01 % of full scale per year or even superior. 

pit 
_ (al Stiective eniwxial growth 

ŜiO, 
(1001 n Typ« Silicon 

h A (b) Selective etching aflef re 
" K SiO, 

N (H.I 

/ I 
(c) n Type Si epitixial growtti 

- ( H , l 

(Pure N, Gn) 

H,^ , l " ' t " ' H (dl Hydrogen evecualion in 
* ^ nitrogen furnace 

f 

^ (KOHSoll 
(CVOI 

(e) Diaphragm fabrication 

(f| Bonding by tlwrnal oxtda-
tlon 

- ' Diaphragm Chip 

^ Interface chip 

Fig. 2. Fabrication process of resonator and sensor. 

2.2. Pressure sensors with twin diaphragms and micro over-range protection 
structures 

Pressure sensors using a single-crystal silicon diaphragm have demonstrated 
excellent mechanical stability and have been produced using the same fabrica-
tion technology as that for silicon integrated circuits. However, to use single-
crystal silicon sensors for differential pressure transmitters, they must be able 
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to withstand a high static pressure and a high differential over-range pressure. 
Therefore, conventional silicon sensors for differential pressure measurement 
need to be mounted in a strong high-pressure vessel, and the output terminals 
need to be hermetically sealed. Also, a complex mechanical structure is re-
quired to protect the silicon diaphragm from a high differential pressure [3]. 
These structural requirements lead to an increase in costs. 

See also our past reports for the first attempt to fabricate a sensor with a 
micro over-range protection structure [4-5]. 

The following describes a sensor, which has two diaphragms with piezore-
sistors working complementarily to each other due to the respective pressures. 
This structure has improved sensor linearity, and reduced errors caused by 
changes in ambient temperature and static pressure. Fig. 3 shows a cross sec-
tional view of the sensor. Fig. 4 shows the fabrication process of the silicon 
sensor chip. The substance to be measured passes via two openings in the pyrex 
glass base. The glass base and the silicon sensor chip are bonded using the 
anodic bonding method. The sensor has two diaphragms which work comple-
mentarily to each other by applying differential pressure. The substance is led 
through the gaps on both sides of the diaphragms via lateral openings that are 
formed inside the silicon sensor chip. Piezo gauge resistors are positioned on 
the side of each diaphragm. 

Si sensor chip tal electnxie 

Pyrex ^ass 

Kovar 

Nfetal tubes 

Fig. 3. Cross sectional view of the sensor. 
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Fig. 4. Fabrication process. 

Excess pressure causes the diaphragms to come into contact with the back 
planes, thus preventing the diaphragms from fracturing. The sensor is also a 
high-pressure vessel, and the electrical feed through of the silicon surface and 
the pyrex glass are hemietically sealed with unique bonding stmctures. The 
ion-implanted layers are fonned as piezoresistors and p-type leads on the sili-
con surface, and the p-type leads are connected to the electrodes that are 
formed on the glass surface. The anodic bonding and annealing process gain 
ohmic contacts. 

Fig. 5 shows the output signal of a sensor covering ±100 kPa. The output 
signal saturation indicates that either diaphragm has come into contact with the 
back plane. Fig. 6 shows the result from testing long term stability. The zero 
drift after use for a long temi was observed to be less than 0.01 %. 
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Fig. 5. Output signal of the sensor. 
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Fig. 6. Zero-point long -term stability. 

3. SILICON BOLOMETERS A N D MICRO VARIABLE INFRARED 
FILTERS FOR CO^ MEASUREMENT 

We have developed silicon bolometers fabricated on an SOI wafer using 
bulk micromachining and also developed a micro variable infrared filter, and 
have investigated the bolometers' capability of measuring CO^ concentration 
when used in a Non-Dispersive Infra-Red (NDIR) system [6-7]. Two bolometers 
were combined with a micro variable infrared filter adjusted to two different 
wavelength ranges: the CO^ absorption band and reference band. The two 
wavelength NDIR system having these bolometers and filter elements with a 
conventional infrared source was able to measure the concentration of CO, 
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with the measurement reproducibility 3a of ±3.6% of the measured value or 
less between the concentrations of 0 ppm and 5000 ppm. 

