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ABSTRACT

The ongoing advances in Microelectromechancial Systems (MEMS) areproviding man-
kind the freedom to travel to dimensional spaces never before conceivable. Advances
include new fabrication processes, new materials,tailoredmodeling tools, new fabrication
machines, systems integration,and more detailed studies of physics and surface chemistry
as applied to the micro scale. In the ten years since its inauguration, MEMS technology is
penetrating indusries of automobile, healthcare,biotechnology, sports/entertainment, mea-
surement systems, data storage, photonics/optics, computer, aerospace, precision instru-
ments/robotics, and environment monitoring. It is projected that by the turn of the century,
MEMS will impact every individual in the industrial world, totaling sales up to $14 billion
(source: System Planning Corp.). MEMS programs in major universities have spawned up
all over the United States, preparing the brain-power and expertise for the next wave of
MEMS breakthroughs. It should be pointed out that although MEMS has been initiated by
electrical engineering researchers through the involvement of IC fabrication tectilques,
today it has evolved such that it requires a totally multi-disciplinary team to develop use-
ful devices, Mechanical engineers are especially crucial to the success of MEMS develop-
ment, since 9070 of the physical realm involved is mechanical. Mechanical engineers are
needed for the design of MEMS, the analysis of the mechanical system, the design of test-
ing apparatus, the implementation of analytical tools, and the packaging process. Every
single aspect of mechanical engineering is being utilized in the MEMS field today, how-
ever, the impact could be more substantial if more mechanical engineers are involved in
the systems level designing. In this paper, an attempt is made to create the pathways for a
mechanical engineer to enter in the MEMS field. Examples of application in optics and
medical devices will be used to illustrate how mechanial engineers made impact. Through
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a basic understanding of the history of MEMS, the background physics and scaling in
rnicromechanical systems, and an introduction to baseline MEMS processes, a mechanical
engineer should be well on his way to Alice’s wonderland in the ever-exciting playground
of MEMS.

1.0 Brief History of MEMS -> A lead into the next century

In 1960, Nobel Laureate Richard Feynman of Caltech gave a speech [1] that really proph-
\ esized the MEMS technology with an amazingly accurate description. Feynman pointed
‘ out the now obvious possibilities of mass information storage in atom units and the many

scaling issues one faced when attempting to make micromachines. He later gave a follow
up talk in 1983 [2] and clearly predicted the sacrificial layer technology and described in
detail the many ways in making micromotors and microtools. The main unknown to Dr.
Feynman was the applications of these innovative tiny toys and it remains the main chai-
lenge to our imagination this day. The first silicon-based rnicromechanics structure was
actually devaloped way back in 1965 by Nathanson and WickStrom [3], when they pub-
lished their work on a resonant gate transistor (RGT).

In the 1970s, the electrical engineering departments of Stanford and Case Western
Reserve University pioneered the fabrication of pressure sensors by piezoresistive and
capacitive transduction methods using IC-compatible technologies such as doping, thin
film membranes, and bonding [4,5]. A group at UC Berkeley developed the Lamb wave
ultrasonic device utilizing thin film deposition of aluminum and zinc oxide as well as sili-
con etching [6].

The monumental paper in the 1980s was “Silicon as a Mechanical Material” written by
Kurt Petersen in 1982 [7]. It outlined the important mechanical properties of silicon and
the many processing technologies that were taking place sporadically at the time. Petersen
provided the following 3 major reasons as of how silicon-based micromachining can be
successful: 1) they provide functions which cannot easily be duplicated by any conven-
tional analog or digital circuit, 2) satisfactorilysolve the inherent problems of mechanical
reliability and reproducibility, 3) are fabricationtechniques totally compatible with stan-
dard IC processes since low-cost high-yield device technologies are most likened only if
well-established batch fabrication processes can be employed. It was from this point that
silicon-based micromachining was recognized as a technology field of its own. Petersen
also described the processes to fabricate silicon structures such as etching and bonding of
silicon. Applications that were described include ink jet nozzle arrays, torsion optical mir-
ror scanners, accelerometers, electromechanical switches, and cantilever light modulators.
Bulk silicon micromachining developments were led by German and Japanese research
groups. Microvalves and pressure sensors in Japan were pioneered by Esashi [8]. Neural
probes for neural prosthesis were advanced by Wise’s group at University of Michigan
and silicon devices for biomedical engineering applications were led by Ko at Case West-
ern Reserve University. Pressure sensors for cardiology applications started to be batch
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fabricated in the industry and many MEMS companies started to appear. Polysilicon sur-
face micromachining started with Howe’s chemical vapor sensor in 1984 [13]. Micro-
mechanisms such as polysilicon hinges, sliders, and 4 bar linkages developed both at UC
Berkeley [14, 15] and MIT [17] started to catch the imagination of the public and the elec-
trostatic micrornotor really launched MEMS as a popular term among researchers in virtu-
ally any field today. In Germany, a fabrication technology for high-aspect-ratio tall
structures was developed from postwar nuclear technology with the high energy, deep
penetrating x-rays generated by an accelerator [18]. The term, LIGA, which stands for
lithography, electroplating, and plastic molding could generate plastic or metallic parts

