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SUMMARY 

 
This paper will offer an overview of evolution of miniaturization of engineering systems and 
devices that was initiated a half century ago.  The trend of further miniaturization of devices to 
the ultimate atomic scale will not only continue it will become a dominant technological 
development in the first half of the new century if not longer. Such development will require 
significant changes in every aspect of design and manufacture, as well as production 
management over traditional engineering practices.  
 
Production of miniaturized device components and engineering systems of micro- and nano-
scale is clearly beyond the capability of current machine tools.  Shaping device components of 
complex geometry in micrometer scale with high dimensional accuracy requires the use of 
specific and carefully controlled physical-chemical processes.  Many of these processes result in 
adverse or intrinsic effects that need to be accounted for in early stage of design considerations.  
The nature of the minute sizes of these products also creates many problems in assembly, 
packaging and testing. 
 
Further miniaturization of devices to nanometer scale presents even greater challenges to 
engineers in design and manufacture. Most of the design principles that are derived on the bases 
of continuum theories need substantial modifications in order to accommodate relevant 
principles related to quantum physics and quantum mechanics for device structures in 
nanometers. Manufacturing of nano-scaled devices and components involves isolation, 
transportation and re-assembly of atoms and molecules. This “nanomachining” technology 
involves not only physical-chemical processes as in the case of microfabrication, but it also 
involves application and integration of the principles of molecular biology.  
 
Proper design and manufacture of micro and nano systems require engineers and technical 
mangers to be equipped with inter-disciplinary knowledge in engineering and basic sciences.  
Such experienced personnel rarely exist in today’s industrial environment.  A new set of 
curriculum in post-secondary education systems are in urgent need by our society in order to 
meet the enormous challenges induced by this imminent industrial revolution of the 21st Century. 
  
** A plenary speech delivered at the 2002 IEEE/ASME International conference on Advanced 
Manufacturing Technologies and Education in the 21st Century, Chia-Yi, Taiwan, Republic of China, 
August 10-15, 2002. 
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Introduction 
 
The 20th century that ended a few years ago was full of excitement for engineers.  One would 
conclude from the great engineering achievements presented in Table 1 that every one of these 
achievements has significantly contributed to the high living standards that we enjoy today.  
 

Table 1  Greatest Engineering Achievements of the 20th Century 
Selected by the US Academy of Engineering 

 
 
 
 
 
 
 
 
 
 
 
 
While no one can predict what the great engineering achievements in the new century will be, 
many prominent researchers promise that these achievements will be much more significant to 
the wellbeing of human than those presented in Table 1 for the past century.  Table 2 shows 
some of the predicted industrial products that we can foresee happening by the end of this 
century. One may readily agree that many of the listed future industrial products are results of 
new technological achievements that are indeed well beyond our imagination. 
 
We will soon realize that miniaturization is the core technology that will produce all these future 
products! 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1.  Electrification* 11. Highways
2.  Automobile* 12. Spacecraft*
3.  Airplane* 13. Internet
4.  Water supply and distribution 14. Imaging
5.  Electronics 15. Household appliances*
6.  Radio and television 16. Health technologies
7.  Agriculture mechanization 17. Petroleum and petrochemical 

      technologies
8.  Computers 18. Laser and fiber optics
9.  Telephone 19. Nuclear technology*
10. Air conditioning and refrigeration* 20. High performance materials
                          
* Largely mechanical engineering



 3 

 
 

Table 2 Futuristic Industrial Products in the 21st Century 
 

“Dream” Products “Near-Term” Products 
•”Dust sized” super-intelligent, super fast   
   computers 
• “Needle-tip” robots 
• Spacecraft weighing less than a family car of   
    today 
• Biomedics, such as in-vivo surgical systems   
   that can sustain human life to 150 years  
• Tele-transportation that can transport humans  
   anywhere on Earth in seconds 
• Spacecraft for inter-planet travel of  
    humans and cargo  

• New vaccines and medicines for currently  
   incurable diseases 
• Synthetic antibody-like nanoscale drugs and  
   devices that seek out and destroy malignant  
   cells in humans or animals  
• In-vivo medical diagnostic and drug delivery  
   systems 
• Smart surface coating materials with self- 
   adjusting thermal conductance for super- 
   energy efficient buildings and refrigeration  
   systems 
• Smart fabrics for self-cleaning clothes 
• Super-strong materials for lightweight  
   airplanes, vehicles and structures 
• Clean energy conversion systems and super- 
    long life batteries 
• New breeds of crops and domestic animals  
   that can feed the entire population in the  
   world 

 
 
 
Miniaturization – An Inspiration by Richard Feynman 
 
In one of the most frequently quoted classical papers of our recent time, a Nobel Laureate by the 
name of Richard Feynman offered “a field, in which little has been done, but in which an 
enormous amount can be done in principle." This field is “Miniaturization!” [1].  Feynman 
actually coined the term “miniaturization” in science and technology for our time, and he laid the 
corner stone for what we are building on what we call “nanotechnology” today.  This happened 
more than forty years ago!  
 