3.1. Non-cooled micro bolometers 

The bolometer is designed to obtain a maximum specific detectivity D* by 
optimizing the structure and concentration of boron in the silicon. Highly doped 
silicon can absorb infrared rays in a wide band by free carrier absorption. 
Therefore, the concentration of boron is set at IxlO-^/cml This bolometer is 
sensitive for wavelengths between 3.5 |im and 8.5 jam at half maximum. The 
total of blackbody absorption at 500 K is 48%. The temperature coefficient of 
resistance (TCR) is 0.2°/a/K at 300 K. In order to minimize the heat capaci-
tance and thermal conductance, a thermally isolated structure is formed so that 
highly boron doped single-crystal silicon is suspended from the substrate. The 
bolometer is fabricated on an SOI wafer by bulk micromachining. The perfor-
mance of the bolometer is tested in a vacuum. By measuring voltage and 
current, the average thermal calculated to be 1x10"' W/K. The calculated heat 
capacitance is 3x10^ J/K. This bolometer has a measured specific detectivity 
D* (500 K, 10 Hz, 1 Hz) of 1.1X10« cmHz' VW. 

Fig. 7. SEM photograph of bolometer. 

I.EH» 

Fig. 8. Comparision between calculations (line) 
and measurements(points) of spectral P* of the 
bolomete r ( / . = 10 m m , W = 10 ).UTI. 1.7 ^ m . 
I 7; = 9.0 V). 

1 EH)6 
1 to 100 1000 

Chopping frequency f (Hz) 
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3.2. Micro variable infrared filters 

The fiher of a dielectric multiple layer membrane is composed of three 
parts: two sets of A/4 type multiple layers and a spacer type layer. The value A, 
is a center wavelength of the filter, A/4 indicates the optical thickness nd, 
where n is the refractive index and d is the film thickness. Such filters are 
called single halfwave (SHW^ type filters. The five-layer SHW filter is defined 
as follows. These filters consist of dielectric coating materials deposited onto 
substrates in a vacuum. 

Generally, the selective infrared linear variable filters consist of ramp film 
thickness layers. However, we adopted a structure that transforms the center 
wavelength by changing the thickness of only the spacer layer in the five-layer 
SHW filter. The M1>7F experimentally produced using the slit shutter sputter-
ing system offers continuous wavelength coverage from 3.8 )am and 4.3 ^m. 
This wavelength range includes infrared absorption by CO^. We adopted a 
structure that transforms the center wavelength by changing the thickness of 
only the type spacer layer in the five-layer J H I F filter as shown in Fig. 9. The 
size of the MVIF is 1 cm^. The spectrum transmission of the Ml lF measured 
by a spectrometer is shown in Fig. 10. The experiment results agree with the 
simulation results for the spectrum transmission characteristics. The linearity 
of the transmitted bands for different wavelengths at different measurement 
positions is within 1 %. The cause of the 1 % error is dispersion of the film 
thickness. This linearity satisfies the condition mentioned previously (<2%). 

1cm 

Si(À4):d 

Si(X):d 
Si02(>./4):4 
Si(X/4):d 
Sapphire:d 

R : ^ = 3.8 | im M : ^ = 4 .25nm 

Fig. 9. Schematic diagram of MVIF. 

= 272 nm 
= 670 nm 
= 970 nm-1100 nm 
= 670 nm 
= 272 nm 
= 0.5 nm 
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Reference C;02 
Simulation 
Experiment 

3.5 4 4.5 5 
Wavelength m) 

Fig. 10. Spectrum transmission characteristics of MVIF. 

3.3. NDIR system and conclusions 

The prototype CO, sensor was designed with two micro bolometers: an 
MVIF and an infrared source. Signal output R of the bolometer for the refer-
ence wavelength (A = 3.8 ^m) and signal output M of the bolometer for the 
CO, measurement wavelength (A = 4.25 )am) were measured at five points of 
COj gas concentration in the range between 0 ppm to 5060 ppm. The relation-
ship between the concentration of CO, and the signal of M/R which was stan-
dardized in M/R at the 0 ppm concentration is shown in Fig. 11. The measure-
ment reproducibility 3 (Twas shown to be within ±3.6% of the measured value. 
These results demonstrated the possibility of microfabricated CO, sensor for 
consumer and commercial applications. 