\~ that were hundreds of microns tall, with line widths as small as 2 ~m.

In the early 1990s, hybrid fabrication processes bridging various baseline processes
started being developed. Many processes involved the integration between surface micro-
machining and bulk micromachining processes [19, 20]. Processes involving surfaceklk
micromachining and wafer bonding [21] or deep reactive ion etching [9,10] overcome the
many limitations of standard baseline processes. Precision micromachining was combined
in many cases [25]. On the other hand, many new materials for MEMS were developed for
actuating and sensing advances. Silicon maintains to be the primary material for substrate
for the sake of easy integration with circuits. Prime circuits integration techniques include
Berkeley’s iMEMS, where MEMS devices and CMOS circuits are fabricated on the same
chip. Hybrid packaging advocates state that it is more economic and versatile to fabricate
the MEMS chip and the circuits chip separately, followed by a packaging process. The
development of micro total analysis systems (TAS) [26], connecting reaction chambers
with fluidlc pumps/valves, and sensing is expected to make a major impact in healthcare
and biotechnology, chemical analysis and processing, and environmental monitoring.

As we look forward towards the 21st century, MEMS technology seems to have the poten-
tial to penetrate almost any technology area known to mankind. Projections by Sematech
rank automotive, medical, and process control as the top three MEMS market by year
2000. Ken Gabriel [27], who is the main advocate of MEMS in the UnitedStatesstates
thatthe trendof MEMS being mostly microsensorswill evolve into a microactuators-led
technology. The major strengthin MEMS lies in theability to integratehundredsof
devices in arraysfor powerful datacollection andsmartsystems.The realizationof a high
density of MEMS devices in parallelwith high densitymicroelectronics components
should define the directions of instrumentationdevelopment for thenext century(Fig. 1).
Applications for MEMS in the21st centuryforeseeabletoday will be in datastorage, vir-
tualrealitysystems, home appliances, and portable instruments.However, the full extent
of MEMS advancementswill undoubtedlychange our perception of the world we live and
interact in today and exceed our wildest imaginations.
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2.0Microfabrication for MEMS

The ability to manufacture micro parts and machinery have always been a craft (Swiss
watches) and art (ancient Chinese ivory sculptures). It was not until the invention of the
integrated circuits (IC) that designs of micron scale features virtually invisible to the
naked eye (e.g. E 10 pm) were made possible and transformed “micromachining” into a
science and technology. In@rtant technology breakthroughs that enabled IC fabrication
include rnicrolithography, thin film deposition, precision etching, and metrology methods
to visualize, measure, and calibrate micro devices. All of these inventions enabled the fab-
rication of small devices without having to see and fed while manufacturing, During the
development of these enabling techniques for the IC industry, researchers realized that the
same technology could be used to fabricate devices that convey physical signals as well as
electrons. Figure 2 illustrates how a basic electronic device, a MOS transistor, can be
altered into two micro-cantilevers, becoming transducers that respond to vibrational sig-
nals. Since human factors are eliminated from the fabrication process, physical limits
become the only constraints in making smaller and smarter devices.