Feynman’s vision in miniaturization was inspired by his appreciation in what he called “the 
marvelous biological systems.”  Now, allow me to quote what he wrote in the paper:  
 
“In the tiniest cell, all information for the organization of a complex creature such as ourselves 
can be stored.  All this information – whether we have brown eyes, or whether we think at all, or 
that in the embryo the jawbone should first develop with a little hole in the side so that later a 
nerve can grow through it – all this information is contained in a very tiny fraction of the cell in 
the form of long-chain DNA molecules in which approximately 50 atoms are used for one bit of 
information about the cell.” 
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He went on to write: “Biology is not simply writing information; it is doing something about it.” 
“Many of the cells are very tiny, but they are active; they manufacture various substances; they 
walk around; they wiggle; and they do all kinds of marvelous things – all on a very small scale.  
Also they store information.  Consider the possibility that we too can make a thing very small 
which does what we want – that we can manufacture an object that maneuvers at that level!” 
 
If we are to produce devices that are as intelligent and efficient as these biological systems, we 
must first develop super fast intelligent computers, which are the “brains” of any such system.  
The computer that can perform human brain functions, as those by the biological cells using 
current technology (Feynman’s time), would be the size of the Pentagon, in which the US 
Defense Department is situated, and would operate with all the power that the entire TVA 
generation station can produce!   Feynman continues: “So, ultimately, when our computers get 
faster and faster and more and more elaborate, we will have to make them smaller and smaller.  
But there is plenty of room to make them smaller.  There is nothing that I can see in the physical 
laws that say the computer elements cannot be made enormously smaller than they are now”. 
 
The fundamental technique that Feynman proposed for manufacturing miniaturized devices and 
systems involved evaporating materials and the attached insulation materials (in atomic scale)- 
layer-by-layer with subsequent chemical synthesis.  That idea serves as the basis of what we 
refer to as “nanotechnology” today. 
 
 
Miniaturization – The Third Industrial Revolution 
 
To the best of my knowledge, the concept of miniaturization, which Feynman advocated in 1959, 
did not receive immediate attention by the science and technology communities as it deserved.  
However, the technological development towards miniaturization was actually initiated with the 
invention of transistors by three other Nobel Laureates, W. Schockley, J. Bardeen and W.H. 
Brattain in 1947.  This crucial invention led to the development of the concept of “integrated 
circuits (ICs)” in 1955, and the production of the first IC three years later by Jack Kilby of Texas 
Instruments. These developments that took place a few years before Feynman’s advocacy of 
miniaturization led to a subsequent glorious development of microelectronics for the next 50 
years!   
 
A well-recognized fact is that the invention of steam engines in 1765 as shown in Figure 1 
triggered the first industrial revolution, since for the first time in history; “machine power” had 
replaced “human and animal power” in producing and transporting industrial goods. Subsequent 
developments of machine tools paved the way for the establishment of factories for future mass 
production of industrial products.  The rapid sprawling of railroad networks shortly after the 
invention of steam engines facilitated effective flow of raw materials and finished products that 
did not exist before. 
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Figure 1 The Evolution of Industrial Technologies 
(compiled by Tai-Ran Hsu) 

 
 
The electrification that replaced steam power in early 20th Century began what many of us refer 
to as the “second industrial revolution”.  Major developments in the early stage of this new era 
included the development of the fusion welding technique, the assembly line concept, and the 
scientific management of the movement of materials and parts, which led to development of 
what we refer to as “advanced manufacturing technology”.  
 
