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ABSTRACT 

 
Automated microassembly has been identified to be a critical technology in the two emerging 
microsystems technology (MST) and nanotechnology (NT) by members of the private sector and 
government funding agencies. No commercial success of either of these technologies is possible 
without reliable and cost-effective assembly and packaging technologies for the finished 
products at micro and nano scales. This paper will present the current and immediate future 
needs for automated assemblies for MST products and the subset technologies involved in these 
processes. Areas for further R&D in automated microassembly are presented as challenges as 
well as opportunities to engineers and scientists. The concept of self-assembler using 
biochemical syntheses for nanoscaled products is outlined.  This concept though appears to be 
fictitious at the present time; it has shown promising signs to be realistic with further active 
research and development effort. 
 
1.  Introduction 
 
The 20th century that ended four 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) 
 

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 
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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 even more significant to 
human wellbeing 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 futuristic industrial products in Table 2 are the 
results of new technological achievements that are indeed well beyond our imagination. 
However, a general consensus by prominent members the science and engineering communities 
is that miniaturization will be the driving technology that will produce these wonderful products. 
 

Table 2 Futuristic Industrial Products in the 21st Century 
 

Near-term Products “Dream” Products 
• New vaccines and medicines that cure the 

incurable diseases. 
• Synthetic antibody-like nanoscale drugs and 

devices seeking out to destroy malignant 
cells in human or animal bodies. 

• In-vivo medical diagnostic and drug delivery 
systems. 

• Smart surface coating materials with self-
adjusting thermal conductance for buildings 
and refrigeration systems. 

• Smart fabrics for self-cleaning clothe. 
• Super-strong materials for light weight 

airplanes, vehicles and structures. 
• Clean energy conversion systems and super-

long life batteries. 
• New breed of crops and domestic animals 

that can feed entire world population. 
 

• “Dust” sized super-intelligent computers. 
• “Needle-tip” sized robots for biomedical 
    and search and rescue. 
• Spacecraft weighing less than today’s family 

cars.  
• Biomedics, such as in-vivo systems and 

surgery that can sustain human lives  
   to 150 years and longer. 
� Robots with artificial human intelligence to    
   be the mainstream workforce in the society. 
� Unlimited supply of clean renewable  
    energies that replace all fossil fueled  
    energies on the Earth.  
• Tele-transportation systems that can transport 

human anywhere on Earth in seconds. 
• Spacecraft for human/cargo inter-planet 

traveling. 
 

 

2. Miniaturization – The new industrial revolution 
 
Many would agree that the current hyperactive research and development in nanotechnology was 
inspired by a famous speech delivered by Richard Feynman, a Nobel Laureate in Physics, in 
1959 [1]. 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 “integrated circuits 
(ICs)” in 1955, and the subsequent production of the first IC three years later by Jack Kilby of 
Texas Instruments.  
 
A quick look-back at the evolution of technologies in our recent history will reveal a well-
recognized fact 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 
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“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. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1 The Evolution of Industrial Technologies 

 
The electrification that replaced steam power in the early 20th Century began an era 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 
is not even close to what Dr. Feynman advocated, but it is nevertheless a substantial 
improvement.  
 

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 (1900)
• Assembly line 

(Henry  Ford 1913)
• Scientific management

Movement of materials
and parts.

• Mass production (1940).

Year 1770-1850 1900

New Industrial Revolution
in 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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The micro fabrication techniques that are used to produce miniature transistors and ICs are 
radically different from those used in the advanced manufacturing technologies developed in the 
mid-1990s.  These “process-related,” but not “machine-tool related” manufacturing technologies 
have not only triggered the advances in the long sustained prosperity of the microelectronics 
technology, but it has 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 to be the beginning of the “New 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. 
 
3. The Enabling Technologies in Miniaturization 
 
The two prevalent technologies that enable drastic miniaturization of industrial products are 
microsystems technology (MST) and nanotechnology (NT). The MST, which is referred to as the 
“Top-down” approach in miniaturization, evolves from the invention of transistors as mentioned 
in the foregoing section. Nanotechnology (NT) is regarded as a “Bottom-up” approach in 
miniaturization. A generally accepted definition of these two approaches is illustrated in Figure 
2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2 Two Distinct Technologies in Miniaturization 
 
Despite the fact that both MST and NT are viable enabling technologies for miniaturization of 
industrial products, they are built on fundamentally different theories and principles as outlined 
in Table 3. Additionally, in spite of the strong enthusiasm expressed by scientists and engineers 
and their high expectations on the potential benefits of NT, and the colossal amount of monies 
that have invested in the R&D by governments and private sectors in the past decade, the current 
state of NT remains at the stage of “technological development” with rudimentary products 
reported in the public domain.  The availability of nano scale devices and their 
commercialization appear to be several years down the road. 
 