2000 4000 6000 
CCte concentration (ppm) 

Figure 11. Measurement results 
of CO, concentration signal out-
put R of the bolometer for the 
reference wavelength (X = 3.8 
|am) and signal output M of the 
boiometer for the CO, measure-
ment wavelength (k = 4.25 ^m). 
M/R is standardized y M/R of 
0 ppm. 
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4. FORCE SENSORS 

In line with the recent development of micromachines, various microactua-
tors have been developed. In general, the smaller the actuator, the smaller the 
force the actuator generates; however, the smaller the force, the more difficult 
it is to measure. Instruments suitable for this are currently unavailable. We 
developed a probe sensor for measuring very small forces, employing a semi-
conductor shear strain gauge sensor on cantilever [8]. The probe thus devel-
oped demonstrates high sensitivity and stability as it was created by forming the 
stress concentration part and the strain sensor on the same silicon crystal using 
high-quality raw materials including single-crystal silicon. Using the finite ele-
ment method (FEM), we invented a probe structure in which a very small 
force effectively generates strain on the sensor. We also developed a semicon-
ductor micromachining process including an inducted coupled-plasma deep-
trench etching method to manufacture the probe, and built a calibrator for the 
probe, based on an electronic balance. In preliminary experiments, we success-
fiilly measured the force with a resolufion as small as 0.01 mN, exactly as 
specified by the design. In the future, we are aiming to develop a superior 
probe with 1 }j,N resolution. 

Stem ^1-1 High-resolutbn strain gauge 
(plezo resists for shear stress type) 

Silicon cantilever 
wtth stress concentration strui 

Force 

Object (micro actuator) 

Fig . 12. Basic design of micro force sensor probe. 

Fig. 12. shows the basic design we formulated for equipment to measure 
small forces. The probe was developed as follows. First, the dimensions of the 
probe were approximately calculated from the properties of the raw material. 
Next, a shape that could actually be manufactured was designed. The resulting 
properties of the probe were estimated by the FEAl, and the dimensions of 
each part were optimized. A photograph of the force probe is shown in Fig. 13. 
The fabricated probe was evaluated with a probe calibrator. Fig. 14 shows the 
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force dependence of a standard probe of 0.1 N range, its output and the 
deformation at the tip of the probe. The results of the experiment fall within 
30% deviation of the theoretical values obtained by the FEM. The relationship 
between the force and the probe output suggested that a 1 |aN resolution is 
achievable. 

Fig. 13. Standard force probe. 
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Fig. 14. Dependence characteristics of standard force probe. 
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APPLICATIONS OF DEEP X-RAY LITHOGRAPHY 

Yoshihiro Hirata' 

We developed the LIGA process using a compact synchrotron radiation (SR) source 
and ceramics micro fabrication process. These processes realized an array of lead zir-
conate titanate (PZT) rods whose cross section is 25 |im and was applied to manufac-
ture piezocomposite for high resolution ultrasonic diagnosis for the first time. We also 
developed microconnector by the LIGA process. 

1. INTRODUCTION 

Nowadays, micromachining technology has attracted the attention because 
many applications are expected. The LIGA process, which is composed of deep 
x-ray lithography (DXL), electroforming and molding, is one of the most prom-
ising technology. We also recognized the ftiture of this process to start studying 
it using our own SR source, named "NIJI-IH", several years ago. 

2. DXL [1] 

Our DXL system is unique. We perform lithography using "NIJI-IH" as SR 
source. This is a superconducting type compact SR source and the circumfer-
ence is only 19 m. NIJI-III was designed for ULSI fabrication and its peak 
wavelength is 5A. In general, SR with wavelength between 2 and 3A is said to 
be suitable for DAT.. However, the intensity of SR under 3A from NIJI-III is 
about 1% of that from the SR sources normally used for the LIGA process. 
Therefore a sensitive resist had to be developed. 