It must be noted that parallel technologies to fabricate micro-dimensional parts were in
existence before the invention of MEMS technology. For instance, the fabrication of pre-
cision components by precision machine tools, micro electro-discharge machining
(EDM), laser machining, polymer extrusion and injection molding of plastic micro parts,

~
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Figure 2 illustration of the conversion of integrated circuits devices into
mechanical devices (micro-cantilevers).

electroplating for magnetic recording heads, and prototye production by photoforrning.
Furthermore, the manufacturing of controlled surface finishes by chemical/mechanical
polishing, diamond turning, fine electroforming, spray forming can in some cases
approach the angstrom accuracy. Examples of industries involved in conventional manu-
facturing include the watch industry, glass blowing, microbiological sampling (micropip-
pettes), d~amond cutting, tools for eye surgery, arthroscopic/laparoscopic surgery, etc.
These technologies are in fact the more “mechanical” ways of fabricating “Microsystems”.
These more conventional methods of micromachining became the main focus of how
many mechanical engineers entered the field of MEMS, represented mostly by Japanese
researchers. However, the limitations of conventional methods are the cost of production,
dificulty to mass produce, skillful-labor intensive, assembly required for systems, diffi-
cult to interface with electronics, machine tools. Many of these limitation are overcome by
the IC fabrication methods. Since IC fabrication methods also find its limitations such as a
limited selection of materials, planarization issues for complex multi-layered devices, and
the mainly 2dimensional patterning with no true 3--D manufacturing, it is not a surprise
that recent trends in MEMS find many new fabrication methods a hybrid between the IC
fabrication technologies and the conventional precision machining processes.

A general definition of microfabrication is the building of microstructure by selectively
adding and subtracting precise amounts of material. Precise energy conversion transducers
and signal processing microstructure. It is important to adhere to the principle of deter-
mining what fabrication method to used based on what you are building. Do not count out
any fabrication method when considering a micromechanical device. The following intro-
duce a few standard micromachining processes.
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Figure 3 The fabrication of a knife edge opening and a nitride window by
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Figure 4 isotropic etching to form spherical undercutting

2.1 Bulk silicon microrrtachining

Single crystal silicon (SCS) wafers are thebase substrateof themajorityof semiconductor
electronic devices. Besides Wing the device platform, it hasbeen well known thatthe sili-
con substratecarIbe processed by chemical wet etching andelectrochemicaletching to
form v-grooves, channels, holes, and chambers [7]. Wet etching of silicon can be catego-
rized into anisotropic etching and isotropic etching. In anisotropicetching,wet chemical
etchantsattackthedifferent crystallineplanes athighcontrastetch ratesresultingin selec-
tive removal of variouscrystallineplanes in thesingle crystalsilicon wafer.Typical wafer
orientationsare (110), (100), and (11 1) normal to thesurfaceplane. Etch ratesdepend on
temperature,crystal orientation,etchantcomposition. Typical etchantsareaqueous alka-
line solutions such as potassium hydroxide (KOH), ethylenediamine-pyrocatechol-water
(EDP or EPW), tetramethylammonium hydroxide (TMAH), and hydrazinesolutions.
Typical etching masks are silicon nitride(SiXNY)andsilicon dioxide (SiOz). Figure 3
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illustrates the cross-sectional view of the formation of knife edge opening and a nitride
membrane in (1 10) oriented silicon wafers. Isotropic etching is achieved when the etchant
etches each crystalline plane at virtually the same rate, resulting in a spherical progression
from the boundary of the masking pattem.Figure 4 illustrates the isotropic etching of sili-
con to form spherical undercutting from the boundary of the mask. A typical etchant
would be the composition of water, nitric acid, and acetic acid (or HNA in acronym). In
order to package microstmctures and create v-grooves, channels and membranes, wafer
bonding and etch back techniques are often referred to as part of the bulk micromachining

\
‘ 2.2 Surface silicon micromachining

Polysilicon surface micromachining had been pioneered by research done at Berkeley [13-
16] and MIT [17]. Figu~ 5 illustrates the fabrication sequence for a rnicrocantilever. After