Miniature devices
(1 nm - 1 mm)

** 1 nm = 10-9 m ≈≈≈≈ span of 10 H2 atoms

Micro Systems Technology
(MST)

(1 µµµµm - 1 mm)*
Initiated in 1947 with the invention of 
transistors, but the term “Micromachining”
was coined in 1982

* 1 µµµµm = 10-6 m ≈≈≈≈ one-tenth of human hair

Nanotechnology (NT)
(0.1 nm – 0. 1 µµµµm)**

Inspired by Feynman in 1959, with active 
R&D began in around 1995
There is a long way to building nano devices!

A top-down approach

A bottom-up approach
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In contrast to the nanotechnology, the intensive development of MST in the past twenty years 
has resulted in many products as shown in Figure 3.  Major commercial successes in MST 
products include: the inkjet printer heads and read-write heads in information storage systems; 
the inertia sensors in automotive airbag deployment systems; manifold absolute pressure sensors 
in automotive engines and disposable blood pressure sensors. Figure 4 indicates the market 
growth for MST products in the last six years. The projected revenue from NT in 2015 is a 
staggering $1 trillion [2]. 
 
 

Table 3 Comparison of Micro and Nano Scaled Technologies 
 

Microsystems Technology (MST) Nanotechnology (NT) 
Top-down approach Bottom-up approach 
Miniaturization with micro and sub-
micrometer tolerances 

Miniaturize with atomic accuracy 

Builds on solid-state physics Builds on quantum physics 
Evolves from IV fabrication technology Evolves from quantum physics and molecular 

biochemistry 
Established techniques for producing 
electromechanical functions 

Not yet developed 

Well-established fabrication techniques Fabrication techniques are in R&D stage. 
Some are radically different from those used in 
MST 

Proven devices and engineering systems in 
marketplace 

A handful simple geometry nano scale 
products in rudimentary production 

Success in commercialization of a few 
products 

A long way to go to commercialization 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3 Representative MST Products 

 

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)
RF MEMS (oscillators, varactors, switches)

Microsystems = sensors + actuators 
+ signal transduction:

� Airbag deployment systems
•••• Microfluidics, e.g. Capillary electrophoresis (CE)
•••• Drug delivery systems with micro pumps and valves
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Figure 4 Market Growths of MST Products (NEXUS) 

 
4. Assembly and Packaging of Microscale Products 
 
The bright picture of market growth as painted in Figure 4, in fact, represents only a small 
fraction of the maximum potential benefits of the MST. The principal reason for this gap is due 
to the lack of reliable, cost-effective packaging and automated assembly technologies for micro 
and nanoscaled products. Packaging and assembly cost is a major portion of the overall cost of 
any microscaled product. This cost can be as low as 20%, or as high as 95% of the overall cost of 
the products. On average, it is in a range of 30-50% of the overall cost of the product. Packaging 
and assembly of microsystems is thus a crucial part of microscaled product development. Cost-
effective packaging and assembly is the key factor that attributes to the success of MST products 
in marketplace [3, 4].  
 
Microscaled product packaging involves mainly wafer dicing, bonding that include both surface 
and wire bonding, and sealing and encapsulation. Detailed description of these packaging 
techniques is available in References [5, 6]. In any case, minute components and parts need to be 
assembled in the packaging operations. A broad scope of microscale packaging does not only 
include assembly but it also includes testing [7]. 
 
The principal cause for high cost of packaging and assembly of microscaled products is lack of 
automation in both these operations. Most of microassembly practices require human operators 
to pick and place  minute parts manually, using high powered microscopes and micro-tweezers. 
Manual assembly is prohibitively expensive, tiresome and time consuming. Above all, the 
operators’ stress and eye strain associated with assembling such minute parts make it impossible 
to meet the extremely stringent requirements in precision and thus achieve the necessary quality 
and reliability of the finished products.  
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5. The Global Market for Microassembly 
 
There is a huge global market for microassembly and the demand for automated assembly 
remains strong as will be seen in Table 4, 5 and 6. Table 4 presents the unit volume and the 
corresponding revenue of established microscale products between 1996 and 2002, whereas 
Table 5 shows the similar data for emerging MST products. 
 

