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Chapter

Microassembly

Karl F. B�ohringer, Ronald S. Fearing, Ken Y. Goldberg, University of California, Berkeley

1 Introduction

The trend toward miniaturization of mass-produced products such as disk drives, wireless
communication devices, displays, and sensors will motivate fundamental innovation in design
and production; microscopic parts cannot be fabricated or assembled in traditional ways.
Some of the parts will be fabricated using processes similar to VLSI technology, which
allows fast and inexpensive fabrication of thousands of components in parallel. Whereas a
primary challenge in industrial robotics is how to securely grasp parts, at the micro scale,
where electrostatic and van der Waals adhesion forces dominate, the challenge is: how to
release parts?

Microassembly lies between conventional (macro-scale) assembly (with part dimensions
> 1mm) and the emerging �eld of nanoassembly (with part dimensions in the molecular
scale, i.e., < 1�m). Currently, microassembly is performed largely by humans with tweezers
and microscopes or with high precision pick-and-place robots. Both methods are inherently
serial. Since individual parts are fabricated in parallel, it is intriguing to consider how they
might be assembled in parallel (see Figure 1).

Microassembly poses new challenges and problems in design and control of hardware and
software tools. These problems are discussed in the following section, which investigates the
e�ects of down-scaling on parts handling, and gives a survey of sticking e�ects. Section 3
introduces a taxonomy of microassembly. In Section 4 we give an overview of recent work on
microassembly. Section 5 describes a new approach towards massively-parallel, stochastic
micro assembly. We conclude this chapter with an outlook on open problems and future
trends.

Automated microassembly poses a list of new challenges to the robotics community.
Conventional high-accuracy robots have a control error of 100�m at best, which would
translate to relative errors of 100% or more. Obtaining accurate sensor data is equally
di�cult. Sensors cannot be easily placed on tiny precision instruments without making
them bulky or compromising their functionality. Image processing is one alternative, but
it is still slow, costly, di�cult to program, and susceptible to reection and other noise.
Moreover, the view may be obstructed by tools that are orders of magnitude larger than the
parts being handled. Even when reliable images are obtained, one major challenge is how to
coordinate and calibrate gross actuator motion with sensor data.

Models based on classical mechanics and geometry have been used to describe mi-
croassembly processes. However, due to scaling e�ects, forces that are insigni�cant at the
macro scale become dominant at the micro scale [24, 67]. For example, when parts to be
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Figure 1: Parallel microassembly: Multiple micro-scale components (e.g. electronics, pho-
tonics, and MEMS) are built in parallel using standard manufacturing processes. They are
positioned and combined with other components on a hybrid \pallet." Note that the fab-
rication density is very high, while the pallets may have a larger size and lower density.
(Reprinted from [12]. c 1998 IEEE.)

handled are less than one millimeter in size, adhesive forces between gripper and object can
be signi�cant compared to gravitational forces. These adhesive forces arise primarily from
surface tension, van der Waals, and electrostatic attractions and can be a fundamental lim-
itation to part handling. While it is possible to fabricate miniature versions of conventional
robot grippers, for example from polysilicon (see Figure 2 [39], or [57]) overcoming adhesion
e�ects for the smallest parts will be di�cult. Thus, manipulation of parts on the order of
10 micron or smaller may best be done in a uid medium using techniques such as laser
trapping, or dielectrophoresis.

Interest in microassembly has been fueled by the availability of new components made
of integrated circuits (ICs) and micro electro mechanical systems (MEMS). The exponential
increase in computing power of ICs has been made possible to a large extent by the dramatic
advances in process miniaturization and integration. MEMS technology directly taps into
this highly developed, sophisticated technology. MEMS and IC share the e�cient, highly
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Figure 2: Microgripper made of high aspect ratio molded polycrystalline silicon. The white
bar at the bottom of the picture represents 100�m. The actuator is an electrically heated
thermal expansion beam which causes the compound lever linkage to move the tips. (SEM
photograph courtesy of Chris Keller, Berkeley Sensor and Actuator Center.)

automated fabrication processes using computer aided design and analysis tools, lithographic
pattern generation, and micromachining techniques such as thin �lm deposition and highly
selective etching. Unlike ICs, MEMS include mechanical components, whose sizes typically
range from about ten �m to a few hundred �m, with smallest feature sizes of less than a
micron and overall sizes of up to a millimeter or more. While recent years have brought
an explosive growth in new MEMS devices ranging from accelerometers, oscillators, micro
optical components, to micro-uidic and biomedical devices, interest is now shifting towards
complex microsystems that combine sensors, actuators, computation, and communication
in a single micro device [6]. It is widely expected that these devices will lead to dramatic
developments and a urry of new consumer products, in analogy to the microelectronics
revolution.

Current micro systems generally use monolithic designs in which all components are
fabricated in one (lengthy) sequential process. In contrast to the more standardized IC
manufacture, a feature of this manufacturing technology is the wide variety of non-standard
processes and materials that may be incompatible with each other. These incompatibilities
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Figure 3: The peg-in-hole problem at micro-scale. A 1 � 4 � 40�m silicon oxide peg was
inserted into a 4 � 4 � 12�m square hole by using a microgripper as shown in Figure 2.
(SEM photograph courtesy of Chris Keller, Berkeley Sensor and Actuator Center.)

severely limit the manufacture of more complex devices. A possible solution to these prob-
lems is microassembly, which is the discipline of positioning, orienting, and assembling of
micron-scale components into complex micro systems.