While the unparalleled developments in advanced manufacturing were clearly attributed to the 
many engineering achievements of the 20th Century as presented in Table 1, one cannot ignore 
the fact that such development would not have been possible without the invention of transistors 
in 1947 and the subsequent development of the IC design and fabrication technologies.   With 
the rapid advances in the IC technology, we were able to produce smaller and faster computers 
as Feynman so clearly predicted 40 years ago.  One noticeable example is the miniaturization of 
the ENIAC computer - the first digital computer, to today’s “palm-top” computer with a 108 
reduction in size and 108 times increase in computational power!  Although this miniaturization 

1st Industrial Revolution:

• Watt’s steam engine
   (1765)
• Machine tools
  (Wilkinson’s boring
   machine 1775)
• Interchangeable parts
  manufacturing
  (Whitney 1797)
• Factory system.
• Rail roads (∼1800)

2nd Industrial Revolution:

• Electrification 
   (began in 1881, replaced 
    steam power in 1920).
• Fusion welding (1990)
• Assembly line 
  (Henry  Ford 1913)
• Scientific management
  Movement of materials
  and parts.
• Mass production (1940).

Year 1770-1850 1900

3rd Industrial Revolution -
Miniaturization:

Advances in manufacturing:
Automation + Quality control & assurance

• Computer process control (late 1950-early 1960.
• PLC and NC machine tools (early 1970)
• Industrial robots (1980s)
• CAD/CAM/CIM (1980-1990)

1947

1st digital computer,
ENIAC (1946)

IC (1955) 1982

Miniaturization by
Microsystem
Technology

Miniaturization by
Nanotechnology
(1995 -    )

2000

Invention of transistors

Intel µ-process chip 
(1971)

e-factory automation

Internet (1983)
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is not even close to what Dr. Feynman advocated, but it is nevertheless a substantial 
improvement.  
 
The micro fabrication techniques that are used to produce miniature ICs are radically different 
from those that used in the advanced manufacturing technologies developed in the mid-1990s.  
These “process-related” manufacturing technologies have not only triggered the rapid advances 
in microelectronics, but they have also opened the door for the manufacturing of miniaturized 
devices that none of the traditional machine tools could ever produce. We may thus regard the 
invention of transistors in 1947 as the beginning of the “third industrial revolution” as indicated 
in Fig. 1. It has effectively paved the way to the ultimate miniaturization as advocated by Dr. 
Feynman over 40 years ago. 
 
 
Miniaturization – The Core Manufacturing Technology of the 21st Century 
 
While Dr. Feynman’s predictions in miniaturization may have been motivated by his own 
scientific curiosity and conviction, the reality is that miniaturization also makes economic sense.  
There has been increasing demand by consumers for intelligent and multi-functional products. 
For example, the debut of hand-held mobile telephone sets a decade ago revolutionized verbal 
telecommunication between people around the world. We are now producing the same sets not 
only to transceive voice messages but they can also transceive color pictures and video images, 
e-mails, as well as access to the Internet. Such intelligent and multifunctional devices have 
become a fact of modern-day life for billions people in our society.  This trend in market demand 
for intelligent, multi-functional consumer products can only be met by packaging more and more 
sensors, actuators and processors into smaller finished products.  There is only one way that the 
industry can accomplish this new paradigm of market demand.  That is “miniaturization”. 
 
Miniaturization also makes a lot of engineering sense as I will summarize below [2]: 
 
(1) Small systems can move or stop more quickly than larger systems due to low mechanical 

inertia.  They are thus ideal for precision movements and for rapid actuation. 
(2) Miniaturized systems encounter less thermal distortion and mechanical vibration due to low 

mass. 
(3) Miniaturized devices are particularly suited for biomedical and aerospace applications due to 

their minute sizes. 
(4) Small systems have higher dimensional stability at high temperature because of low thermal 

expansion. 
(5) Smaller size of the systems means less space requirements.  This feature allows the 

packaging of more functional components in a single device. 
(6) Less material requirements in smaller systems mean low cost of production and 

transportation. 
(7) Being small, they can be mass-produced in batches.   
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Microsystems Technology 
 
The term “micromachining” was coined in 1982.  It is the technology that produces device 
components that range from one micrometer to one millimeter. To give you an idea of micro 
scales, one micrometer is about one-tenth the diameter of a human hair. Microsystems that 
include “microelectromechanical systems” (MEMS) have been manufactured using much the 
same microfabrication techniques developed for ICs. A summary of available microsystems 
products is presented in Figure 2. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 A summary of Microsystems Products 
 
Many of the products presented in Figure 2 have been successfully commercialized.  The 
projected revenue of MEMS and microsystems is in the range of $12 to $132 billion by Year 
2005. The high end in the revenue projection includes mass produced microsystems such as 
inkjet printer heads and read/write devices for data storage systems. Commercial success of some 
of these products and the emerging market outlook are indicated in Figure 3. 
 