Table 4 Unit Volume and Revenues of Established MST Products 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4 Unit Volume and Revenues of emerging MST Products 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

342906807130331595TOTAL
400.1530.006Microspectrometers

60602015Magnetoresistive sensors

360301506Gyroscopes

4309024024Accelerometers

8000.42200.01Infrared imagers

800400300100Chemical sensors

1300309600115Pressure sensors

2000711504Hearing aids

28004000450700In vitro diagnostics

37000.810000.5Heart pacemakers

100005004400100Inkjet printer heads

1200015004500530Hard disk drives

Revenue
($ million)

2002 Units
(million)

Revenue
($ million)

1996 Units
(millions)Product Types

342906807130331595TOTAL
400.1530.006Microspectrometers

60602015Magnetoresistive sensors

360301506Gyroscopes

4309024024Accelerometers

8000.42200.01Infrared imagers

800400300100Chemical sensors

1300309600115Pressure sensors

2000711504Hearing aids

28004000450700In vitro diagnostics

37000.810000.5Heart pacemakers

100005004400100Inkjet printer heads

1200015004500530Hard disk drives

Revenue
($ million)

2002 Units
(million)

Revenue
($ million)

1996 Units
(millions)Product Types

(Source: NEXUS 1998)

 

4205104510733TOTAL

50.050.10.001Electronic noses

2020.50.01Anti-collision sensors

30301010Injection nozzles

7020101Inclinometers

80250.1Micromotors

100500.1Micro relays

1006001020Coil-on-chip

3001100.1Projection valves

50010010.01Magneto optical heads

100010000Lab-on-chip (DNA)

100040501Optical switches

1000100101Drug delivery systems

Revenue
($ millions)

2002 Units
(millions)

Revenue
($ millions)

1996 Units
(millions)

Product Types

4205104510733TOTAL

50.050.10.001Electronic noses

2020.50.01Anti-collision sensors

30301010Injection nozzles

7020101Inclinometers

80250.1Micromotors

100500.1Micro relays

1006001020Coil-on-chip

3001100.1Projection valves

50010010.01Magneto optical heads

100010000Lab-on-chip (DNA)

100040501Optical switches

1000100101Drug delivery systems

Revenue
($ millions)

2002 Units
(millions)

Revenue
($ millions)

1996 Units
(millions)

Product Types

Source: NEXUS 1998
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By summing up the total unit volumes and the revenues presented in Table 4 and 5, we have a 
global view of the unit volumes and the corresponding revenues for the respective year 1996 and 
2002 as indicated in Table 6. 
 

Table 6 Global Unit volumes and Revenues for MST Products 
 

MST 
Products 

1996 
Units 

(millions) 

1996 
Revenue 

($millions) 

2002 
Units 

(millions) 

2002 
Revenue 

($millions) 

2006 
Units* 

(millions) 

2006 
Revenue 
($million) 

Established 
Products 

1595 13033 6807 34290 10282 48461 

Emerging 
Products 

33 107 1045 4205 1720 6937 

Total 1626 13140 7852 38495 12000 55400 
* Based on linear extrapolated numbers from the 1996-2002 records. 
 

As we learn from the statistics from Table 6 that there were 7.85 billion units of MST products 
produced in Year 2002. This number would rise to 12 billion 2006 using a linear extrapolation 
from the data in the previous six years. If one excludes approximate 3 billion units of inkjet 
printer heads and read-write heads for information storage systems and the inertia sensors for 
automotive airbag deployment systems that are produced by automated assembly in 2006, we 
will have approximately 9 billion units of MST products that will be either assembled with some 
degree of automated assemblies, or by manual assembly only. It would not take much of anyone’ 
time to imagine the enormous potential gain in productivity to have these nine billion pieces of 
products automatically assembled. 
 