The goal of microassembly is to provide a means to achieve hybrid micro-scale devices
of high complexity, while maintaining high yield and low cost: various IC and MEMS com-
ponents are fabricated and tested individually before being assembled into complete micro
systems.

2 Sticking E�ects for Micro Parts Handling

A typical robotic manipulation scenario is the sequence of operations pick, transport, and
place. For parts with masses of several grams, the gravitational force will usually dominate
adhesive forces, and parts will drop when the gripper opens. For parts with size less than
a millimeter (masses less than 10�6kg), the gravitational and inertial forces may become
insigni�cant compared to adhesive forces, which are generally proportional to surface area.
When parts become very small, adhesive forces can prevent release of the part from the
gripper. For example, a laser diode for an optical disk may be only 300�m in size [28].
Figure 4 illustrates some of the e�ects which can be seen when attempting to manipulate
micro parts. As the gripper approaches the part, electrostatic attraction may cause the part
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gripper

object

Approach

Approach

Grasp

Place

Release

Figure 4: Pick-move-place operation with micro-parts. Due to sticking e�ects, parts may be
attracted to the gripper during the approach and release phase, causing inaccurate placement.
(Reprinted from [24]. c 1995 IEEE.)

to jump o� the surface into the gripper, with an orientation dependent on initial charge
distributions. When the part is placed to a desired location, it may adhere better to the
gripper than the substrate, preventing accurate placement.

Adhesion could be due to electrostatic forces, van der Waals forces, or surface tension.
Electrostatic forces arise from charge generation (triboelectri�cation) or charge transfer dur-
ing contact. Van der Waals forces are due to instantaneous polarization of atoms and
molecules due to quantum mechanical e�ects [34]. Surface tension e�ects arise from in-
teractions of layers of adsorbed moisture on the two surfaces. The goal of this section is to
survey causes of adhesion, provide estimates on the magnitude of their e�ect, and to survey
methods for reducing the e�ect of adhesive forces.

For a simple numerical example to get an idea of the scale of the adhesion forces, consider
the force between a spherical object and a plane (such as one �nger of the gripper in Figure 5).
The approximate force between a charged sphere and a conducting plane is given by:

Felec =
q2

4��(2r)2
; (1)

where q is charge, � is the permittivity of the dielectric, and r is object radius. The assumed
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oxide1

oxide2

gripper

object

F
grip

F
grip

Figure 5: Micro-gripper holding spherical object. (Reprinted from [24]. c 1995 IEEE.)

charge density is approximately 1:6�10�6Cm�2. It is interesting to note that the contact of
good insulators such as smooth silica and mica can result in charge density up to 10�2Cm�2

with pressures on the order of 106Pa at 1�m distance [32].
The van der Waals force for a sphere and plane is given approximately by [14] as:

Fvdw =
hr

8�z2
; (2)

where h is the Lifshitz-van der Waals constant, and z is the atomic separation between the
surfaces. Of course, this formula is assuming atomically smooth surfaces; severe corrections
need to be made for rough surfaces as the van der Waals forces fall o� very rapidly with
distance. For a rough estimate, we will assume a true area of contact of 1% of apparent area,
or estimated force 1% of maximum predicted with smooth surfaces.

In a high humidity environment, or with hydrophilic surfaces, there may be a liquid �lm
between the spherical object and planar surface contributing a large capillary force [1]:

Ftens =
(cos�1 + cos�2)A

d
; (3)

where  is the surface tension (73mNm�1 for water), A is the shared area, d is the gap
between surfaces, and �1; �2 are the contact angles between the liquid and the surfaces.
Assuming hydrophilic surfaces and a separation distance much smaller than the object radius
[14, 73]:

Ftens = 4�r; (4)

where r is the object radius.
For a spherical part of silicon the gravitational force is:

Fgrav =
4

3
�r3�Sig; (5)

where �Si = 2300 kgm�3 is the density of silicon. Figure 6 shows the comparison of
forces. For accurate placement, adhesion forces should be an order of magnitude less than
gravitational forces. Capillary forces dominate and must be prevented to allow accurate
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Figure 6: Gravitational, electric, van der Waals, and surface tension forces. Attractive force
between sphere and plane. (Reprinted from [24]. c 1995 IEEE.)

placement. Van der Waals forces can start to be signi�cant (with smooth surfaces) at about
100�m radius, and generated electric charges from contacts could prevent dry manipulation
of parts less than 10�m in size.

While Figure 6 shows electrostatic to be the least signi�cant force except for gravity, it
can be argued that it is actually the most signi�cant force for grasping and manipulation
of 10�m to 1mm parts. First, the van der Waals force is only signi�cant for gaps less
than about 100 nm [65, 34]. Unless rigid objects are very smooth, the e�ective distance
between the object and the gripper will be large except at a few points of contact. Second,
actual contact with a uid layer needs to be made for surface tension to be signi�cant, and
a dry or vacuum environment could be used to eliminate surface tension e�ects. Finally,
the electrostatic forces can be active over ranges of the order of the object radius. Surface
roughness is much less important for electrostatic forces than for van der Waals.

2.1 Literature on Adhesion

The adhesion of particles to substrates has received substantial study for problems such as
particulate contamination in semiconductor manufacturing [43, 79, 14, 30, 35]. The recent
developments in micro electro mechanical systems (MEMS), disk drives, and microassembly
have stimulated the study of friction e�ects at the micro-scale. The normal Coulomb friction
e�ects seen at the macro-scale are quite di�erent at the micro-scale, with large adhesive
components. Several studies have examined surfaces using the atomic force microscope [73,
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36]. A common problem in MEMS devices is that free standing micro-structures tend to
stick to the substrate after being released during processing. The dominant mechanisms for
sticking in these devices (which are typically constructed as a cantilever plate suspended 1 or
2 �m above the substrate) appears to be surface tension pulling the plate down, followed by
van der Waals bonding. Recent papers have studied this problem [4] and proposed solution
methods of making the surfaces rough and hydrophobic [45, 1, 2, 65].