Despite the fact that almost all microfabrication techniques developed for the production of ICs 
are used extensively for silicon-based MEMS and microsystems, there are significant differences 
in the design and manufacture of these products as summarized in Table 3. 
 
 
 
 
 
 
 
 

          Micro Sensors:

Acoustic wave sensors
Biomedical and biosensors
Chemical sensors
Optical sensors
Pressure sensors
Stress sensors
Thermal sensors

Micro Actuators:

Grippers, tweezers and tongs
Motors - linear and rotary
Relays and switches
Valves and pumps
Optical equipment (switches, lenses &
mirrors, shutters, phase modulators,
filters, waveguide splitters, latching &
fiber alignment mechanisms)

         Microsystems = sensors + actuators 
                    + signal transduction:
•••• Microfluidics, e.g. Capillary electrophoresis (CE)
•••• Micro accelerometers (inertia sensors) 
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Figure 3 Commercialization of MEMS and Microsystems Products 

 
Table 3 Microsystems (MEMS) and Integrated Circuits (ICs) 

Microsystems and MEMS  
(silicon-based) 

Integrated circuits (ICs) 

Complex 3-dimensional structures Primarily 2-dimensional structures 
Packaged products may involve moving 
components, light beams, fluids and chemicals 

Stationary structure once it is packaged 

Perform a variety of specific biological, chemical, 
electromechanical and optical functions 

Transmit electricity for specific electrical functions 

Delicate components are interfaced with working 
media 

Delicate dies are protected from contacting media 

Use single crystal silicon dies and silicon 
compounds, ceramics and other materials, e.g. 
quartz, polymers and metals 

Use single crystal silicon dies, silicon compounds, 
ceramics and plastics 

Many more components to be assembled Fewer components to be assembled 
Lack of engineering design methodology and 
standards 

Mature design methodologies 

Simpler patterns over the substrates, but require 
complex electrical circuits for signal transduction 

Complex patterns with high density of electrical 
circuitry over substrates 

No industrial standard to follow in design, 
material selections, fabrication processes and 
packaging 

Industrial standards available 

Normally in low volume batch production on 
custom-need bases 

Mass production 

Distinct manufacturing techniques of Bulk micro 
manufacturing, Surface micromachining and the 
LIGA process 

Manufacturing techniques are proven and well 
documented 

Packaging and assembly technologies are at 
infant stage 

Packaging and assembly technologies are well 
established 

Lack of testing and measurement techniques and 
tools 

Well documented techniques available 

Involves all disciplines of science and 
engineering 

Primarily involve electrical and chemical engineering 

Recent Market Dynamics

Old MEMS New MEMS
Pressure sensors
Accelerometers
Other MEMS

BioMEMS
IT MEMS for Telecommunication:
(OptoMEMS for fiber optical networks
  RF MEMS for wireless)

Major commercial success:

Pressure sensors and inertia sensors with annual world market of:

Inertia sensor for airbags at 50 million units.
Manifold absolute pressure sensors at 40 million units
Disposable blood pressure sensors at 20 million units
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Nanotechnology – The Ultimate Miniaturization 
 
Nanotechnology, as inspired by Richard Feynman’s presentation in 1959 [1], is an emerging 
manufacturing technology that will allow engineers to manufacture devices and structures in 
nanometer scale.  One nanometer (nm) is equal to 10-9 meter, which is another 3 orders of 
magnitude smaller than a micrometer. Ten shoulder-to-shoulder hydrogen atoms span one 
nanometer [3]. One may view nanotechnology as the art of science of building complex practical 
devices with atomic precision with desired properties and characteristics.  The first man-made 
nano structure is the “Buckyball” produced by Richard Smalley, a Nobel Laureate from Rice 
University in 1985 [4, 5].  This structure was made of 60 carbon atoms packed in a shape of a 
soccer ball with a diameter of 0.7 nm. There have since been nano structures of other geometry 
of particles, wires and tubes made from carbons, silicon, gallium nitride and other 
semiconducting materials produced by scientists and engineers from many parts of the world. 
Currently, principal applications of nano particles are in drug discovery and delivery, whereas 
nano wires and tubes are used for gates and switches in nano electronics and devices. The basic 
geometry of these nano structures will likely lead to the production of gears and bearings at nano 
scales in the foreseeable future. 
 