The developed resist is made of a copolymer of methyl methacrylate (AIAiA) 
and methacrylic acid (AIAA) and its sensitivity is 10 times higher than that of 
PMMA, which is usually used in the LIGA process. The accuracy is worse than 

' Sumitomo Electric Industries, Ltd.. Harima Research Laboratories, 
email: hirata-yoshihiro(SJsei.co.jp 
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that of PMMA, but 0.16 j^m per 100 ^m height. It is good enough for many 
applications. As the result, the exposure time using a compact SR source is on 
the same order as that of PMMA using with normally used SR source. 

The mask is composed of a 2 |im -thick SiN membrane and a 5 |a.m - thick 
WN absorber, which is patterned by ECR-etching. The substrate is cooled to 
(-30°C), and the side etching is suppressed to under 0.2 |am. 

3. APPLICATIONS 

3.L Piezocomposite transducer for medical diagnosis [2-4] 

Medical ultrasonic diagnosis has been widely used because of its weak influ-
ence on patients, ability of blood flow measurement, and real time measure-
ments. The improvement of the resolution is always required, therefore many 
techniques are being studied. To achieve this, in particular, the changing of the 
transducer material from piezoelectric ceramics like PZT to 1-3 piezocompos-
ite as shown in Fig. 1 is a thorough idea. However, by the conventional dice-
and-fill method, it is impossible to fabricate PZT rods which are small enough 
to make the composites behave like homogeneous materials. 

We applied the LIGA process and developed a mass-production process 
(see Fig.2), and made piezocomposite for high frequency industrially available 
for the first time. The size of PZT rods was realized to be 25 )im. It is one-fifth 
of the size realized by conventional methods. There is characteristic point in 
removing the acrylic mold. In the conventional lost wax method, a bum-out 
process is usually used to remove the plastic mold. However the fine PZT rods 
with a high aspect ratio, topple during this process. Therefore, we adopted the 
plasma etching. 

The properties were measured by making the test probe for 10 MHz. The 
pulse width was recognized to be one-third shorter than that of PZT probe, and 

PZT electrode 

Fig.l. Schematic view of piezocomposite. 
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Fig.2. Brief fabrication process of piezocomposite. 
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the sensitivity was 3 times higher than that. The developed piezocomposite is 
thought to contribute to the improvement of the resolution. 

3.2. Microconnectof [5-7] 

Micromachines must operate in a group because the power of an individual 
micromachine is low and its functions are limited by its size. One example is 
the chain-type micromachine system shown in Fig. 4, one of MITI's microma-
chine projects. To realize this chain-type micromachine system, small connec-

Movement on 
the tube surface 

Connection/ 
disconnection 

Fig.4. Schematic view of the system for inspecting on the outer surface of tubes. 

Table 1. Reguirements of the microconnector. 

Connection/Disconnection Automatic 
Connectable Distance > 500 nm 
Thickness < 2 mm 
Diameter < 2.5 mm 
Electric line 7 
Current 500 mA 

(max. 150 mA/line) 
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tors having a large positioning margin and an automatic connection/disconnec-
tion function are necessary. The requirements for the microconnector are 
summarized in Table 1. 

3.2.1. Concept and design: 

The schematic configuration of the microconnector is shown in Fig. 5. In 
order to achieve automatic connection/disconnection, a large positioning mar-
gin is required. Thus, we arranged the terminals and tapered guides cylindrical-
ly. Furthermore, to generate rectification force, the guides of one side of the 
connector are concentric double rings, and the permanent magnet is installed in 

AÍ2O3 substrate 
Spiral spring 

Permanent magnet 

Tapered terminal 

Cantilever terminal 

Electromagnet 

Through hole electrode 

Fig.5. Schematic view of the microconnector. 

the center of connector. To decrease the load of the actuator, the terminals 
were coated with Au, and the contact force of the tenninals was designed to 
be 0.5 mN, which is the minitnum value for stable electrical contact between 
Au and Au. 

3.2.2. Fabrication process of electrical terminals and guides: 

We fabricated the terminals and guides using DXL and electrofonning to 
achieve high accuracy and a high aspect ratio. 