 
6.  Microassembly – a frontier technology in new industrial automation 
 
Microassembly is the assembly of objects with microscale and/or mesoscale features under 
microscale tolerances [8]. The assembly and packaging of integrated circuits and the associated 
microelectronic systems have reached a stage of maturity of being close to full automation [9]. 
The same applies to a few established microscaled devices.  These devices include inkjet printer 
heads and read-write heads for information storage systems and the inertia sensors for 
automotive airbag deployment systems.  Automated microassembly technology for the other 
estimated nine billion MST devices remains to be developed. 
 
The basic requirement of an automated microassembly is that it must be able to transport parts 
and components of microscale and be able to manipulate them so that precise spatial relation 
with microscale tolerances can be established for die alignment and parts insertion, and for 
certain packaging processes such as die bonding, device sealing, etc.  Essential tools and 
equipment required to perform the above tasks by experimental microassembly work cells 
include the following [10]: 
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(1) A vision system equipped with either high powered stereo microscope with long working 
distance, and/or high resolution camera and monitor. The latter is used to provide 
guidance and feedback during and after the assembly. 

(2) A micro positioner with resolution at 40 nm for work piece, microgripper manipulation 
and position control. 

(3) Micro gripper or tweezers with actuators for pick and place operations to complete 
specific microassembly tasks. 

(4) A high resolution, high precision transfer tool for handling parts and components. 
(5) A real-time computer vision for controlling servo mechanisms and motors for alignment 

and assembly of parts with sub-micron tolerances. 
(6)  A portable class 100 clean room. 

 
A typical microassembly work cell is shown in Figure 5. The monitor appears in the foreground 
shows the gripping of a microscaled ring by a micro tweezers. The background of Figure 5 
shows the operation of an insertion of a 50 µm inner diameter gear onto a 44 µm post using a 
Scara robot with a specifically designed end-effector.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 A Microassembly Work Cell at Sandia National Laboratory [10] 
 
 
7. The Anatomy of an Automated Microassembly Work Cell 
 
Essential components of a typical microassembly work cell are shown in Figure 6. Brief 
descriptions of these components are presented below: 
 
(1) Integrated micro positioner: 

   This is where the trays of parts to be assembled are placed. Once the base part is positioned 
under the vertical microscope, the micro tweezers will pick the next part to be assembled 
from the same or another tray on the positioner and place it on the top of the base part with 
precision alignment.  The same operation continues until the last piece is assembled.  
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   Commercially available micro positioners would have work space of 830 x 750 mm with 
linear movements in the X and Y directions at steps of 0.3 µm. Some positioners have Z-
traveling up to 244 mm with step size of 0.07 µm [8]. Although in some operations, the 
vertical microscope would provide the Z-direction position of the transferred part by the 
micro tweezers. 

 
  In general, one may expect a micro positioner to offer movements in 4 degree-of-freedom 

with planar movements in the X-Y directions up to 32 cm with a feedback resolution of 
0.1µm, and rotations about these two axes with resolutions in the order of 0.0028o/step.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6 Essential Components of a Micro Assembly Work Cell 
 
(2) Microscope optics and imaging unit: 

 
Two additional microscopes with cameras may be required to provide stereo configurations 
in 3-dimensional microassembly operations.  Large working distance with fair field of view 
is a desirable feature of these microscopes. Short working distance as provided by high 
powered microscopes is a major problem in microassembly. Figure 7 illustrates the drastic 
reduction of working distance of a conventional compound microscope with a combination of 
the lens of the eye piece with focal length of 50 mm and 2 mm for that of the objective lens. 
The distance of the two lenses is 15.2 cm. We may readily observe from this diagram that a 
400X magnification of the assembled object would leave a working distance less than 2 mm.  
Specifically designed microscope with 10X objective lens providing 33 mm working distance 
with 1 µm resolution is available commercially for microassembly. 

 
 
           
 
 
 

Integrated
Micro-positioner
with Micro Servo 

Actuator:

(Linear in X & Y
+

Rotation)

Micro Tweezers

Stereo Microscope 

& camera

Stereo Microscope

& Camera

Vertical Microscope
& Camera

Portable Clean Room (class 100)
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Micro-controller
Card + operation

software

Optics
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Figure 7 Working Distance of a Microscope 
 
(3) Micro manipulator unit: 

 
This unit, often involves micro grippers or micro tweezers, may or may not be attached to the 
micro positioner for fine high speed repetitive 3-dimensional precision alignment and 
assembly. Many of these manipulators offer 5 to 6 degree-of-freedom movements with 
submicrometer resolutions. 