2.2 Adhesion Due to Electrostatic Forces

Ensuring that parts and grippers are electrically neutral is di�cult [29]. Signi�cant amounts
of charge may be generated by friction forces and di�erences in contact potentials. While
grounded conductors will drain o� charge, insulators can maintain very high surface charge
distributions. The local �eld intensity near a surface charge distribution can be estimated
using Gauss's Law and Figure 7. Neglecting any interior �eld, the boundary conditions give

ẑ � �o ~E(z = 0) = �s; (6)

where ~E is the electric �eld, ẑ is the surface normal, and �s is the surface charge density
Cm�2. The near �eld approximation for a surface charge is then:

~E �
�s

�o
ẑ : (7)

The force per unit area for parallel plates is

P =
1

2
�ojEj

2 =
�2s
2�o

; (8)

where P is the pressure in Pascals.
At atmospheric pressure and centimeter size gaps, the breakdown strength of air (about

3 � 106 V m�1 [49]) limits the maximum charge density to about 3 � 10�5Cm�2, or peak
pressures of about 50Pa. Let l be the length of a side of a cube of silicon. Then the smallest
cube which will not stick due to electrostatic force is:

l =
�2s

2�o�Sig
; (9)

or about 2mm minimum size. Of course, a uniform charge distribution over such a large
area is unlikely, although there could be local concentrations of charge of such magnitude.
However, at very small gaps of the order of 1�m (less than the mean free path of an electron
in air), �elds two orders of magnitude higher have been observed [32].

2.2.1 Contact Electri�cation

When two materials with di�erent contact potentials are brought in contact, charge ows
between them to equalize this potential. For metal-metal contact [49, 43], a rough approxi-
mation to the surface charge density is:

�s =
�oU

zo
(10)

8
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Figure 7: Field approximation near surface charge distribution. (Reprinted from [24]. c
1995 IEEE.)

Materials charge density electrostatic pressure condition ref.
in contact mCm�2 Nm�2

SiO2 - Al 2.0 2� 105 1mPa N2 Lowell '90 [48]
80nm SiO2

soda glass - Al 0.13 103

SiO2 - mica 5{20 1:4� 106 N2 at STP Horn & Smith 92 [32]
to \atomically

20� 106 smooth"
epoxy - Cu 0.04 100 104Pa air Kwetkus et al. 91 [44]
glass - Au 4.2 106 air Harper '67 [29]
nylon - steel .0036 1 40� 60% RH
polystyrene .0002 2� 10�6

Table 1: Charge from contact electri�cation. Pressure is the e�ective pressure due to the
generated charge. (Reprinted from [24]. c 1995 IEEE.)

where U is the contact potential di�erence, which is typically less than 0.5 V, and zo is the gap
for tunneling, about 1nm. Consider two metal spheres (insulated from their surroundings)
brought into contact, then slowly separated. With a contact potential of 0.5 V, the initial
charge density according to eq.( 10) will be about 4mCm�2, with �eld strength 5�108 Vm�1.
For small gaps (order 1nm), electron tunneling and �eld emission [49] will transfer charge,
and then for larger gaps (order 1�m) air breakdown can occur. In laboratory experiments,
contact electri�cation has been shown to generate signi�cant charge density, which could
cause adhesion (see Table 1).

2.2.2 Charge Storage in Dielectrics

In principle, using conductive grippers can reduce static charging e�ects. However, the
objects to be handled, such as silicon parts, can be covered with good insulator layers, such
as native oxides. Up to 1 nm of native oxide is possible after several days in air at room
temperature [53]. This native oxide is a very good insulator, and can withstand a maximum
�eld strength of up to 3�109 V m�1 [72]. This implies that signi�cant amounts of charge can
be stored in the oxide. With the permittivity of silicon � = 3:9�o, peak pressures according
to eq. (8) are on the order of 108Pa. With a contact area of only 10(nm)2, this would be a
force of 10nN , enough to support a 30�m cube against gravity.

Consider an initially charged object grasped as shown in Figure 5, by a grounded gripper.
In regions where the two dielectrics are not in contact, charge will be induced on the opposite
surface. As suggested in Figure 8, local regions of charge can remain in the dielectric layer

9
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Figure 8: Physical model of contact with charge in oxide layer. (Reprinted from [24]. c
1995 IEEE.)

R C1
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V1

2V

+

−
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d1

d2

ε , ρ

εο

Figure 9: Equivalent circuit model of contact. � is the resisitivity of the dielectric. (Reprinted
from [24]. c 1995 IEEE.)

in spite of \intimate" contact between two nominal conductors. The surface roughness can
prevent charge neutralization through intimate contact of oppositely charged regions. The
residual charge can cause adhesion.

It can be very di�cult to remove stored charge in a dielectric layer. Consider a simplistic
model for the electrical contact, with one capacitor representing the air gap and a second
capacitor in series representing the dielectric layer as shown in Figure 9. It is apparent that
shorting the terminals will not instantaneously remove charge from both capacitors, hence
there will be a residual attraction force between the gripper and the object. The stored
charge (and hence electric �eld) decays as a �rst order exponential, with time constant:

� = �(� + �o
d1

d2
) (11)

where � is the resistivity of the dielectric. For SiO2 with resistivity � = 1012
m, dielectric
thickness 10 nm, and air gap 20 nm, the time constant � is about 40 seconds, signi�cantly
reducing cycle time. Charge storage in dielectric layers may result in undesired adhesions in
electrostatic grippers [54] and in electrostatic micro-actuators where contact is made with
an insulating layer[3].