The cantilever terminals were fabricated using a one-layer sacrificial pro-
cess, as shown in Fig. 6. The 3- |im-thick sputtered titanium (Ti) on the A1,0^ 
substrate is the electrofonning electrode and the sacrificial layer. The width of 
the cantilever terminal is 7 |am, and the height and the length of that is 80 |im 
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Fig.6. Flow of one-layer sacrificial process for cantilever terminals. 

Fig.7. SEM image of the cantilever terminals. 

and 250 ^.m, respectively. Therefore, when the Ti layer under the cantilever is 
removed by wet etching, that under the anchor area still remains. Fig. 7 shows 
the cantilever terminals and guides. A fabrication accuracy is less than ±0.5 jiim 
was achieved. 
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Fig.8. SEM image of the tapered terminals. 

Tapered terminals and guides for smooth connection with the microconnec-
tors were fabricated by micro-electrodischarge machining (n -EDM) combined 
with a LIGA-like process. Fig. 8 shows the fabricated structures of tapered 
terminals and guides. 

3.3.3. Electric properties of microconnector: 

An electrical contact at each terminal of the microconnector was achieved. 
The connection resistance of the microconnector through the FPC is approxi-
mately 3.6 i2/line. The breakdown voltage is 370 V(DC) at atmospheric pres-
sure in the air. This is enough to drive the device mounted on the microma-
chine. 

We demonstrated the automatic connection/disconnection of the microcon-
nectors, when the gap is between 300 )am and 800 jam. The margin of the 
alignment angle during automatic connection/disconnection was achieved ±5 
degree when the initial gap was 500 |am. 

4. CONCLUSION 

We also developed micro array type electron multiplier and microactuator 
for hard-disk-drive. I think one of the most important breakthrough point for 
industrialization of LIGA applications is decreasing the process cost, especially 
for manufacturing the metallic parts. We eager to solve that problem and make 
many LIGA applications industrially available. 
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DETECTORS OF UV AND INFRARED RADIATION 
OBTAINED USING SILICON MICROMACHINING 

Lech Dobrzański ' 

Technology of the surface silicon micromachining developed in ITME com-
prises fabrication of a porous silicon as a sacrificial layer. This is needed to 
suspend device over a cavity and thennally isolate sensing element from the 
heat sink. Two types of devices have been fabricated and characterised: a 
bolometer and a termopile. It has been demonstrated that detectivieties of 
devices are on the level of 10**cmHz' -/W and in a case of a bolometer LF noise 
limits device performance. This devices have been described in detail in Refs. 
[1,2], Detectors of the UV light on GaN are additionally presented. 
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INTEGRATED INSTRUMENTS FOR TOTAL CHEMICAL 
ANALYSIS 

Jan Dziuban' 

Previous works on silicon micromachined devices started in the Institute of 
Microsystems Technology (ITM) of the Wrocław University of Technology 
(WUT) in late 80's, although some fundamental technological works on silicon 
anisotropic etching for three-dimensional structures fabrication were done in 
mid 70's. Our Institute was the first in Poland recognising a need of microma-
chined sensors and actuators investigations. 

We have developed wide scope of the piezoresistive pressure sensors with 
single and double Wheatstone's bridge piezoresistors configuration. Some of 
them have been equipped in the unique „cut" piezoresistors. 

First silicon rotating microturbines, gear-boxes and other movable microma-
chines ever developed in Poland, were developed by Silicon Micromechanics 
Group of ITM of WUT. In mid 90's The State Research Project on „Silicon 
Micromechanical Sensors" was founded. Our Group became a subsidiary of 
the Research Team headed by the Institute of Electron Technology of Warsaw. 
We were responsible for bonding and packaging methods. 