 
The end-effectors to these manipulators are carefully designed to provide reliable and efficient 
pick-and-place operations in microassembly. These design requirements include: 

(a) Be small in size to be visible within the microscope’s field of view and with minimum 
occlusion. 

(b) Provide proper gripping forces, and be able to overcome adhesions in releasing the object. 
 
 
(4) Personal computer with control hardware and assembly software: 
 

The hardware with which the personal computer is attached include process coordination of 
the micro positioner and the monitoring of the assembly operations through cameras attached 
to the microscopes. 

 
The software required for microassembly involve task programming, trajectory planning and 
generation for the motion control system and for the micro manipulator unit.  Also required 
are the software for the assembly scheduling module processes, real-time database, process 
monitoring, diagnosis, and error recovery. 
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8. Design of Microgrippers and Manipulators 
 
Because of the usual short working distances that are available for microassembly under 
microscopes, these manipulators typically have long arms with short width.  The aspect ratio of 
the length-to-width usually is at 100. Figure 8 shows a micro tweezers used in an assembly work 
cell developed at the Sandia Notional Laboratory as shown in Figure 5. This pair of micro 
tweezers was made of nickel. It is 20.8 mm long and 200 µm thick and it has fingers which are 
100 µm wide.  
 
Grasp forces by micromanipulators are important feedback to the operators.  The pair of 
tweezers shown in Figure 8 are actuated by a linear DC motor and a collet style closing 
mechanism. Thick film deposited strain gages provide force feedback signals. There are other 
micro grippers and tweezers operate on electrostatic or thermally actuated forces. The latter 
actuation mechanism has many advantages of offering large deflections and/or forces, ease of 
fabrication and reliability. The disadvantage is the slow time in response due to thermal inertia. 
Electrostatic forces, on the other hand, are fast in response, but low in the magnitudes of forces 
and deflections.   
 
 
 
 
 
 
 
 
 
 

 
 

Figure 8 Micro Tweezers for Microassembly 
 
In addition to the thick film strain gages for force feedback, it is common to use other forms of 
tactile sensors and optical sensors using LED crystals. 
 
A major problem often encountered in microassembly is the adhesion forces induced in grasping 
minute parts by the micro tweezers or the end-effector of a microgripper. This problem appears 
in the micro domain in which gravity becomes negligible and frictional forces dominate pick and 
place operations. An unexpected phenomenon often happens when the part grasped by the 
microgripper cannot be released due to the parasite adhesive forces introduced during the 
grasping operation. It is therefore necessary to incorporate a strategy to overcome these adhesive 
forces in the design of microgrippers or tweezers. 
 
There are generally three types of adhesive forces appear in micrograsping. These are (a) the Van 
der Waals force; (b) the electrostatic forces; and (c) the surface tension.  Quantification of any of 
these forces is not a simple job.  Following are quasi-empirical formulations for assessing the 



 13 

magnitude of these forces relating to the gripping of a minute sphere with diameter, d, by a pair 
of flat plates. 
 
(a) The Van der Waals force: 
 

δπ16
Hd

Fv =    

in which H = Lifshitz-van der Waals constant, ranging from 1 to 10 eV, and is depending on 
materials used; � is the gap between the two plates. 
 
(b) The electrostatic force: 

 
2

2
U

d
F or

e δ
πεε

=  

 
where �r = dielectric constant of the medium; �o = the absolute dielectric constant of a vacuum; U 
= difference in electrostatic potential. 
 
(c) The surface tension:  
 
This force becomes significant in a humid environment. The magnitude can be estimated by the 
following expression: 
 

γπ dFs 2=  
 
in which � = coefficient of surface tension depending on the moisture medium in the surrounding 
environment [5]. 
 
The resultant adhesive force induced in grasping a minute object can be represented by: 
 

sev FFFF ++=  
 
Attempts have been made to alleviate this problem of adhesive forces by introducing 
pneumatically aspiring pipe tip, and electrostatically charged needle and a pipe tip that uses 
water surface tension to ensure the release of the gripped parts.  
 