2.3 Summary

As we have seen, electrostatic, van der Waals, and surface tension forces can be signi�cant
compared to the weight of small parts. Conventional assembly methods such as pick-move-
place do not scale well for sub-millimeter parts. One possible attractive alternative is assem-
bly while immersed in a uid, which eliminates electrostatic and surface tension e�ects [75].

There are several design strategies which can be used to reduce adhesive e�ects in micro-
grippers. Figure 10 compares �nger tip shapes. Clearly, the spherical �ngertip has reduced

10



T
o 

ap
pe

ar
 in

 T
he

 H
an

db
oo

k 
of

 In
du

st
ria

l R
ob

ot
ic

s,
 S

ec
on

d 
E

di
tio

n,
 e

di
to

r 
S

hi
m

on
 N

of
, W

ile
y 

&
 S

on
s 

19
98

.

Grasping with Spherical Fingertips

Side view

Side view

Grasping with Planar Fingertips

Figure 10: Comparison of �nger types for grasping. A spherical �ngertip will minimize
electrostatic and surface tension forces, and can be roughened to minimize van der Waals
forces. (Reprinted from [24]. c 1995 IEEE.)

surface contact area and better adhesive properties, unlike polysilicon micro-grippers fabri-
cated using planar surface micro-machining.

Proper choice of gripper materials and geometry can be used to reduce adhesion:
1. Minimize contact electri�cation by using materials with a small contact potential dif-

ference for the gripper and object.
2. Use conductive materials which don't easily form highly insulating native oxides.
3. Gripper surfaces should be rough to minimize contact area.
4. The high contact pressure from van der Waals and electrostatic forces can cause local

deformation at the contact site [14]. This deformation can increase the contact area
and increase the net adhesive force. Hard materials are preferable to rubber or plastic.

5. A dry atmosphere can help to reduce surface tension e�ects. Surface tension can be
used to help parts adhere better to the target location than the gripper.

6. Free charges such as in ionized air can combine with and neutralize exposed surface
charges.

As discrete parts are designed continually smaller to make equipment smaller, more
economical and higher performance, there will be a greater need for understanding how to
manipulate and assemble micro-parts. Because of adhesive forces, grasping and particularly
ungrasping of these parts can be complicated. Good models of surfaces and the physics of
contact will be needed to implement reliable manipulation and assembly systems.
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3 Techniques for Microassembly

Current micromachined devices generally use monolithic designs in which all components are
fabricated in one (lengthy) sequential process. Recently, microassembly has been proposed
as a means to achieve hybrid micro-scale devices of high complexity, while maintaining high
yield and low cost: various electronic and mechanical components are fabricated and tested
individually before being assembled into complete systems (see e.g. [19, 15, 33, 76, 77, 55, 9]).

In this section we attempt to characterize the techniques currently in use for microassem-
bly. Since microassembly is a new and very active area of research, this characterization may
not be complete, and other taxonomies are certainly possible.

3.1 A Taxonomy of Microassembly

1. Serial microassembly: parts are put together one-by-one according to the traditional
pick-and-place paradigm. Serial microassembly includes the following techniques:

� Manual assembly with tweezers and microscopes.

� Visually based and teleoperated microassembly [55, 25].

� High precision macroscopic robots: stepping motors and inertial drives are used
for sub-micrometer motion resolution (see e.g. [59, 78, 21], or MRSI1 assembly
robots for surface-mount electronics components of sub-millimeter size).

� Micro-grippers ([41, 57, 38, 39], see e.g. Figure 2) with gripper sizes of 100�m or
less.

2. Parallel microassembly: multiple parts (of identical or di�erent design) are assembled
simultaneously. We distinguish two main categories:

� Deterministic: The relationship between part and its destination is known in
advance.
� Flip-chip wafer-to-wafer transfer: a wafer with partially released components
is carefully aligned and pressed against another substrate. When the wafers
are separated again, the components remain bonded to the second substrate
([17, 68], see e.g. Figure 11).

� Micro gripper arrays [39] capable of massively-parallel pick-and-place opera-
tions.

� Stochastic: The relationship between the part and its destination is unknown
or random. The parts \self-assemble" during stochastic processes in analogy to
annealing. The following e�ects can be used as motive forces for stochastic self-
assembly.
� Fluidic agitation and mating part shapes [76, 77, 75].
� Vibratory agitation and electrostatic force �elds [15, 18, 9, 12].
� Vibratory agitation and mating part shapes [33].
� Mating patterns of self-assembling monolayers [69].

1MRSI International, 25 Industrial Ave., Chelmsford, MA 01824.
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3.2 A Hierarchy of Assembly Forces

We already noted in the introduction that for parts of dimensions 1mm or less, surface
adhesion forces may dominate \volume" forces such as gravity or inertia. Parts are trapped
in locations where these adhesion forces are su�ciently strong, and may not be released (for
example from a micro gripper) even if traditional (macroscopic) dynamical analysis does not
show force closure. Hence it is essential to have control over these forces during microassem-
bly. One common technique to overcome adhesion is to employ vibration. Note however
that since this technique relies on the inertia of the parts, vibration becomes less e�cient
with decreasing part sizes, i.e., higher vibration amplitudes or frequencies are necessary for
smaller parts.