Parallel to the mentioned above works we started in the mean time a new 
program on micro total analysis systems. In 1997, at Eurosensors XII in War-
saw, the integrated silicon-glass capillary column 15th meters long, fabricated 
on 3" wafer was presented. Afterward, the conception of an integrated gas 
analyser, elaborated in the close co-operation with EMAG - Katowice, has 
been presented. Own TCTs, sampling valves and MCM-like model of the inte-
grated gas chromatograph have been developed and tested. Currently works on 
portable gas chromatograph are in progress under State Research Program 
"Mikrotas" 

' University of Technology Wrocław, Institute of Microsystems , 50-372 Wrocław, 
Z. Janiszewskiego II, e-mail: jad@wtm.ite.pwr.wroc.pl 
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Integrated instrunifints for total chemical analysis 

In the lecture some of the most interesting past w orks will be shown. Newly 
developed componen t s for analytical chemistry and microchemis t ry will be 
presented. A short sketch of recently discovered fast deep anisotropic etching 
of single silicon wafers and other materials will be presented. Samples of devic-
es and short TV movie on our works will be shown. 
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MICROSYSTEMS AND SENSORS IN THE ELECTRONIC 
DEPARTMENT OF MINING AND METALLURGY 
UNIVERSITY 

T. Pisarkiewicz', S. Nowak' and P. Potempa' 

Many measurements were performed investigating thin film semiconductor 
ozone sensors. Below one example of ozone sensor characteristics is shown. 

100-

o « 
q: 

c 
(1) 
(/) 

1 0 -

0 -

VJ Vj V. 

n—^—^—I—^—^—^—^—^—^ 
6 0 1 2 0 1 8 0 2 4 0 3 0 0 3 6 0 

T i m e [min] 

E 
•1.0 EL 
• 0 . 8 " 

•0.6 ^ 
• 0 . 4 8 
• 0 .2 0) 
.0.0 % 

Fig. 1. Ozone sensor response to the variations of O^ concentration for dry air. The sensing 
layer is a thin In^Oj film doped with lat % of Fe. 

As thin film gas-sensitive layers the following materials were used: 
Inp3 (Fe) 
Inp^ (Ce) 

Mining and Metallurgy University, Electronics Department, Al. Mickiewicza 30, 
30-059 Kraków, Poland, e-mail: pisar_@uci.agh.edu.pl 
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Microsystems and sensors ... 

Developed technology: DC and RF sputtering 
Substrates: Coming 7059, alumina 
Ozone conc. Variations: 0.01 ppm - 5 ppm. 

Part of our activity was connected with analysis of gas sensor signals with 
the help of fuzzy logic. 

Below a simple fuzzy model of the sensor is shown. 

Fig. 2. Application of fuzzy logic to gas sensor modelling. 

Developed fuzzy models: 
• Mamdani model (linguistic variables in input and output) 
• Takagi - Sugeno - Kang (TS'K) model (output linguistic variables replaced with 

functions). 

Learning of the model (membership functions, inference rules): 
• Expert knowledge 
• Genetic algorithms. 
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Resistance 

Fuzzification 
6 linguistic variables 

Humidity 

Fuzziflcation 
3 linguistic variables 

O3 concentration 

Defuzzification 
8 linguistic variables 

Fig. 3. Mamdani - type fuzzy model with the lecming scheme. 

The consequent of the interference rules and output membership function 
parameters were optimized. 
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Microsystems and sensors ... 

a) 

Sensitivity 
R/RO 

50 
Humidity % 

0 40 

100 
80 

60 o, conc. 

b) 

Sensitivity 
R/RO 

50 

Humidity % 0 40 

100 

conc. O, 

Fig. 4. Sensitivity of the ozone sensor vs. humidity and O, concentration (a.u.) - (a), variations 
and sensitivity approximated by the developed Mamdani model - (b). 
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a) 

Sensitivity 
R/RO 

5 0 

Humidity % 
0 4 0 

1 0 0 

6 0 O3 conc. 

S«nsivity 
R/RO 

b) 

100 

Humidity % 0 40 O , concentrat ion 

Fig. 5. Sensitivity of the ozone sensor vs. humidity and O3 concentration (a.u.) - (a); variations 
and sensitivity approximated by the developed TSK model - (b). 
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Microsys tems and sensors ... 

100 

1 ' I ' I ' r 
3 0 40 5 0 60 70 80 90 100 

Real concentration 
[ a . u . l 

Fig. 6. Estimated vs. real concentration of ozone determined in the conditions of varying hu-
midity by the Mamdani fuzzy model. 