Manufacturing of nano device components involves the following three major steps: 
 
Step 1: Isolation of atoms of selected materials:  

Atomic force microscope (AFM) and Scanning tunneling microscopes (STM) illustrated 
in Figure 4 are used to isolate atoms, usually from “soft” materials such as gold. The 
AFM is used to “push” atoms from the surface of the base material in the desired 
directions, whereas the STM is used to destroy the atomic bonds at the surface of the 
matter by localized bursting of electric current at the probe tip. 

 
 
 
 
 
 
 
 
 
 
 (a) Atomic force microscope       (b) Scanning tunneling microscope 
 

Figure 4  Probe-Surface Interaction of AFM and STM 
 
 
 
 
 

Laser source Light detector

Scanning of AFM probe

Repulsive Force
Narrow gap, dFine metal 

needle tip

Scanning probe

V
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Step 2:  Assembly of loose atoms: 
The loosened atoms are “transported” to the desired locations to form the intended shapes 
by the same tip of the AFM or by the needle-tip probe of the STM used in “breaking-
loose” of these atoms. 

 
Step 3:  Re-bonding of atoms: 

Synthetic chemistry is a commonly used technique for re-bonding the aggregated atoms.  
Scientists around the world are also developing biological means for the same purpose. 
“Natural molecular machines” involved in produce proteins, enzymes and antibodies are 
the prime candidates for such purposes. 

 
Various attempts have been made by engineers and scientists in computer and “chip” companies 
to develop “single-electron transistors” and nanotube circuits.  Single-electron transistors work 
on the principle of manipulating the direction of spin of single electrons to act as “on-and-off” 
switches.  Nanoelectromechanical systems (NEMS) will be a step closer to reality upon the 
success of such developments.  
 
Miniaturization in Micro and Nano Scales 
 
Figure 1 indicated that the two current technological developments relating to the miniaturization 
of devices and engineering systems are microsystems technology (MST) that began in 1947 and 
the more recent development in nanotechnology (NT). The development of MST has reached a 
stage of maturity that many miniaturized products such as those presented in Figure 2 have been 
made available for the consumers.  The products that we expect from nanotechnology, however, 
remain futuristic as presented in Table 2. One might assume the difference between these two 
prevalent technologies for miniaturization is nothing more than in the size of the objects that one 
has to deal with, and that nanotechnology is a natural extension of microsystems technology. 
Such a notion proves to be incorrect.  
 
The fundamental difference between these two technologies is that MST is a “top-down” 
approach, whereas NT is a “bottom-up” approach.  The sciences, on which these technologies 
build, differ as well.  As indicated in Table 4, MST technology is built on the framework of 
solid-state physics, whereas NT is derived from much more complex theories of quantum 
physics and quantum mechanics.  Several other differences between the two technologies are 
presented in the table below.  We are thus convinced that “nanotechnology is NOT a natural 
evolution, or an extrapolation of the microsystems technology. 
 
A recent report on the outlook of nanotechnology indicated that although the estimated sales of 
Bucky-balls, nano tubes and other nano materials only accounted for $50 million in 2001, the 
products made partly with nano materials were worth $26.5 billion [6]. There are thus sufficient 
incentives for governments and industry in developed countries to invest heavily in the 
development of nano products [6].  
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Table 4  Comparison of Microsystems and Nano Technologies 
 

Microsystems Technology Nanotechnology 

Top-down approach Bottom-up approach 
Miniaturization with micrometer and sub-micrometer 
tolerances 

Miniaturization with atomic accuracy 

Builds on solid-state physics Builds on quantum physics and quantum mechanics 
Evolved from microelectronics technology Undefined 
Established techniques for producing 
electromechanical functions 

Far from being developed 

Established fabrication techniques Fabrication techniques are at infant stage of 
development 

Established manufacturing techniques Limited to manipulation of atoms of selected 
materials 

Proven devices and engineering systems in 
marketplace 

Only a few stationary machine components of 
simple geometry are produced 

Commercialization of a number of products A long way to go 
 
 
Miniaturization – a major paradigm shift in advanced manufacturing 
 
There is no doubt that the manufacturing industry is faced with an enormous challenge in 
producing the miniaturized devices and engineering systems in micro and nano scales, and the 
ultimate smart and capable systems similar to the biological systems that Dr. Feynman described 
in his paper [1]. The production of these products will represent a major paradigm shift  in 
manufacturing for the industry between its past and current  practices. I would like to offer the 
following ominous shifts.  
 