As an example, consider the task of palletizing micro parts (as described in Figure 1 or
Section 5). During the assembly process, adhesion forces have to be overcome in the initial
positioning phase as well as the �nal bonding phase. However, adhesion is used to keep the
parts in place during the part transfer phase.

1. Positioning: forces provided by vibration are larger than trapping forces (van der
Waals, electrostatic, surface tension). The part can move freely and exhibits trajecto-
ries resembling Brownian motion.

2. Annealing: the vibration forces are gradually reduced until the trapping forces domi-
nate. The part settles at a local potential minimum.

3. Bonding: target spot adhesion (e.g. by indium soldering during wafer-to-wafer transfer)
is greater than the trapping forces. Permanent bonds are created between part and
target substrate.

3.3 Issues and Problems

Earlier work on microfabrication has looked almost exclusively at in-situ batch fabrication,
where (in accordance with the IC fabrication paradigm) all components are built in one fab-
rication process on a substrate (usually a silicon wafer). The shortcomings of this approach
have already been outlined in the Introduction. They include

Incompatible Materials: for example, many opto-electronics require GaAs substrates which
are incompatible with standard electronics.

Incompatible Processes: for example, processes requiring high temperatures destroy CMOS
circuitry.

Exponential Decline in Yield: each step in a processing sequence has a non-zero failure
probability associated with it. These probabilities multiply and hence dramatically
reduce the yield for long processing sequences, prohibiting a complex process generated
by simple concatenation of standard processes.

Microassembly overcomes these problems and makes possible hybrid devices with otherwise
incompatible materials such as e.g. bipolar transistors, MOSFETs, photoelectronic compo-
nents, and mechanical structures.
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4 Recent Research in Microassembly

Vibration has been widely in use in industrial parts feeders. A parts feeder is a machine
that singulates, positions, and orients bulk parts before they are transferred to an assembly
station. The most common type of parts feeder is the vibratory bowl feeder, where parts
in a bowl are vibrated using a rotary motion, so that they climb a helical track. As they
climb, a sequence of ba�es and cutouts in the track create a mechanical \�lter" that causes
parts in all but one orientation to fall back into the bowl for another attempt at running the
gauntlet [13, 62, 64]. Sony's APOS parts feeder [31] is another example of using vibration
for parts handling. It uses an array of nests (silhouette traps) cut into a vibrating plate.
The nests and the vibratory motion are designed so that the part will remain in the nest
only in one particular orientation. By tilting the plate and letting parts ow across it, the
nests eventually �ll up with parts in the desired orientation. Although the vibratory motion
is under software control, specialized mechanical nests must be designed for each part [52].

The term \self-assembly" has been applied to spontaneous ordering processes such as
crystal and polymer growth. Recently it has been proposed for the manufacture of systems
incorporating large numbers of micro-devices. Positioning, orienting, and assembly is done
open-loop, without sensor feedback. The principle underlying the APOS system (controlled
vibration to provide stochastic motion, combined with gravity as a motive force for parallel,
non-prehensile manipulation) is well-suited for micro-self-assembly. Stochastic microassem-
bly often encompasses vibration in combination with electrostatic, uidic, and other forces
which operate on singulated parts in various media (uids, air, or vacuum).

In 1991, Cohn, Kim, and Pisano reported on stochastic assembly experiments that use vi-
bration and gravitational forces to assemble periodic lattices of up to 1000 silicon chiplets [19].
Following work demonstrated the use of patterned electrodes to enable assembly of parts in
arbitrary 2D patterns. In addition, hydrophobic-hydrophilic interactions in liquid media were
employed for 3D self-assembly of millimeter-scale parts [15]. Electrostatic levitation traps
were also described by Cohn, Howe, and Pisano, with the aim of controlling friction [18].
This work demonstrated a novel type of electrostatic interaction essentially unique to the
micromechanical regime. Recent results by B�ohringer, Goldberg, and the above authors
have demonstrated the ability to break surface forces using ultra-low amplitude vibration in
vacuum ambient [9]. This promises an extremely sensitive technique for positioning parts,
as well as discriminating part orientation, shape, and other physical properties.

Smith et al. have demonstrated high-yield assembly of up to 10,000 parts using uidic
self-assembly [76, 77]. Work to date has focused on fabrication of parts and binding sites
with desired trapezoidal pro�les, surface treatments for control of surface forces, as well as
mechanical and electrical interconnection of assembled parts. Parts have included both sili-
con and III-V devices. Semiconductor junction lasers were suspended in liquid and trapped
in micromachined wells on a wafer by solvent-surface forces.

Hosokawa et al. have analyzed the kinetics and dynamics of self-assembling systems by
employing models similar to those used to describe chemical reactions. They performed
assembly experiments with planar parts of various simple geometries at macro and micro
scales (for example, assemblies of hexagons from isoscele triangles) [33].

Deterministic parallel assembly techniques have been developed by Cohn and Howe for
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(a) (b)

Figure 11: Microassembly by wafer-to-wafer transfer using breakaway tethers. (a) Process
ow for a wafer-to-wafer transfer task. (b) Above: a micro shell structure after wafer-to-
wafer transfer. Below: cleaved cross-section of the micro shell. (Images courtesy of Michael
Cohn [16], Berkeley Sensor and Actuator Center).
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wafer-to-wafer transfer of MEMS and other microstructures [20, 17]. In their ip-chip pro-
cess, the �nished microstructures are suspended on break-away tethers on their substrate
(Figure 11). The target wafer with Indium solder bumps is precisely aligned and pressed
against the substrate, such that the microstructures are cold-welded onto the target wafer.
This technique is well-suited for fragile parts. However, it is not appropriate for large num-
bers of small parts, since the tether suspensions and solder bumps require too much surface
area. High-quality electrical, mechanical, and hermetic bonds have been demonstrated by
Singh et al. [68]. Parts of 10 � 4000�m size have been transferred, including functioning
microresonators and actuators. High yield (> 99%) as well as 0:1�m precision have been
demonstrated.