The models of the Mamdani type suffer from the poor extrapolation possi-
bilities and hence more learning data uniformly distributed are needed. Model 
calculations with the help of genetic algorithms and TSK fuzzy sensor are in 
progress. However, the preliminary results indicate that the TSK model gives 
better approximation of the ozone sensor working in varying environmental 
conditions. 

Recently developed rheotaxial growth and thermal oxidation technique 
( RGIV) enables fabrication of thin films with increased sensitivity to the gas 
atmosphere. 
RG7D technique can be shortly described as follows: 
• deposition of In - metal on a heated substrate (temp, exceeding melting 

point) by sputtering in argon atmosphere => discontinuous film, isolated 
droplets, 

• oxidation of metal film in air at elevated temperature (450"C, 24 hrs), 
ln,0, oxide is formed => connections between grains are established. 
For comparison of the properties of films deposited by different methods 

some In,Oj films were obtained by: 
• RF sputtering of In target in Ar +0 , atmosphere 
• magnetron DC sputtering of In target in Ar +0,. 
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Surface morphology of the films deposited by RGTO technique varies du-
ring the deposition process as shown in SEM micrographs below. 

SEM micrographs: 

81.3«« L I I R I T T I S S — S R • • U 9 

a) 

b) 

metallic In surface 

separate droplets with 
varying diameters 

RGTO In .O. 

interconnected 
agglomerates 

Fig. 7. SEM micrographs. 

Variation of surface morphology can be also investigated by optical methods. 

Due to intensive light scattering - measurements of 
optical transmittance and reflectance were 
performed in the hemispherical mode. 

Spectrophotometer Perkin-Elmer Lambda 19 with 
integrating sphere was used. 

total 

specular 

Fig. 8. Models of transmittance and reflectance measurements 
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Microsystems and sensors ... 

a) 

RGTOIMJOJ total 
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k [nm] 

2000 

b) 

RGTOIn20̂ diffussive 
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Fig. 9.Variations of the reflectivity for films deposited onto substrates kept at 156°C and room 
temperatures respectively are shown on figures below. 

Model: 
0 - angle of incidence 
o - r.m.s. amplitude of surface roughness 

IA 
i: 
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A 
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Sensitivity to ozone was measured with varying O3 concentration till ca 
300 ppb. 
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Fig. 10. Time variations of the ozon sensor resistance. 

As compared to I n P j films obtained by reactive sputtering, RGTO films 
exhibit better stability and shorter recovery times. 

8 0 http://rcin.org.pl



Microsystems and sensors ... 

Many of the sensor structures were fabricated using the substrates manufac-
tured by the low temperature cofired ceramics (iJCC) technology. 

Layer 1 

Layer 2 

Layer 3 

Reveree side 
of layer 3 

Fig. 11. Masks layouts for thin films deposition. 

Specially developed fabrication procedure enabled obtaining of the ceramic 
structures with the upper surface suitable for deposition of thin films. 

The surface of the upper layer of ITCC structure prepared in optimized 
conditions is shown on figure below (AFM micrograph). 

lOOiim 

f47J7iiin 
2368̂ m 

• Onm 
100|im 

(Him Onm 

Fig.l2. AFM microscope image of the upper layer of LTCC" structure. 
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Fig. 13. The variations of sensor resistance with increasing and decreasing H, concentrations 
for the films deposited on both LTCC and Coming 7059 structures. The working temperature 
of the sensors was 350°C. 

Fig. 14. The ready LTCC gas sensor in T05 package. 
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Microsystems and sensors ... 

Our recent activty is also directed onto fabrication of thin film gas sensors 
with substrates manufactured by micromachining. Typical design of the sensor 
is shown on the figure below. 

electrodes. heater sensitive film 
.passivation layer 

^ilpi, 

Si membrane 
Si 

Fig. 15. Typical design of a gas sensor on substrate made by micromachining. 