(1) A Shift from Machine Tools to Processes in Manufacturing 
 
The miniaturized products in micro scale presented in Figure 2 are manufactured by using the 
microfabrication techniques that were developed for ICs. Table 5 outlines many of these 
fabrication techniques [2]. 
 
One may readily observe from Table 5 that these fabrication techniques involve physical-
chemical processes, and there is no machine tool such as CNC machinery or material handling 
robots involved in these processes. 
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Table 5 Summary of Microfabrication Techniques [2] 
 

Microfabrication Processes Applications 
Photolithography Creating micro pattern layouts on substrates 
Etching: 
• Isotropic etching 
• anisotropic etching 

Building 3-dimensional structures by removing 
materials from substrates 

Thin film depositions: 
• Chemical vapor depositions (CVD) 
   (APCVD, LPCVD and PECVD) 
• Physical vapor deposition (PVD) 
   (Sputtering) 
• Oxidation 
   (Dry and wet oxidation) 
• Epitaxy crystal growth 

Building 3-dimensional structures on substrate 
surface by piling up thin films 

Electroplating Create permanent geometry of MEMS 
products in the LIGA process 

Doping: 
• Ion implantation 
• Diffusion 

Establish p-n junctions or piezoresistors at 
desired locations 

 
The current technology of manufacturing products in nano-scale may involve some hardware 
tools such as AFM, but again, it is largely by physical-chemical processes. One can expect heavy 
involvement of biological procedures and processes in advanced nanofabrication processes. All 
manufacturing strategies, such as parts fabrications, packaging and assemblies developed for 
traditional advanced manufacturing will need a complete revamp in new manufacturing. 
 
How to develop the manufacturing facility and the associated infrastructure for micro- and nano- 
fabrication processes, and the high precision control of these processes will be a major challenge 
to the industry. 
 
(2) A Major Shift in Production Strategy: 
 
The production volume of most microsystems is less than 100,000 units, which is far short of the 
typical production volume in traditional advanced manufacturing. A further complication is that 
most of these products involve complex integration of electrical-mechanical components. New 
strategies regarding cost-effective production involving capital-intensive equipment for low and 
medium volume production must be developed and implemented. I see a new opportunity in 
developing  “flexible production systems” – similar to the Flexible Manufacturing Systems 
(FMS) for traditional products for micro scale products. 
 
(3) A Shift in Packaging and Assembly Practices: 
 
Due to the sheer minute size of these products, complete sets of new tools and fixtures need to be 
designed and developed for the packaging and assembly of delicate components. 
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(4) A Shift in Product Verification and Quality Assurance: 
 
The lack of methodologies and tools for accurate geometry measurements as well as 
performance testing of the finished products of minute sizes has made quality assurance 
extremely difficult and tedious in the process.  This problem is compounded by a lack of 
standards in terms of product verification and quality assurance.   
 
(5) A Shift in Effective Human Resource Requirement: 
 
Engineers are the principal workforce in traditional manufacturing industry.  A major shift in 
paradigm of human involvement in micro and nano manufacturing will be a necessity.  Both 
microsystems and nano-technologies require the application of principles in basic science as well 
as various engineering disciplines as illustrated in Figure 5 [2]. Strong teams involving multi-
disciplinary expertise as indicated in Figure 5 is the key to the success in design and manufacture 
of miniature products in either micro- or nano- scale.  The need for effective business and 
technology management requires the addition of business management and marketing expertise 
in the teams as shown in Figure 6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 5 The Multi-discipline Nature of  Microsystems Technology [2] 

 
 
 
 

Natural Science:
Physics & Chemistry

   Mechanical Engineering
• Machine components design.
•••• Precision machine design.
•••• Mechanisms & linkages.
•••• Thermomechanicas:
   solid & fluid mechanics, heat
    transfer, fracture mechanics.
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•••• Micro process equipment 
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• Packaging and assembly design.

Quantum physics
Solid-state physics
Scaling laws

Electrical Engineering
• Power supply.
•••• Electric systems 
   design in electro-
   hydrodynamics. 
•••• Signal transduction,
   acquisition,condition-
   ing and processing.
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   circuit design.
•••• Electrostatic & EMI.

   Materials Engineering
• Materials for device
   components & packaging.
•••• Materials for signal 
   transduction.
•••• Materials for fabrication
   processes.