By downscaling and parallelizing the concept of a robot gripper, Keller and Howe have
demonstrated micro grippers ([38, 39], Figure 2) and propose gripper arrays for parallel
transfer of palletized micro parts. Arai and Fukuda (Nagoya) built a manipulator array with
heated micro holes [5]. When the holes cool down, they act as suction cups whose lower
pressure holds appropriately shaped objects in place. Heating of the cavities increases the
pressure and causes the objects to detach from the manipulator.

Quaid and Hollis built extremely accurate systems for precision robotic assembly [59].
Vikramaditya and Nelson used teleoperation and visual feedback for microassembly [55],

Several groups of MEMS researchers have designed and built actuator arrays for mi-
cromanipulation, which usually consist of a regular grid of \motion pixels." Devices were
built, among others, by Pister et al. [56], Fujita et al. [26], B�ohringer et al. [11], Kovacs et
al. [70, 71], and Will et al. [46, 47].

MEMS actuator arrays that implement planar force �elds were proposed by B�ohringer et
al. who also built single-crystal silicon actuator arrays for micromanipulation tasks [11]. Mi-
cro cilia arrays fabricated by Suh et al. [71] were extensively used in their experiments, which
successfully demonstrated strategies for parts translating, orienting, and centering [10]. This
research in micromanipulation, which built on recent advances in sensorless manipulation
(see Erdmann and Mason [22], and Goldberg [27]), again motivated various new macroscopic
devices such as vibrating plates (see B�ohringer et al. [8, 7], and Reznik et al. [61]) or a \vir-
tual vehicle" consisting of a two-dimensional array of roller wheels that can generate motion
�elds in the plane (see [50, 51]). We expect this cross-fertilization between macro and micro
robotic systems to continue and expand in the future.

Research in MEMS and microassembly is substantially di�erent from the rapidly growing
research in nanotechnology, which endeavors to design and construct materials and devices
at a molecular scale. Components typically consist of individual molecules or atoms, with
dimensions in the nanometer range (1nm = 10�9m) | approximately three to four orders
of magnitude below the range of microassembly. This chapter focuses solely on microtech-
nology. Microtechnology is generally seen as \top-down" discipline whose goal is to scale
down traditional mechanisms. It draws from classical mechanics, robotics, and control the-
ory. In contrast, nanotechnology constitutes a \bottom-up" approach from individual atoms
and molecules to nanomachines. Its science base includes molecular chemistry and physics.
Nevertheless, chemistry also serves as an inspiration and paradigm for microassembly, and
models of chemical reactions can be used to analyze stochastic assembly of microcompo-
nents (see Section 5). Recent groundbreaking work in nanoassembly has been performed by
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Whitesides et al. [66, 58, 74].

5 Stochastic Microassembly with Electrostatic Force

Fields

Currently, microassembly is performed by humans with tweezers and microscopes or with
high precision pick-and-place robots. Both methods are inherently serial. Since individual
parts are fabricated in parallel, it is intriguing to consider how they might be assembled in
parallel. In this section we propose a concept for massively parallel assembly.

The idea is to arrange microscopic parts on a reusable pallet and then to press two pallets
together, thereby assembling the entire array in parallel. We focus on how to position and
align an initially random collection of identical parts. This approach builds on the planning
philosophy of sensorless, nonprehensile manipulation pioneered by Erdmann and Mason [22].
To model electrostatic forces acting on parts moving on a planar surface, we use the planar
force �eld, an abstraction de�ned with piecewise continuous functions on the plane that can
be locally integrated to model the motion of parts [11].

Planar force �elds, as de�ned by the magnitude and direction of force at each point, can
be designed to position, align and sort arrays of microscopic parts in parallel. Developing a
science base for this approach requires research in device design, modeling, and algorithms.

As a feasibility study, we perform experiments to characterize the dynamic and frictional
properties of microscopic parts when placed on a vibrating substrate and in electrostatic
�elds. We �rst demonstrate that ultrasonic vibration can be used to overcome friction and
adhesion of small parts. In a second set of experiments, we describe how parts are accurately
positioned using electrostatic traps. We are also working to model part behavior as a �rst
step toward the systematic design of planar force �elds where the input is part geometry
and desired �nal arrangement, and the output is an electrode pattern that produces the
appropriate planar force �eld.

5.1 Experimental Apparatus

A piezoelectric actuator supports a vibratory table consisting of a rigid aluminum base,
which has a at glass plate (25mm � 25mm � 2mm) attached to its top. A thin chrome-
gold layer (1000�A) is evaporated onto the glass and patterned using photolithography. The
signal from a function generator is ampli�ed and transformed to supply the input voltage
for the piezo transducer. The piezo is driven at ultrasonic frequencies in the 20kHz range.
At resonance we observe amplitudes of up to 500nm (measured with laser interferometry),
which correspond to accelerations of several hundred g's. Figure 12 shows a diagram of
the experimental setup. The current experimental apparatus is shown in Figure 13. The
apparatus can be operated in air or in a vacuum chamber.