Sacrificial

r- 12//’///4’/#-- layer
Si wafer

I t [ I

Plasma dry etch the polysilicon

Wet etch the samifkiat oxide
layer

Figure 5 Polysilicon surface micromachining of a cantilever beam

the deposition of insulation and grounding layers for capacitive sensing purposes, a sacri-
ficial silicon dioxide layer is deposited by low-pressure-chemical-vapor-deposition
(LPCVD). Anchoring openings in this oxide film defines where the subsequent polysilicon
will be anchored to the substrate. After the deposition and patterning of LPCVD polysili-
con by photosensitive resist, the sacrificial layer is selectively etched away by hydrofluoric
acid (I-IF).The result is an overhanging microcantilever. The main advantage of polysili-
con surface micromachiningis is that it is compatible with most IC fabrication processes
and therefore invites the integration of the two. Polysilicon is relatively tough as a



mechanical material, unlike the brittle single crystalline silicon [28]. The Young’s modu-
lus of polysilicon has been reported between 140 GPa and 160 GPa (16, 32], which is
comparable to stainless steel (210 GPa). Recent progress in the field is reported in [33],
reporting on the many processes of integrating this technology with integrated circuits
fabrication.

2.3 High Aspect Ratio MEMS -- LIGA

\ Although surface and bulk silicon micromachining are the major fabrication technologies
‘ for MEMS, they each have their intrinsic deficiencies. For surface micromachining, since

thin film deposition of semiconductor materials are typically limited in the maxmimum
thickness to 2-3 pm, and minimum widths of 1-2 pm, the height-to-width aspect ratio is at
most 2-3. The relatively small aspect ratio limits the ability for surface micromachining
moving parts to perform useful work to the outside world. Most surface rnicromachined
actuators are being applied to the optical light beam scanning and not other physical
realms. As for bulk silicon micromachining, although the depth of the microstructure can
be up to hundreds of microns, the restriction by the preferential single crystalline planes in
bulk wet etching and the lack of lateral dimensional control also limits the height-to-width
aspect ratio to less than 10. One of the most prominent methods to fabricate high aspect
ratio rnicrostructures is by the LIGA technology. LIGA is the German acronym for
Lithography, Galvanoformung, and Abformung, which stands for lithography,electro-
forming and plastic molding, This technology was firstdeveloped by the Karlsruhe
Nuclear Research Center [35]. It utilizes thedeep penetratingand high parallelityX-rays
generatedby sychrotronradiation(2-3A), patternscan be formed in X-ray sensitiveplastic
resists(usually PMMA) Withthicknessesof hundredsof microns while maintaining
micron dimensions laterally.This plastic mold sitson a conductive pre-pattemedseed
layer and metallic structurescan be electroplatedthroughthepatternsin theplastic.MetaI-
Iic structuresare thusformed. If the metal is allowed to mushroom over theresist,and
thenseparatedfrom the resisg a metalmold is produced. Plasticsare injection molded
with a conductive seed layer for themass production of metallic parts.LIGA microstruc-
ture can be up to 400 pm tall with 2-3 p.mline widths.More recently,new fabrication
methods such as deep vertical etching of silicon via reactiveion etching [9], controlled
porous silicon fabrication methods [11,12] have provided versatilityto the forming of
quasi 3-D, high aspect ratio MEMS (see sec. 2.4)

2.4 Other Processes

Recent developments in the deep etching of silicon either by the plasma-based reactive ion
etching (RIE) has allowed the arbitrary patterning of silicon masks creating many tall pat-
terns without the restrictions of crystalline plane orientation in bulk silicon micromachin-
ing [10, 9]. These methods have a potential to displace bulk rnicromachining based on
chemical wet etching processes [see sec. 2.4]. It also has advantages over LIGA, since the



—. ———...-— ,... ., ..—.”— . ..— . . .

I
‘

fabrication process is more compatible with IC fabrication and it does not require a syn-
chrotronsaccelerator, allowing general access to the technology.

A combination between surface micromachining, bulk micromachining, and high aspect
ratio micromachining with wafer bonding and other packaging technologies have
increased the versatility of MEMS processes.

3.0MEMS from a Mechanical Engineer’s Perspective
\
‘ Scaling can be illustrated in the main areas of mechanical engineering of solid mechanics,

mechanisms, fluid mechanics, dynamics (mechanical vibration), tribology, and heat trans-
fer.