Process Engineering
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•••• Thin film technology.
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Electromechanical
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Fig. 6 A Complete Team for Manufacturing of Microsystems 

 
Enormous Challenges Ahead 
 
The $1 trillion market for the nanotechnology industry by 2015 as projected by the National 
Science Foundation [6], and the $135 billion revenue for microsystems in 2005 have generated 
enormous interest in producing these products by the manufacturing industry. While the potential 
market, and thus the ultimate reward, is real by any means, there exists enormous challenges to 
the industry to capitalize from these technologies.  Following are a few technical issues that will 
challenge the manufacturing industry. 
 
(1) Challenge in product design: 
  

The very first problem that engineers will face is what analytical tool to use in their design 
analyses. At the scale of, for example, less than one micrometer, most theories and principles 
derived for theories of continua become inadequate for design analyses and simulations. 
Allow me give you the following three specific areas of concern: 
 
(a) In solid mechanics: 

When we apply mechanical forces to free atoms at the surface of a base material as 
illustrated in Figure 4(a), we need to know how much force is needed to free one atom 
from its bond to other atoms by inter-molecular forces.  It is obvious that the applied 
force must exceed the inter-molecular forces in order to break loose one atom.  The inter-
molecular forces between pairs of atoms are illustrated in Figure 7 [7]. We may readily 
see from that figure that the magnitude and the direction of the bonding force between 
two atoms depend on their in-between distance.  
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Figure 7 Inter-Molecular Forces 
 
Molecular dynamics, which computes the motion that includes position, velocities and 
orientations with time of individual atoms or molecules in solids, is a principal tool for such 
analysis. The analysis is complicated with statistical variations of inter-molecular forces in 
the solid because of the variable nature of the distances between atoms or molecules in the 
substance. Such random distances between atoms and molecules in natural equilibrium states 
lead to the statistical distribution of inter-molecular forces on individual atoms and 
molecules. Consequently, stochastic models have been developed for such assessments as 
shown in Figure 8. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 8 Spectrum of Molecular Dynamics Simulation 
 

Another major problem encountered in design analyses of miniaturized engineering 
systems is the availability of credible material properties. There is ample evidence to 
show that properties such as Young’s modulus and Poisson ratio of materials at small size 
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become size-dependent, which invalidate many physical laws like Hooke’s law for stress 
analysis of solid structures.  Unfortunately, such size-dependant material properties are 
rarely available in the public domain. 
 
The definition of loading to components in micro- and nano-scales is another difficult 
problem for design engineers. Many of the forces that these components are subjected to 
are of intrinsic nature.  They are either inherent from microfabrication processes, or from 
external sources [2, 9].  Often, engineers have to take into account the chemical and 
atomic forces such as van der Waals forces, which cannot be quantified in the design 
analyses. 

 
(b) In heat conduction analysis: 

 
Heat transmission in substances smaller than one micrometer needs to be treated 
differently than the conventional analyses [2]. One noticeable difference is in thermal 
conductance, which is size dependent. The movement of phonons in small 
semiconducting solids as the dominant heat transportation mechanism makes heat 
conduction in these solids “transient” in all cases.  Consequently a modification in the 
heat conduction equation is necessary to accommodate this transient nature as shown 
below: 
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in which ),( trT � is the temperature in a solid at position r�  and at time t; Q is the heat 
generation by the material,  k is the thermal conductivity, and α is the thermal diffusivity 
of the material. 
 
The last term in the above equation involves a term “relaxation time”,τ, which can be 
expressed as: V/λτ =  with λ being the average “mean free path” for phonon movement 
in the solid and V is the average velocity of the heat carrier.  The value of τ is on the 
order of 10-10 seconds for semiconducting materials.  This last term in the above equation 
is not significant in the case of solids in macro size.  We also should realize that the 
thermal conductivity, k and thus the thermal diffusivity α in the above equation vary with 
the size of the solid [2]. 
 

(c) In fluid dynamics analysis: 
 

The behavior of fluid flowing in passages of micro and nano meters is radically different 
from that in macro-scale.  For liquids flowing in capillary tubes and channels, surface 
tension becomes a dominant force, and the traditional fluid dynamic approach requires 
significant modification [2]. For gases flowing in channels of nano meters, the 
applicability of analytical tools relies on the magnitude of the Knudsen number, Kn, 
which is defined as λ/L, in which λ is the “mean free path (MFP)” in the fluid.  A value λ 
= 65 nm is a good approximation for gasses, and the MFP for liquids is about twice the 
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size of the molecules [8]. The same reference offers an indication of the applicability of 
analytical equations that could be used to simulate gas flow in a wide spectrum of 
channel sizes designated by the Knudsen numbers as shown in Figure 9.  