Voltage is applied between the aluminum vibratory table and the chrome-gold electrode,
which together act as a parallel plate capacitor. The applied voltage is limited by the
breakdown voltage of air and glass and the path length (air: 3 � 106V

m
1cm = 30kV ; glass:

109V
m

2mm = 2MV ). The patterned top electrode creates fringing electrostatic �elds. Its
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Vf

Vp

glass (dielectric)

Cr-Au electrode part

base

Al vibratory table

piezo

Figure 12: Experimental apparatus for self assembly with electrostatic traps. A vibratory
table with a gold-covered dielectric is attached to a piezoelectric actuator. The aperture in
the upper electrode creates a fringing �eld that causes polarization in the part. The part is
attracted to the aperture. (Reprinted from [12]. c 1998 IEEE.)

Figure 13: Experimental apparatus for self assembly experiments. A lithographically pat-
terned electrode is attached to a piezoelectric actuator (vertical cylinder). Some parts can
be seen in the lower left quadrant of the substrate. (Reprinted from [12]. c 1998 IEEE.)
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Figure 14: Histogram of binding times for electrostatic trapping, from an experiment with
a total of 70 sample runs. Data exhibits an exponential distribution. (Reprinted from [12].
c 1998 IEEE.)

e�ect is a potential �eld whose minima lie at apertures in the top electrode. Parts are
attracted to these electrostatic \traps."

The parts employed in our experiments are mainly surface-mount diodes and capacitors.
They usually have rectangular shapes with dimensions between 0:75mm and 2mm. We also
performed experiments with short pieces of gold wire (0:25mm diameter).

5.2 Experimental Observations

Overcoming Friction and Adhesion. Small parts were randomly distributed on the
substrate. When no signal is applied to the piezo, the parts tend to stick to the substrate
and to each other, due to static charges, capillary or van der Waals forces. When apply-
ing sinusoidal signals of various frequencies and amplitude, the parts break contact. This
behavior was particularly pronounced at resonance frequencies (e.g. observed in the 20kHz
range). In this case the motion of the parts resembles liquid: tilting of the substrate surface
by less than 0.2 percent was su�cient to inuence their direction of (down-slope) motion.
This implies a friction coe�cient � < 0:002.

When the substrate surface was leveled carefully, the parts exhibited random Brownian
motion patterns, until they settled in a regular grid pattern. This important observation is a
strong indication that the system is su�ciently sensitive to react even to very small surface
forces.

At high signal amplitudes, the vibration induces random bouncing of the parts. Reducing
the amplitude accomplishes an annealing e�ect; at lower amplitudes only in-plane transla-
tions and rotation occurs. After such annealing sequences, surface mount diodes consistently
settled with their solder bumps facing up. This observation suggests that even very small
asymmetries in part design can be exploited to inuence its �nal rest position. Voltages of
Vpp = 2V were su�cient to sustain free motion of the parts. This corresponds to a vibration
amplitude of approximately 30nm.
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Vacuum Experiments. These experiments were repeated both in air and in low vacuum
(high mTorr range). First results indicate that the energy required to overcome adhesive
forces decreases with pressure, probably due to squeeze �lm e�ects [23], and due to the
vacuum created between the at part bottom surface and the substrate when operated at
ultrasonic frequencies. As a result, the atmospheric pressure acting on the top surface presses
the part onto the surface. For example, simple calculations show that if a rectangular part
with dimensions 1mm�1mm�0:1mm and mass 0:1mg were exposed to atmospheric pressure
on one side and to vacuum on the other side, it experienced an acceleration of nearly 100,000
g.

Electrostatic Self-Assembly and Sorting. The electrode design represents a parallel-
plate capacitor with apertures in the upper electrode. The resulting fringing �elds induce
polarization in neutral parts, so that they are attracted to the apertures, and get trapped
there. Once a part is trapped, it reduces the fringing �eld, which prevents attraction of more
parts to this location. Figure 16 shows the positioning of four surface mount capacitors on
four sites. The binding times for parts were automatically measured with an optical sensor
and a recording oscilloscope. They exhibit an exponential distribution (Figure 14) with
expected time of approximately 30 seconds.

Parts Sorting by Size. Large and small parts were mixed and placed randomly on a
vibrating surface slightly tilted by � 1�. Vibration caused a sorting e�ect such that parts
were separated with smaller parts settling at the lower end of the vibrating surface.

5.3 Modeling and Simulation

A variety of e�ects inuence the behavior of the parts used in our microassembly experi-
ments, among others (1) electrostatic �elds created by capacitor plates, (2) conductivity or
dielectric constants of parts, (3) induced dipoles, and (4) static charges on nonconductive
and electrically isolated conductive parts.

Results from modeling based on a smooth approximation of the electrostatic potential
are shown in Figure 15. The potential U is created by an electrode design as shown in
Figure 16. The corresponding planar force �eld F = rU is shown in Figure 15(b), together
with a simulation of a part moving in the �eld. In this simulation, the e�ective force on the
part FP was determined by integrating the force �eld over the part area FP =

R
P F dA (a

more accurate model will take into account the deformation of the �eld by the part, as well
as e.g. changes in its induced charge distribution). Then the force FP is integrated over time
to determine the part motion.

5.4 Algorithmic Issues for Massively Parallel Manipulation

As shown in the previous sections, planar force �elds (PFFs) constitute a useful tool to model
massively-parallel, distributed manipulation based on geometric and physical reasoning. Ap-
plications such as parts-feeding can be formulated in terms of the force �elds required. Hence,
planar force �elds act as an abstraction between applications requiring parallel manipulation,
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Figure 15: (a) Potential �eld created by an electrode with four small square-shaped apertures,
as shown in the experimental setup in Figure 16. The four potential traps correspond to
the four apertures. (b) Simulation of a square part moving in the corresponding force �eld
(denoted by force vectors) The part translates and rotates until it reaches a local minimum
in the potential �eld. (Reprinted from [12]. c 1998 IEEE.)

and their implementation e.g. with MEMS or vibratory devices. Such abstractions permit
hierarchical design, and allow application designs with greater independence from underlying
device technology.