The simplest way to view scaling is by looking at the surface-to-volume ratio.For exam-
ple, the simplest exampie for solid mechanics is the micro-cantilever. By using beam the-
ory, it is noted that the stiffness of a cantilever when applied a vertical external load is
proportional to the scale factors, which is defined as the scale of the unit length after scal-
ing. At first glance, it may seem as though the stiffness is scalable and that there shouldn’t
be any stiffening of the beam. However, the relative stiffness to the forces applied is what
determines the relative displacements achievable. If all dimensions of a cantilever is
shrunk down to 1/1000 (s= 1/1000), it would require the a force F’s to deflect the tip of
the cantilever the proportional amount of A~s, where F and Ay are the force and deflec-
tion in the macro scale. However, normal environmental loads are scalable by surface area

(e.g. electrostatic forces, hydrostatic forces) which are proportional to surface area ~,

yielding a deflection of Ay#, or Ay/10002. Field loads such as gravity force and magnetic

force are scaled bys 3, fhrther decreasing the deflection and illustrating the relative stiff-
ness of the cantilever beam.

Mlcrostructures are excellent heat exchangers and can provide great efficiency in cooling
due to the great surface-to-volume ratio. [36, 34]. Silicon microchannel heat sinks have
been applied to IC chip cooling for high performance electronics [7] and also to high
power lasers diodes.

Resonant microstructure are one of the most intriguing MEMS device with the most
wide-spread applications in inertial sensing, actuation [28], chemical vapor sensing [13],
and even communication systems [29]. For a one degree-of-freedom oscillation system,

the resonant frequency~is proportional to (Wm)]flwhere k the stiffness of the suspending

flexure spring, and m is the mass of the system. Since k is proportional to 1,and m is pro-

portional to 13,~is proportional to 1/2..Therefore for a system scaled down 1000 times, the
resonant frequency is increased 1000-fold.



Microfluidics is becoming the hottest topic in MEMS for the great potential in bioanalyti-
cal and bioprocessing for clinical, laboratory, and pharmaceutical rnicrosystems [37, 38].
However, for most microchannel designs, the Reynold’s number is extremely low, not
allowing the necessary turbulent flow for mixing. Viscosity becomes dominant in the
design of fluidic”systems, and many common sense macro scale designs must be rede-
signed. The design of high power rnicropumps is extremely difficult since liquid seems
like honey and no inertiaI effects can be utilized in pumping. High surface tension forces
also become a cause for stiction of microstructure. One of the few pumping mechanisms
utilize the scaling of surface tension force in the liquid-gas interface of a microbubble
[39]. Another important phenomena is when designing relatively large plates parallel to
the substrate with small gaps, then squeeze film could occur where the air in the gap can
not easily escape with movement of the plate vertial to the substrate.

Mechanisms design is often viewed as a mechanical engineer specialty. In the design of
rnicroscale mechanisms, the design rules are once again changed. At the University of
Michigan, a research group [40] demonstrates the advantages of flexure hinges over pivi-
tol bearing joints. Since the surface to volume ratio is increased as the mechanisms are
scaled down, the surface forces such as capillary viscous, electrostatic residual charge
attraction in the residual oxide dielectrics become dominant over the Coulomb friction
force. Stiction is a result of these surface forces and can cause breakdowns in the design of
rnicromotors. Another advantage of flexure hinges is that it can be readily designed using
the mainly 2-D lithographical patterns.

A good rule of thumb a MEMS designer must have is to always seek to utilize besides
avoid physical properties that suffer from scaling.

1

4.0Microactuators and Systems Design

Microactuators is what enables MEMS to be real powerful since it provides an active
response to the environment instead of merely reactively sensing. Therefore a complete
system is available instead of a single device. The earliest applications for microactuators
were microswitches and optical modulators. Although microactuators are essential to
MEMS, it is still in its infancy in its development, especially in the commerial sector.
Most of the high impact, systems applications have sophisticated microactuators as the
heart of the product.