Recently we started also the manufacturing and investigation of solar cell 
structures based on indium -copper halcopyrites (CIS) heterostructures. Typi-
cal CIS solar cell structure is shown below. 

p-CuInSe 

Glass 

n-CdS n -̂ZnO 

Metal 

M o n-CuInjSe; n-ZnO 

Fig. 16. A recently developed solar cell heterostructure. 
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MODELLING, SIMULATION AND DESIGN OF 
MICROMECHANICAL DEVICES IN ITE 

Jan M. Łysko ' 

R&D activity of the ITB Sensors Department is presented. Several types of the 
piezoresistive-type pressure sensors are already produced in the small scale and 
offered to the customers on the local market. Silicon stmctures' designs, housings and 
technology are still optimized to improve functional parameters of the devices. Other 
sensors are under research. Technological experiments and production are realized in 
cooperation with the ITE Technological Department. PSFET (Pressure Sensitive Field 
Effect Transistor) and DPR (Dew Point Detector) are both developed in cooperation 
with the Warsaw University of Technology. Capacitive and piezoresistive type ac-
celeration sensors are the subject of the ITE individual research program, sponsored 
from the government founds. ISE (Ion Selective Electrodes) and m-TAS (Micro To-
tal Analysis System) are the newly opened programs in the chemical sensor area. 

FIELDS OF ACTIVITY 

Institute of Electron Technology Sensors Department is involved in the 
following subjects : 

• Piezoresistive pressure sensor -
in cooperation with the Wrocław University of Technology 
small-scale production, two individual research projects (Fig. 1 a, b) 

• Piezoresistive acceleration sensor -
one individual research project (Fig. 2) 

• Capacitive acceleration sensor -
one individual research project (Fig. 3 -5) 

• ISFET - ion sensitive field effect transistor - (Fig. 6) 
in cooperation with the Polish Academy of Sciences (Fig.7) 

' Institute of Electron Technology, Al. Lotników 32/46, 02-668 Warszawa, Poland, 
e-mail: jmlysko@ite.waw.pi 
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Modelling, simulation and design of micromechanical devices in ITE 

• PSFET - pressure sensitive field effect transistor -
in cooperation with the Warsaw University of Technology (Fig.8) 

• DPR - dew point detector -
• in cooperation with the Warsaw University of Technology 
• ISE - ion selective electrodes -
• in cooperation with Polish Academy of Sciences and Warsaw 

University of Technology 
• |j,mTAS - micro total analysis system 

in cooperation with the Warsaw University of Technology, 
Wrocław University of Technology and Polish Academy of 
Sciences 
multi-institution project sponsored by the government. 

The following figures illustrate construction details, parameters and select-
ed computer simulation results of the devices under research. 
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sil icon chip Piezoresistors Silicon chip 
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Fig. 1. Piezoresistive, silicon pressure sensor: a) schematic cross sections of the silicon-glass 
structures with the flat and bosset membranes, b) pressure sensor with the temperature com-
pensation elements. 
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0 200 400 600 800 1000 1200 1400 1600 1800 2000 
X [micron] 

Flat membrane 

One bosset 

Two bossets 

Fig. 2. Stress simulation results for the different piezoresistive pressure sensor membranes 
arrangement, SAMCEF® software. 
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Fig. 3. Capacitive and piezoresistive acceleration sensors masks layouts - (a); simulation of the 
seismic mass deflection - SAMCEF® software - (b). 
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Modelling, simulation and design of micromechanical devices in ITE 

Fig. 4. SEM microphotograph of the silicon piezoresistive acceleration sensor chip. 

THERMOMETER 

MEMBRANE 

Fig. 5. Dew point detector masks layout and schematic cross section. 
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11 12 13 10 

Fig. 6. Ion selective electrodes with beck side contact (BSC) for chemical sensing 
schematic cross-section: 

silicon substrate / I/ 
back side contact 111 
conductive, doped areas /3/ i /4/ 
aluminum layer 151 
silicon dioxide SiO^ layer 76/ 
silicon nitride Sî N^ layer 111 
poliHEM layer/9/ 
ion selective membrane/10/ 
gold Au layer/II/ 
silver Ag layer/12/. 
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Model l ing , s imula t ion and des ign o f m i c r o m e c h a n i c a l dev ices in ITE 

Bonding wire Medium under test Resin 

Gate dielectric &/0R 
chemical membrane 

Fig. 7. ISFET - ion sensitive field effect transistor - cross-sectional view. 

Fig. 8. SEM microphotograph of the PSFET- pressure sensitive field effect transistor silicon 
structure. 
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