Recently Developed PFFs. In [10] B�ohringer et al. established the foundations of mas-
sively parallel manipulation with force �elds. Among the PFFs developed in the past years
the following have been thoroughly investigated:

Squeeze Field: Squeeze �elds are �elds with unit forces pointing perpendicularly towards
a straight squeeze line (e.g. ~F (x; y) = (�sign(x); 0)). When placed in a squeeze �eld,
every part reaches one out of a small number of possible equilibria.

Radial Field: A unit radial �eld is given by ~F (x; y) = � 1p
(x2+y2)

(x; y) if (x; y) 6= 0 , and 0

otherwise. In a radial �eld, any polygonal part has a unique pivot point. The part is
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in a unique translational equilibrium if and only if its pivot point coincides with the
center of the squeeze �eld.

Elliptic Field: The elliptic PFF (see Kavraki [37]) is a continuous �eld of the form ~F (x; y) =
(��x;��y), where � and � are two distinct positive constants. The �eld poses and
orients non-symmetric parts into two stable equilibrium con�gurations.

Motion Planning with Arti�cial and Physical Potential Fields. Robotics motion
planning is concerned with the problem of moving an object from an initial con�guration
qi to a goal con�guration qg. In our case, a manipulation plan consists of a sequence of
planar force �elds. A general question that arises in the context of PFFs is the following:
Which force �elds are suitable for manipulation strategies? That is: can we characterize all
those force �elds in which every part has stable equilibria? To answer these questions, we
use recent results from the theory of potential �elds. It can be shown that certain PFFs
that implement potential �elds have this property, whereas �elds without potential do not
induce stable equilibria on all parts. Previous work has developed control strategies with
arti�cial potential �elds [40, 42, 63, 60], and discrete approximations to physical potential
�elds [11, 10]. The �elds employed in this paper are non-arti�cial (i.e., physical). Arti�cial
potential �elds require a tight feedback loop, in which, at each clock tick, the robot senses its
state and looks up a control (i.e., a vector) using a state-indexed navigation function (i.e., a
vector �eld). In contrast, physical potential �elds employ no sensing, and the motion of the
manipulated object evolves open-loop (for example, like a body in a gravity �eld). Hence,
for physical potential �elds such as electrostatic �elds, the motion planning problem has to
be solved during device design. A design algorithm takes as input part geometry and desired
goal con�gurations, and returns an electrode geometry that creates the proper potential �eld.
During execution, the systems runs open-loop. We believe that this shift of complexity from
run-time to design-time is crucial for e�cient parallel microassembly methods.

5.5 Summary

Our experiments show that friction and adhesion between small parts can be overcome by
ultrasonic vibration. In such an e�ectively frictionless environment, we demonstrate that
small parts can be accurately positioned in parallel with electrostatic traps. This research
opens the door to parallelize the manufacture of a new generation of consumer and industrial
products, such as hybrid IC / MEMS devices, at panel displays, or VCSEL arrays.

The behavior of the parts on the substrate can be modeled using planar force �elds,
which describe the e�ective lateral force acting on the part (as a function of its location
in con�guration space). A key problem is to determine an electrode design that creates a
speci�c planar force �eld, such that parts are reliably positioned and oriented at desired
locations. We attack this problem by the development of e�cient models for manipulation
in electrostatic force �elds, and with new algorithms for motion planning with planar force
�elds.

We believe that planar force �elds have enormous potential for precise parallel assembly
of small parts. The goal of this research is to develop an entirely new methodology for
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precision part manipulation and to demonstrate it with new theory, algorithms, and high-
performance devices. For updated information on this project see our WWW pages at
www.ieor.berkeley.edu/~karl/MicroSelfAssembly.

(a) (b)

Figure 16: Parallel microassembly with electrostatic force �elds: (a) Surface-mount ca-
pacitors are placed onto a glass substrate with a 100nm thin patterned Cr-Au electrode.
Frictional and adhesive forces are overcome by ultrasonic vibration. (b) Voltage applied to
the electrode creates an electrostatic �eld. The parts are attracted to the apertures in the
electrode (dark squares) and are trapped there. (Reprinted from [12]. c 1998 IEEE.)

6 Conclusion and Emerging Trends

Miroassembly is a challenging new area of research. This chapter constitutes an initial
attempt to identify important issues in this �eld. We investigate surface sticking e�ects at
the micro scale, give a taxonomy of microassembly techniques, discuss a hierarchy of assembly
forces, and outline a brief summary of the current state of the art in microassembly. We also
discuss a speci�c new technique for massively parallel assembly, by employing vibration to
overcome adhesion and electrostatic forces to position micro parts in parallel.

Advances in the �eld of microassembly can be expected to have enormous impact on the
development of future miniaturized consumer products such as e.g. data storage systems or
wireless communication devices. Techniques known from robotics such as vibratory parts
feeding, teleoperation, or sensorless and planar force �eld manipulation provide useful tools
for research in microassembly. However, the possibly huge numbers of tiny parts employed
in microassembly pose speci�c and unique challenges that will require innovative or uncon-
ventional solutions. These results may in turn inspire new approaches and techniques for
macroscopic robots.
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