Microactuators can be categorized by the physical actuation source into energy field actu-
ators (electrostatic, electromagnetic), phase transformation actuators (shape memory
alloys, two-phase bubble surface tension), thermal expansion actuators (bimorph), hydrau-
lic actuators, optical actuators, and smart materials (smart polymers, piezoelectric actua-
tors). There are also indirect actuation methods such as the impact actuation by a resonant
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structure, ultrasonic wave propagation or a thermal stepping motor (e.g. microvibromotor,
fluid transport, thermal stepping) [28, 30, 31]. It is important to choose an appropriate
actuator for a specific application, and the output workholume and the frequency are the
most important factors for design consideration [22]. Figure 6 is a graph indicating where
current published actuators fall in the workholume output versus cycling frequency chart.
Since MEMS actuators are mostly thin film driven, the work should be measured by unit
volume to indicate the force density available. Shape memory alloys may provide the
highest worldvolume available but the cycling frequency is intrinsically low due to slow
thermal cycling frequencies possible. On the other hand, PZT actuators provide a much
higher frequency at a lower output work. Actuator design considerations include force,
displacement, size, cycling frequency, power requirements/efficiency, lifetime, corrosion,
process compatibility, cost.
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5.0 MEMS Applications and Existing Markets

The most important application areas for M13MSare automobile, healthcare,biotechnol-
ogy, sportslente~inment, measurement systems, data storage, photonics/optics, com-
puter, aerospace, precision instruments/robotics, communications. Vktually any aspect of
modem technology is being impacted by MEMS components. Highlighted in this paper
will be inertial sensors for the automobile industry, pressure sensors and minimally-inva-
sive therapy for heaIthcare, PCR and electrophoresis for biotechnology, and MEMS actua-
tors for photonics.\\

Silicon micromachined accelerometers provide light, compact, and inexpensive advan-
tages much needed in the automobile industry. Inertial sensors could be used for airbag
deployment, active suspension feedback, and ABS systems. It is predicted that up to 4 sil-
icon micromachined accelerometers will be installed in many cars before the turn of the
century [23]. Lucas NovaSensors has been selling a bulk silicon micromachined piezore-
sistive accelerometer and Analog Device Corp. started selling the ADXL50 accelerometer
(surface micromachined capacitive accelerometer) to the auto industry for airbag deploy-
ment in 1993.

Silicon m.icromachined pressure sensors were the first commercial success of MEMS in
the medical field. These pressure sensors are most commonly used to monitor continu-
ously the blood pressure during major surgeries. Other applications include intrauterine
pressure sensors to monitor the pressure in the head of a fetus, monitoring of myocardial
pressure gradients, and the monitoring of angioplasty balloon pressures. Since silicon
micromachining offers the advantages of batch fabrication, disposable sensors not only
reduces the manufacturing cost of the medical pressure sensors but also eliminates the
need for sterilization. In ‘1995,more than 15 million silicon micromachined pressure sen-
sors have been sold [24].

The feasibility of MEMS to provide sensing, actuating and Microsystems is valuable in the
healthcare area where miniaturization means to feel, maneuver, and treat in localized
affected areas with singular or distributed devices. Minimally-invasive therapies (MIT)
has provided mankind with an alternative to open surgery with advantages such as
reduced trauma to the patient, minimal side effects, and shorter hospital stays which result
in reduction in healthcare costs. However, many of these procedures add constraints to the
space to maneuver instruments and the ability to image the operation site. Micro electro-
mechanical Systems (MEMS) can potentially improve on both ends, with micro-sized
tools providing not only the size advantages but also smarter functionality by integrating
sensing/imaging with actuation. Examples of minimaily-invasive techniques include
catheters which could enter blood vessels and cavities in the human anatomy, or laparo-
scopic surgery with multiple instruments going through holes in abdominal cavities. At the
Lawrence Livermore National Laboratory, a silicon microgripper example with a large
gripping force, a relatively rigid structural body, and flexibility in functional design is
developed as a rnicrotool for catheter procedures [43]. Figure 7 is an SEM micrograph of
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the silicon gripper. The actuation is generated by NiTiCu shape memory alloy (SMA) thin
films.