 
9. Critical R&D Areas in Microassembly – a great challenge to engineers 
 
The critical role of automated assembly in successful commercialization of MST has been 
recognized by the private sector and government funding agencies in recent years. Consequently 
there have been forums and specialists meetings on this specific topic organized by these 
agencies. Following is a number of areas that require active R&D for effective and efficient 
assembly of microscaled products as identified by a group of experts from industry and 
government funding agencies [11]: 
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(1) Sensing: 3-dimensional machine vision, visual servoing, part pose identification and part 

acquisition. Depth of field and imaging of features at or near the wavelength of light are 
significant problems.  Sensors for continuous closed loop control.  UV stimulated 
electron beam imaging, smaller portable SEMS. Force and touch sensing. Inspection 
integrated with fastening.  Near and far IR sensing for micro-thermal feedback.  Sensors 
must be robust and easy to program for specific parts and ideally should be integrated 
with gripper and/or process tooling. 

(2) Part insertion: At the micron scale electrostatic and chemical forces dominate interactions 
between parts and grippers and between parts and other parts.  It may be easy to pick up a 
part and hard to let it go. Need tactile feedback to monitor problems.  Design tools for 
fixtures and gripper are needed. 

(3) Material Delivery: Controlled delivery and presentation of parts, and understanding 
interaction forces including surface tension, bonding and other adhesive forces. 

(4) Fastening and packaging: New methods of joining parts including pulsed laser 
deposition, welding, soldering, adhesives, “snap-fit” based on surface chemistry and thin 
film chemistry. 

(5) Intelligent end effector: Integrating gripping, sensing for location, sending for mating, 
and sensing for quality control. This would become a micro-robot to be carried by a 
micro-robot. 

(6) Process modeling and simulation: Including scaling laws and understanding of new 
fastening materials, current fastening materials used on the micrometer scale, and current 
new fastening methods. 

(7) Theory of design for microassembly: DFA has been very important at macro scale; 
similar tools based on different techniques and different laws are needed at the micro 
level. 

(8) Material science: Materials properties are needed for part design, for tooling and gripper 
design, and for fastening technology. Surface science is very important in this domain 
and adhesives in particular need study.  A detailed understanding of materials properties 
(mechanical, metallurgical/chemical) on micrometer scale (thick/thin film regime) over 
temperature, stress/strain, and pressure (as oppose to millimeter and larger scale) is also 
in particular need of study. 

(9) Systems engineering: We are behind the Japanese and Europeans on systems 
engineering- we need tools to plan the transition of microassembly processes and 
equipment from the lab to the factory floor. 

(10) Test method: Testing procedures for thermal shock, vibration, humidity and 
electromagnetic susceptibility are needed, and must be validated against process models. 

(11) Design verification: Tools are very good at the macro level but not at the micro level. 
 
In addition to the above eleven critical R&D areas, the author has identified another vital 
R&D topic in systems integration of multi-function modular microassembly work cells with 
packaging and testing operations for cost-effective commercialization of microscaled 
products. Areas need to be synergistically integrated include the following:  
  
Part insertion and interaction, mating, fastening with packaging operations such as bonding, 
sealing and encapsulation, as well as testing and overall systems design tools including 
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automated assembly systems design tools, process modeling tools and design for 
microassembly tools.   
 

10. Overview of Nano-scaled products and Self Assemblers 
 

The high expectations on enormous market potential of the nanotechnology (NT) by industry and 
governments have resulted in colossal amount monies being invested in the R&D in this 
emerging technology.  Major impacts by NT are expected to be on the following eight industrial 
sectors: (1) Electronics, computing and data storage; (2) Materials and manufacturing; (3) 
Healthcare and biomedicine; (4) Energy and environment; (5) Transportation; (6) Agriculture 
and food processing; (7) Aerospace; (8) National security and rescue.  Prevalent nano products 
have been limited to the following three basic types: 
 

(1) Nano dots (or particles) that are used as smart coating materials and paints for 
automobiles and structures.  These materials are typically tough and enduring.  Their 
properties can change for better in responding to the change of environmental conditions.  
Nano particles have also been used in noble cosmetic products. 

(2) Nano wires that are used in molecular electronics as gates and switches.  Some nano 
wires are also used in nano scale sensors and smart composites. 

(3) Nano tubes for structural supports and nano scaled fluidics. 
 
Nano products have been fabricated using modified microfabrication techniques such as 
chemical vapor deposition and epitaxy molecular growth. These techniques, though proven 
feasible, lack in consistency and desirable rates in production. Many of these currently available 
techniques are less than cost-effective for mass production. One of the great challenges of NT is 
thus the assembly of nano-scale objects into complex systems. Self-assembler concept is 
considered to be the ultimate solution to mass production of nano-scale products.  
 