 
Figure 9 Spectrum of Gas Flow Regimes 

 
(2) Challenge in manufacturing: 
 

The need for new production strategies for miniature devices and engineering systems has 
been mentioned in the aforementioned section. Substantial capital investment is required for 
new equipment, tools and fixtures, and the production environment such as clean rooms and 
a strictly controlled manufacturing environment.  New management strategies and 
methodologies in manufacturing and production need to be developed for the radically 
different products that are often visible only under high-power microscopes. 

 
(3) Challenge in packaging and assembly: 
 

Lack of standards and tools and fixtures are major problems that will be encountered in 
packaging miniaturized products. The extreme diversity of the applications of these products 
for mechanical, optical, chemical and biomedical applications makes standardization of 
packaging in materials and procedures extremely difficult. All signs have indicated that 
standardization for microsystems will not happen until about 2008 at the earliest.  Tooling is 
another major problem; these miniaturized components need to be assembled under high 
power microscopes.  High magnification means short focal length, which leaves little room 
for assembling components of complex geometry. Pick-n-place of parts presents another 
problem due to stiction of the contacting surfaces, which is often induced by electrostatic 
or/and van der Waals forces, as gravitation and mechanical inertia are no longer significant 
for solids at the micro and nano scales [1, 2].  The setting of proper tolerances for mating 
components in the size of micrometers and nanometers has not been developed.  Much R&D 
in this area is urgently needed.  Alignment of parts at atomic scale is a significant challenge 
to engineers as well. 
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Paradigm Shift in Engineering Education 
 
I have presented in Figure 5 and 6 the multi-disciplinary nature of microsystems and nano 
technologies.  The required knowledge and experience cover a wide spectrum of natural and 
biological sciences, engineering and business management. It is impractical to expect any single 
person to possess expertise in all these disciplines, so the industry needs to have teams of experts 
in most of these disciplines to cope with the many challenges that the “new manufacturing” 
technology face. There are three principal factors to make a team effective in this new 
manufacturing environment: (1) Superb inter-personal relationships; (2) Excellent 
communication skills; and (3) The knowledge and practice in the “common” professional 
language of the “new” manufacturing industry. There are ample programs and curricula in 
current educational systems to develop engineering students’ communication skills. The last 
component, the common professional language, however, is what the “new” engineering 
education should be focused on.  
 
The “common professional language” means a set of new curricula synergistically integrates all 
subjects from these spectra of sciences, business and engineering that are relevant to the new 
manufacturing technology. Engineering educators, as well as educators from sciences, 
engineering and business should break themselves free from their respective “cocoons” of 
specialization to learn other disciplines and thereby develop common grounds of this new 
domain of knowledge for their students. It will not be an easy task by any means, but the need is 
there, and so is the reward. 
 
My own experience in teaching microsystems technology to undergraduate seniors provided me 
with an appreciation of the challenge of facilitating the student’s learning of this 
multidisciplinary technology for things that are beyond the reach by their naked eyes. Special 
workshops and seminars on teaching this new manufacturing technology will benefit willing 
engineering educators to become aware of the many problems that they may face with in their 
respective classrooms, and learn how to cope with them. 
 
Concluding Remarks 
 
A “new” era of advanced manufacturing is upon us whether one realizes it or not. This era 
involves the manufacturing of miniaturized devices and engineering systems that will reach all 
the way down to the atomic scale. Major shifts in paradigms of manufacturing and production 
must take place by the traditional manufacturing industry in the inevitable transformation into 
this “new” manufacturing era. Industry needs to be prepared for such a transformation if it is to 
capitalize on the enormous economic returns from this new manufacturing paradigm.   
 
Engineering educators must accelerate their pace in introducing multi-disciplinary knowledge 
and experience related to miniaturization to their students.  Much R&D in curriculum 
development and the techniques of teaching this inter-disciplinary technology of miniaturization 
are urgently needed.     
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The countries that waste no time in transforming their manufacturing industry to the production 
of miniaturized products, and developing higher education on new manufacturing technology 
will certainly emerge as the winners that are successful in capitalizing on the economic benefits 
from this third industrial revolution. 
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