Figure 7 SEM of LLNL’s SMA-actuated silicon microgripper

In the rapidly expanding field of biotechnology, MEMS is being touted as the revolution
for instrumentation that will speed up analysis and DNA sequencing techniques. Micro
reaction chambers silicon micromachined can perform polymerase chain reaction (PCR)
at faster rates due to the smaller thermal mass and the possibility of controlled thermal
cycling [44]. MEMS is also used to generate microchannels for electrophoresis [45]

Optical applications seems to be the most logical application for MEMS with the develop-
ment of laser diodes and small diameter optical fibers. Examples of applications include
optical fiber connectors by LIGA-based company MicroParts in Germany, the Digital
Micromirror Device (DMD) for projection displays by Texas Instruments. At UCLA, on-
chlp bench top optics have been realized by surface micromachining [46]. At UC Berke-
ley, laser scanners by rnicroresonators and precision micro optic alignment is carried out
by microvibromotors displacing micromirrors [47].

6.0 ME in MEMS and MEMS in ME

There are three major types of mechanical engineers in the MEMS field. One is the tradi-
tionally trained ME, with a specialty such as heat transferor solid mechanics, who enter
into the field of MEMS looking to solve a problem in their specific field of interest.
Another type is the similarly traditionally trained ME who is interested in applying his
specialty in the up and coming field of MEMS. The third type is the rare species, who
received most of their specialty education simultaneously trained in MEMS and mechani-
cal engineering. An example of the first type is Professor Chih-Min Ho at the ME depart-
ment of UCLA. Professor Ho pioneered the concept of using MEMS to control the
boundary layer to control drag forces on the wings of aircrafts. He is an expert in fluid
dynamics so he obtains the vision and the broader aspect of how MEMS actuators could
be used with his deep understanding in the boundary layer dynamics. His task was to
understand how to interact with MEMS design experts and understand the physical limits
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of actuation methods availble by MEMS. The second type of mechanial engineer could be
found in Professor George C. Johnson at UC Berkeley. His specialty is mechanical proper-
ties of materials arid solid mechanics. Whh the team work of Dr. Peter Krulevitch, they
studied how the processing conditions of polysilicon can effect the mechanical properties
of polysilicon devices such as Young’s modulus, residual stress, and toughness. The third
type of mechanical engineer include the author, Professor Chang-jin Kim at UCLA, Pro-
fessor Liwei Lin at University of Michigan. ~pically these researchers work in a variety
of mechanical engineering aspects of MEMS and apply their broader-based ME knowl-
edge to designing and analyzing MEMS devices. They must acquire much deeper knowl-\

‘ edge in fabrication as a traditional EE MEMS person would. They are often the briges
between MEMS technology and the ME community.

It must be emphasized that the application of MEMS can only be limited by our imagina-
tion. In traditional mechanical engineering fields such as motors, bearings, biomechanics,
gears, engines, MEMS components can most certainly make a difference in the higher end
products. For example, in gears for transmission, micro inertial sensors can detect the
vibration of critical components for fatigue monitoring, or to provide feedback control to
increase efficiency.

Mechanical engineers must be willing to devote themselves to the steep curve of learning
fabrication and design of MEMS. As in any interdisciplinary field, the knowledge must
overlap among the sub-specialties for cohesive collaborations to occur.

7.0Summary

MEMS is a field that is dominated by mechanial issues throughout the process of research,
development, manufacture and commercialization. The commercialization of MEMS is
slowly taking off in traditional manufacturing fields as well as in the creation of new
fields. Although the start up curve of MEMS can often be steep, the payoff is high because
the cross fertilization is fast throughout all specialties, including rnechnical engineering.
MEMS must draw upon the development of the IC industry but not be limited by the IC
technology. The mechanical engineers can greatly enhance the creativity and applications
of MEMS. It is possible for medium size companies to create a cleanroom for simple
MEMS development, but often this not advised MEMS is best initiated at universities
with multi-department involvement or at large laboratories where resources are central-
ized. After basic research is carried out for specific devices, manufacturing can then be
shifted with the help of mechanical engineers and MEMS researchers. MEMS is gradually ,
shifting to arrays of smart devices as MEMS component technology become more and
more mature. Industries not typically associated with MEMS such as the bicycle industry,
the plastic industry, the farming industry, the tennis racket industry and the paper idustry
could conceivably create high added-value products by introducing MEMS. Virtualreality
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combined with remote telecommunication and the intemet capability is the area where
MEMS will make the greatest impact to our daily lives.

This work was performed under the auspices of the US Dept. of Energy by the Lawrence
Livermore National Laboratory under contract no. W-7405-ENG-48.
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