Among the several concepts in self-assembler techniques that have been developed, the synthetic 
processes that involve self repetition and assembly of atoms and molecules such as in the case of 
biological cells present unique events to scientists and engineers. A recent announcement on self 
assembly of Bacillus mycoides bacteria, 800 nm wide x 5 µm long at University Wisconsin [12] 
has proven the feasibility of such a concept. In general, this concept involves the proper 
assembly of the nucleotides in DNA that comprise particular genes leading to production of 
cellular proteins, many of which are responsible for cellular replication and division. As 
biological cells are made of atoms, which are the fundamental building blocks of any matter on 
the Earth, one could use the similar techniques for self replication and assembly of the materials 
that have the desired properties and characteristics for specific nanoscaled products. This concept 
of self-assembly process may appear fictitious at the present time, but it has shown promising 
signs of being realistic.  
 
11. Summary and Conclusion 
 
Microassembly is the assembly of objects with microscale and/or mesoscale features under 
microscale tolerances [8]. A similar definition may apply to nanoscaled assembly but at 
nanoscaled tolerances. All signs have indicated that the dominant technologies in the new 
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Millennium will be microsystems technology (MST) and nanotechnology (NT).  Both these 
technologies will destine ultimate miniaturization of devices and engineering systems that will 
produce the dream products that will significantly improve human well-being and living 
standards. The significant investments in MST has resulted limited commercial success of a few 
miniature products. The full potential of commercial benefits of this technology has yet to be 
realized due to awkward packaging and assembly techniques. Early signs have already shown 
that the highly expected return on the investments on the R&D on NT will not materialize 
without effective and efficient assembly techniques. Development of reliable and cost-effective 
assembly techniques thus presents a great challenge to scientists and engineers. Any major break 
through in microassembly will allow significant boost of productivity of the estimated 9 billion 
microscaled MST that rely on manual assembly. Self-assemblers techniques for nano-scaled 
production are the key to successful commercialization of nanotechnology. Active R&D in 
automated micro and nano-scaled assemblies offer great opportunities to engineers and scientists 
in this new Century.  
 
 
References 
 
[1] Feynman, R., “There’s Plenty of Room at the Bottom: an Invitation to Enter a New Physics,” 

first presented at the American Physical Society at California Institute of Technology on 
December 29, 1959, with a subsequent publication in Engineering and Science, Caltech, 
February 1960. 

[2] “Nano Technology,” The Tech Outlook, The Business Week, 50, Spring 2002, pp. 181-184. 
[3] Hsu, T.R., “ Packaging Design of Microsystems and meso-scale devices,” IEEE Transactions 
on Advanced Packaging, Vol. 23, No. 4, 2000, pp. 596-601. 
[4] Hsu, T. R.,”MEMS Demand New Package Designs,” Electronic Packaging & Production, 

March 2001 (http://www.epp.com/news/030701_feature3.asp 
[5] Hsu, T.R., “MEMS and Microsystems Design and Manufacture,” McGraw-Hill, Boston, 

2002. 
[6] “MEMS Packaging,” Ed. By T.R. Hsu, Institute of Electric Engineers, London, 2004 
[7] “Microelectromechanical Systems-Advanced Materials and Fabrication Methods, 5: 

Assembly, Packaging and Testing,” Report No. NMAB-483, National Research Council, 
National Academy Press, Washington, DC, 1977, pp. 38-49.  

[8] Yang, G and Nelson, “Automated Microassembly,” in ‘MEMS Packaging,’ ed. Tai-Ran Hsu, 
Institute of Electrical Engineers, London, 2004, Chapter 5, pp. 109-140. 

[9] “Plastic-Encapsulated Microelectronics,” ed. By M.G. Pecht, L.T. Nguyen and E.B Hakim, 
John Wiley & Sons, Inc., New York, 1995, Chapters 3-5. 

[10] http://www.sandia.gov/isrc/precmicroassy.html. 
[11] Workshop on “Manufacturing Technologies for Integrated Nano to Millimeter Sized 

Systems: The state of the art and opportunities for further advances,” offered by DARPA and 
NIST at George Mason University, Arlington, VA, March 11-12, 1999. 

[12] http://nanotechweb.org/articles/news/4/3/10/1. 
 
 


